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Abstract—The use of confinement matrices is a key part of safe management of high-level radioactive wastes
(HLWs) derived in the nuclear fuel cycle. The matrices should immobilize radioisotopes after HLW deposition
in the geological environment with possible groundwater filtration. The glasses currently used for this purpose
on an industrial scale are not capable of incorporating sufficient amounts of plutonium and have low stability
to chemical corrosion. This paper summarizes the results of structural analysis of crystalline phases that could
be used for immobilization of actinide wastes of various compositions. It was suggested that pyrochlore-type
phases can be used for incorporation of the actinide—zirconium-rare-earth element fraction of HLWs, while fer-
rites with a garnet structure could be used for immobilization of wastes of complex composition with high con-
tents of corrosion products (Fe, Al, Ga). Ceramics of such composition were synthesized and analyzed for con-
centrations of actinides (Th, U), rare-earth elements (Gd, Ce), and Zr. It is necessary to study the stability of
these phases to radiation and chemical corrosion to select suitable matrix materials.

INTRODUCTION

The reprocessing of irradiated fuel of atomic power
stations results in the formation of a great amount of
radioactive wastes, including high-level radioactive
wastes (HLWs). The latter compose only a small part of
radioactive wastes by volume, but produce the major
part of the total radioactive waste activity. HLWs con-
tain (Table 1) fission products, activated products of
corrosion, actinides (including products of nuclear
reactions in reactors), and numerous nonradioactive
elements, i.e., isotopes of fission products, technologi-
cal contaminants, etc. (Flowers et al., 1986; Roedder,
1990). Actinides and some long-lived products of their
fission (°*Zr, ®Tc, '2°Sn, etc.) are the most hazardous
radionuclides, which it is proposed to immobilize in
secure confinement matrices and deposit at a depth in
the Earth’s interior (Ringwood, 1985). Selection of
suitable immobilizing materials is a key part of safe
HLW management in the nuclear fuel cycle. The search
for HLW immobilization matrices began in the 1950s
with study of various glassy and crystalline materials
containing silicates, phosphates, and titanates (Radio-
active Waste ..., 1988). Various glasses are currently
used for this purpose on an industrial scale, borosilicate
glasses outside Russia and alumophosphate glasses in
Russia (Hench et al., 1984; Vashman et al., 1997).
However, these glasses are not capable of incorporating
sufficient amounts of actinides (particularly, Pu) and
have low resistance to chemical corrosion by ground-
water (Matzke and van Geel, 1996; Laverov et al.,
1997; Matyunin, 2000; Kotova, 2001). The interaction
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of glass matrices with groundwater results in the forma-
tion of colloidal particles (Glass as a Waste Form ...,
1996), which can carry actinides for long distances.
The glasses can crystallize on aging, which decreases
the radionuclide stability in the matrix because of for-
mation of soluble phases, such as alkali and alkaline-
earth silicates and phosphates, as well as molybdates.

For efficient management of high-level radioactive
wastes, they should be separated into several radionu-
clide fractions (Actinide and Fission Product Partition-
ing ..., 1999). One of them contains a few tens of
weight percent of actinides and significant amounts of
zirconium and lanthanides. The liquid HLWs from
reprocessing of the irradiated fuel of various reactors
contain (Sombret, 1987) actinides (10-15 wt %), lan-
thanides (60-65 wt %), and zirconium (20-25 wt %).
Among actinides, U, Np, Pu, and Am dominate; among
lanthanides, Nd, Ce, La, and Pr. One more group of
wastes with high actinide content is produced in con-
version of metallic “weapons” plutonium into nuclear
fuel (Grachev et al., 2002).

Actinide-rich waste forms alternative to glasses are
crystalline matrices (Ringwood, 1985; Vance et al.,
1995; Lutze and Ewing, 1995). More than 20 phases
have been proposed, differing in their capability for
actinide incorporation, as well as in resistance to chem-
ical and radioactive impact (Fielding and White, 1987;
Radioactive Waste ..., 1988; Weber et al., 1998;
Yudintsev, 2000). The pyrochlore-type matrix (Ca, Gd,
U, Pu, Hf),Ti,0, was developed in the United States for
immobilization of excess plutonium (Ebbinghaus et al.,
1998). Zircon, zirconolite, cubic zirconium dioxide,
perovskite, Y—Al garnet, britholite, monazite, and some
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Table 1. Major radioisotopes in high-level radioactive wastes from reprocessing of irradiated nuclear fuel and their half-life

periods

Major fission and corrosion products (B and y emitters)

Transuranium actinides (o emitters)

radionuclide T, year radionuclide Ty, year
0Sr 29 ZNp 2.1x10°
Bzr 1.5 x 10° 238py 89.9
PTc 2.1 x10° 239py 2.4 % 10*
1265n 10° 240py 6.5 % 103
1291 1.7 x 107 241py 14
137¢Cs 30 242py 3.78 x 10°
147pm 2.6 241Am 433
151Sm 93 242Am 152
S4By 16 243 Am 7.3 %103
Activated corrosion products 23Cm 28
PNi 7.5 x 10* 244Cm 17.9
0Co 5.3 25Cm 8.5x 10°
O3Ni 96 246Cm 476 x 103

other materials have been proposed for immobilization
of Pu-bearing wastes (Vance et al., 1995; Burakov et al.,
1999, 2000; Ewing, 1999). The search for matrices for
actinide immobilization is still an urgent task.

Synthetic materials for immobilization of various
radioactive wastes have been studied for about ten years
at the Institute of Geology of Ore Deposits, Petrogra-
phy, Mineralogy, and Geochemistry, Russian Academy
of Sciences. This work is being carried out together with
scientists from the Radon Scientific Industrial Associa-
tion, Moscow; the Bochvar All-Russia Research Insti-
tute of Inorganic Materials; the Institute of Physics and
Power Engineering; the Vernadsky Institute of
Geochemistry and Analytical Chemistry, Russian
Academy of Sciences; and some other institutions
(including some outside Russia). This research is a part
of basic principles study aimed at development of a
basement for safe HLW disposal, initiated in the early
1990s and supervised by Academician N.P. Laverov.

From a structural perspective, phases stable upon
wide variations of waste compositions are preferable.
Such phases can be used for immobilization of excess
plutonium or compositionally more complex wastes,
1.e., actinide—Zr—REE fractions of HLW, actinides and
their fission products (**Zr, *Tc, !2°Sn, etc.), remnants
of metallic plutonium converted into nuclear fuel, etc.
The search for HLW matrices can be optimized by pre-
liminary analysis of the crystal structures of promising
phases. The results of such analysis reduce the amount
of potential compounds, which simplifies further
experimental examination of the selected materials.
The efficiency of such an approach was demonstrated

for titanates and aluminates with zirconolite, perovs-
kite, hibonite, and hollandite structures (Fielding and
White, 1987). The capabilities of this approach are
shown here for matrices with pyrochlore- and garnet-
type structures. The results of theoretical analysis
helped us to select the most appropriate compounds
with the highest capacity to incorporate actinides.
These compounds were synthesized and studied by var-
ious methods.

GENERAL INFORMATION
ON PYROCHLORE STRUCTURE

The pyrochlore structure (Fd3m, Z = 8) is a deriva-
tive of the fluorite-type structure (Belov, 1950). It can
be represented as two fluorite cells sharing a common
edge, with half of the coordination polyhedra each
lacking two diagonal anions. As a result, the cube is
modified to a flattened octahedron and the formula is
transformed from A,X; (quadruple fluorite formula)
into YA, VIB,IVY VX, A and B are cations in two struc-
tural sites, and Y and X are anions, of which Y
(O~ anions) are involved in octahedra, while X (0%, F-,
CI, OH") are located in interstices and do not partici-
pate in the structural framework. The coordination
numbers (CN) of ions in this structure can be described
by the following codes: AXY,, BXs, XA,B,, and YA,.
The pyrochlore structure can also be represented (Sub-
ramanian et al., 1983) as a 3D framework of B, octa-
hedra sharing common vertices, which includes [A]Y™
cations and additional [X]" anions in the interstices.
This is why the hydrothermal alteration of natural pyro-
No. 2 2003
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chlores is accompanied by exchange reactions involv-
ing these ions (Mineraly ..., 1967; Lumpkin et al., 1986).

Natural phases of the pyrochlore group are solid
solutions of the composition [(Na, Ca, REE, U, Th),(Nb,
Ta, Ti, Zr),04F, OH)]. The actual mineral composition
differs from the ideal formula A,B,0, and corresponds
to the stoichiometry of the phase A,_,,B,06_,X;_,,
where m = 0-1.7, n = 0-0.7, and p = 0-1.0. The A site,
with CN = 8, is occupied by cations with charges from
+1 to +6 and ionic radii from 0.86 to 1.55 A. The B site
is occupied by cations with charges from +3 to +6 and
ionic radii from 0.6 to 0.83 A. This group comprises the
following minerals (according to the cation occupation
in the B site): pyrochlore (B = Nb, Ti; Nb + Ta> 2Ti and
Nb > Ta), microlite (B = Ta, Ti; Nb + Ta > 2Ti and Ta >
Nb), and betafite (B = Nb, Ta, Ti; 2Ti = Nb + Ta). They
show a deficiency in atoms in the A site and O% anions
because of isomorphic substitution of high field
strength cations (U*, Th*, REE*) in the A site and
replacement of oxygen by other anions with a change in
the total charge in the anionic part (Lumpkin et al., 1986).
There are pyrochlores enriched in U (up to 20 wt %), Th
(up to 5 wt %), rare-earth elements (generally LREEs
from La to Dy; up to 15 wt %), Sr (up to 6 wt %), Ba
(up to 14 wt %), and Pb (up to 40 wt %). The octahe-
drally coordinated site CN = 6 is occupied by Ti (up to
14 wt %), Zr (up to 6 wt %), and Sn (up to 4 wt %). The
radioactive varieties of the mineral are metamict. Heat-
ing of the mineral leads to recovering of its crystal
structure. The unit cell size of the minerals of the pyro-
chlore group varies from 10.3 to 10.5 A and increases
up to 10.6 A with incorporation of large ions of Sr, Ba,
and Pb.

The pyrochlore-type structure is typical of many
synthetic phases""(A;A,)V/(B,B,)O,, where A, and
B,y are cations with charges from +1 to +4 and from
+3 to +5, respectively (Subramanian et al., 1983; Cha-
koumakos, 1984). More than 500 various compounds
A,B,04X were synthesized, where A and B are cations
with charges from +1 to +4 (in the A site) and from +3
to +5 (in the B site) and X are divalent (O*) and
monovalent (F-, CI", Br-, OH") anions. The unit cell
sizes vary from 9.3 to 12.0 A, which is about two times
larger than those for phases with the fluorite-type struc-
tures. Phases with actinides in all or part of the struc-
tural sites were also obtained (Chakoumakos and
Ewing, 1985; Ringwood, 1985; Vance et al., 1995; Rai-
son et al., 1999; Laverov et al., 2001). They are of great
interest as potential HLW matrices. The features of the
pyrochlore-type structures that should be taken into
account in selection of phases for immobilization of
actinide-bearing HLW are considered below.

CONDITIONS OF STABILITY
OF THE PYROCHLORE STRUCTURE

The structural-chemical features of the pyrochlore-
type phases are interrelated (Belov, 1950; McCauley,
1980; Wang et al., 1999, etc.). In addition to the general
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condition of charge balance, correspondence between
cation sizes in the two sites is a very important require-
ment for stability of the pyrochlore structure. Geomet-
rical analysis shows (Isupov, 1958) that the
(A3"),(B*),0, phases crystallize in the pyrochlore
structural type if the ratio (Ry + Rp) : (Rg + Rp) is
between 1.08 and 1.22. R, and Ry denote the radii of
ions in the A and B sites, and R, is the radius of the oxy-
gen anion. For highly polarized ions with CN = 8§, e.g.,
Bi**, the ratio can increase up to 1.33. Similar values are
given by Wang et al. (1999), who suggested that the
(Rp + Ro) : (Rg + Rp) ratio should be between 1.10 and
1.24 for stability of the pyrochlore structure. Therefore,
the ratio of cation sizes in the two sites in the pyro-
chlore structure can vary between 1.3—1.8. A narrower
range of 1.46-1.80 is given in by Raison et al. (1999)
and Begg er al. (2001). A change in the ratio beyond
this interval leads to destabilization of the pyrochlore
structure and the formation of phases with other crystal
structures. On the basis of these data, we can determine
the elements in the A site with CN = 8 (including
actinides) that can associate with various cations in the
B site with CN = 6 to form a (A**),(B*"),0, phase with
the pyrochlore structure. For example, for stabilization
of titanate pyrochlores ([B]V! = Ti**, Ry; = 0.605 A), the
cations in the A site should have radii between 0.8 and
1.0 A, while larger cations with radii from 0.9 to 1.2 A
are necessary to stabilize the zirconate phases (Ry; =
0.72 A). The stability of phases with pyrochlore struc-
ture containing actinides, Zr, REEs, and Hf is estimated
below.

SYNTHESIZED PYROCHLORE-TYPE PHASES
WITH REES AND ACTINIDES

Actinides (except for Th, which has a constant
valence of +4) can occur in crystal phases in various
oxidation states (Begg et al., 1997, 1998). Under con-
ditions of HLW matrix synthesis (1300—1500°C in Ar,
Ar + H,, or air atmospheres), the actinide cations have
charges of +3 (Am, Cm) or +4 (U, Np). Plutonium
occurs as Pu** (air-atmosphere synthesis), Pu** (syn-
thesis under reducing conditions), or simultaneously in
both forms. Similar behavior is typical of Ce (Begg et al.,
1998). Howeyver, Pu is more stable in tetravalent form,
whereas Ce is more stable in trivalent form. Thus, we
estimated the stabilities of [Y(An?*"),V(B*),0,] and
[VI(CaAn*")VI(B*),0,], where trivalent and tetrava-
lent actinides occupy all or half of sites with CN = 8.

[(A**)Z(B4+)207] compounds. The ionic radii of Pu*,
Am?*, and Cm** with CN = 8 are 1.08-1.10 A and are
close to the radii of the Nd*, Pm?*, and Sm?* cations
(Shannon, 1976). Thus, we can expect that the condi-
tions of stability of the pyrochlore structures for com-
pounds with the same cations in the site with CN = 6 are
similar. Let us consider structural data for the

[((REE*"),(B*),0,] phases. The [6]-coordinated sites
can be occupied by tetravalent cations of elements from
the VI group of the periodic table with radii from 0.4 A
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(Si**) t0 0.78 A (Pb*). The pyrochlore structure is not
stable for all of these compounds (Toropov et al., 1969;
Diagrammy sostoyaniya ..., 1985; Rentgenovskaya
baza ..., 1999). The optimal radius of an octahedrally
coordmated cation is 0.65-0.69 A. The Sn cations with
radii within this interval form pyrochlore-type phases
with all REEs (from La to Lu) (McCauley, 1980; Rent-
genovskaya baza ..., 1999).

A decrease (or increase) in the radius of the
[6]-coordinated cation should be accompanied by cor-
responding changes in the radius of the [8]-coordinated
cation. For example, among titanates ([Ti*]"V =
0.605 A), the pyrochlore-type structure is typical of
phases of medium and heavy REEs (from Sm to Lu)
with relatively small jonic radii. The Ge** cation has a
smaller radius (0.53 A); as a result, germanates with the
pyrochlore structure include relatively small lanthanide
cations (from Gd to Lu) at a pressure of 65 kbar. REE
silicates with pyrochlore structure are not stable,
because of the small radius of the Si** cation (0.40 A)
Silicates with this structure were synthesized only for
In and Sc, which have smaller ionic radii than HREEs,
at a pressure of 120 kbar (McCauley, 1980).

Similarly, an increase in the radius of the cation
occupying the octahedral site also affects the structure
stability. For example, only compounds of the light lan-
thanides (from Gd to La) with the largest ionic radii
among the REEs form hafnates and zirconates with
pyrochlore structure (the radii of Zr** and Hf** are equal
to 0.71-0.72 A) Three rare-earth elements (Gd, Sm,
and Nd) can form phases with pyrochlore or fluorite
structures (Subramanian et al., 1983). The latter struc-
ture is a more disordered high-temperature variety. The
phase boundaries between the varieties of different
structural types are located at 1600°C for Gd zirconate,
at 2100°C for Sm zirconate, and at 2300°C for Nd zir-
conate. The REE plumbates have a fluorite-type struc-
ture (Rentgenovskaya baza ..., 1999), where REE and
Pb cations occupy the same sites with CN = 8. This is
probably related to the large radius of the Pb*" cation
(0.78 A) which precludes the formation of REE plum-
bates with pyrochlore structure.

Thus, the radius of the B ion in the REE pyrochlores
of REE,B,0; type can vary from 0.605 A (Ti) to 0.72 A
(Zr). Stoichiometric compounds of this type should
contain 33 mol % REEs. The real phases (particularly,
higher temperature varieties) deviate from this formula.
For example, the Y,0; content in the Y,Ti,O; phase
varies from 33 to 35 mol % at 1400°C and can increase
to 32-52 mol % at 1700°C (Toropov et al., 1969). TcH
with a radius of 0.65 A can also form such phases. The
long-lived *°Tc isotope is a product of 2°U fission. It is
very hazardous for the environment and should also be
immobilized in reliable matrices based, for example, on
the pyrochlore-type structure.

The results obtained for the REE pyrochlores allow
us to estimate the phase stability of trivalent actinides.
On the basis of the ionic radii of actinides (Shannon,
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1976), we can predict the stability of pyrochlore-type
phases with Cm, Am, and Pu (Table 2). Unlike Cm**,
the Pu** and Am?* titanates have monoclinic symmetry
as LREE titanates. This is related to their having larger
ionic radii than is necessary for the pyrochlore struc-
ture. However, regardless of the instability of Pu,Ti,O,
and Am,Ti,0, phases with the pyrochlore structure,
pyrochlores with significant amounts of Pu and Am
were synthesized (Shoup and Bambergher, 1997). They
are solid solutions where lanthanide cations with
smaller radii stabilize the pyrochlore structure. It was
found that the pyrochlore phase based on Gd,Ti,0; can
include 16 mol % Pu,Ti,O;. The proportion of the
Pu,Ti,0, end member increases with decreasing radius
of the rare-earth elements up to 22 mol % in pyrochlore
based on Er,Ti,0, and up to 33 mol % in the Lu,Ti,0,
pyrochlore. The proportion of the Am end member in
the (Er,Am),Ti,O; pyrochlore solid solution is still
higher (61 mol %). This result can also be obtained by
replacement of Ti in octahedral sites by larger cations
of Sn, Hf, and Zr, which stabilize the pyrochlore struc-
ture of the [(Pu,Am),(Ti,Sn,Hf,Zr),0,] phase.

Wastes from reprocessing of irradiated nuclear fuel
are dominated by elements with more stable tetravalent
cations (U, Np, Pu), only a small amount of which can
be incorporated in A,B,0, pyrochlores (Raison et al.,
1999). Because of a charge difference, isomorphic sub-
stitution of actinides for REEs increases the amount of
vacancies by 4REE* = 3U* + [vacancy], i.e., increases
the deficiency of the structure. The scale of this substi-
tution is relatively low. According to our data, the Y
titanate can contain 12 wt % UQ,, i.e., 0.2 U atoms per
formula.

The charge balance of the structure can be also
maintained by substitution of two REE cations for a
divalent cation (e.g., Ca®*) and a tetravalent actinide.
Such a replacement results in a pyrochlore with the for-
mula [V(CaAn*)VI(B*),0,] with one actinide atom.
Thus, the amount of actinide increases by five times
compared to the previous substitution type.

[VI(CaAn*)V(B*),0,] compounds. Such phases
can be predicted from comparison of radii of cations in
REE pyrochlores [(A*"),(B*),0,] and the effective
radius of the Ca** + An* pair, where An = Th, U, Np,
Pu (Table 2). An effective radius of the cationic pair
falling within the interval typical of a stable pyrochlore
structure can indicate the possible stability of corre-
sponding actinide compounds. The (Ca** + U*) and
(Ca?* + Np*) pairs, with respective effective radii of
1.06 and 1.05 A, which are close to the radius of Gd?*,
compose many phases with Ti*, Sn*, Zr**, and Hf*
cations. Incorporation of larger (e.g., Th*) or smaller
(e.g., Pu*) cations causes changes in the effective ionic
radius and decreases the amount of possible pyro-
chlore-type compounds (Table 2). The latter are stan-
nates, hafnates, and zirconates for Th and stannates and
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Table 2. [(REE), B, 0,] and [V™(CaAn**)Vi(B**),0,] phases of the pyrochlore type (McCauley, 1990; Rentgenovskaya
baza..., 1999)
AV(I;IV;FEEM Ti** (ry; = 0.605 A) Sn** (0.69 A) Z* (0.72 A) Caléf%“él(lj;ﬁr, A
La3* (1.16) + +
Ce* (1.14) - + +
Pr3+ (1.13) - + + Ca” (1.12)
Nd** (1.11) - + + Pu’* (1.10)
Pm3* (1.09) - + + Am?* (1.09)
- + + Ca + Th (1.085)
Sm3* (1.08) + + + Cm?** (1.08)
Eu?* (1.07) + + + Ca+ U (1.06)
Gd** (1.05) + + t Ca + Np (1.05)
Tb>* (1.04) + + - Th* (1.05)
Dy3* (1.03) + + - Ca + Pu (1.04)
Ho** (1.02) + + -
Er** (1.00) + + - U* (1.00)
Tm3* (0.99) + + - Np** (0.98)
Yb** (0.99) + + -
Lu* (0.98) + + - Pu** (0.96)
Note: “+” denotes stability of the pyrochlore structure; “— denotes instability of the pyrochlore structure; and “t” indicates that Sm, Eu,

and Gd zirconates can have fluorite or pyrochlore-type structures.

titanates for Pu. It is theoretically possible for Ca to be
replaced by Sr (1.26 A) in [VI(CaAn*)(B+),0],
which allows incorporation of fission products together
with tetravalent actinides in a single matrix. The phase
SrPu,Ti O,,, with perovskite structure, was previously
proposed for this purpose (Shoup and Bambergher,
1997). In fact, however, the synthesis of Sr—Th pyro-
chlores has not been successful (see below).

Some other possible compounds with pyrochlore-
type structure. Based on specific features of the pyro-
chlore structure, [V(An*),VI(B3*),0,] phases are
considered to be the most stable (Chakoumakos, 1984).
However, this suggestion has not yet been verified
experimentally. There are many compounds with vari-
ous cations in the B site that meet the requirements of
charge balance and geometric stability (Aleshin and
Roy, 1962; McCauley, 1980). They comprise
[(An*"),(B*),0,] and [(CaAn*")(B*"),0,] with substi-

tutions 2B+ = B)" + B}, including 2Ti* = Nb’* (or
Ta™*) + Fe*.

Pyrochlore matrices with actinides. Pyrochlore-
type phases with the compositions CaUTi,O; and
CaCeTi,0; (Ce serves as an imitator of Pu) were syn-
thesized (Ringwood, 1985; Xu et al., 2000). The phases
[Ca(Pu,U,Zr)Ti,O,] and [Ca(Np,Zr)Ti,0,] with 45 wt %
PuO, and NpO, (or 0.8—1 Pu or Np atoms per formula)
were also obtained (Vance et al., 1995). The titanate
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pyrochlore is the main phase of matrices for immobili-
zation of wastes with high actinide content, e.g., irradi-
ated nuclear fuel (Ringwood, 1985; Solomah et al.,
1986). By analogy with other materials, this ceramics
was called Synroc-F (where F is an abbreviation of
“fuel”). Matrices composed of 80-90% pyrochlore are
considered in the United States to be the most promis-
ing forms for immobilization of excess weapons Pu
(Ebbinghaus et al., 1998). They are produced by cold
pressing followed by sintering, under conditions simi-
lar to those of production of U-Pu mixed oxide fuel.
More than 1000 samples with waste imitators (Ce, Th, U)
and Pu were obtained at Lawrence Livermore National
Laboratory in the United States. The optimal composi-
tion of such pyrochlore corresponds to a solid solution
of CaUTi,0,, CaPuTi,0; and Gd,Hf,0; in the mole
proportion of 2 : 1 : 1 (Ebbinghaus et al., 1998).

Melting followed by crystallization is another
method of synthesizing crystalline HLW matrices. Its
use was hampered for a long time because of the high
liquidus temperatures of these phases, exceeding
1500°C. A technology based on inductive melting in a
cold crucible was proposed to produce such matrices.
This method was developed specially for synthesis of
refractory materials (Aleksandrov ef al., 1973). Melt-
ing followed by crystallization has several advantages
over the methods of solid-phase synthesis. While show-
ing similar productivity, it is less dependent on the
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Table 3. Phases identified in samples and their formulas

YUDINTSEV

Ideal composition Phases identified Pyrochlore formula
CaUTi,0, Pyr> Br Cay 06U0.72T12 220604
CaUZr,04 CO Pyrochlore is not found
CaCeTi,0, Pyr > Per > CO Cay 3Ceq 99T 9306 05
CaThSn,0, Pyr> CO Cag 97 Thg 9251 o(Feg 08)*Og.96
SrThSn,0, Cas > CO > Per Pyrochlore is not found
CaThZr,0, Pyr > Per ~ CO Cag 91 Thg g4Zr5 5507 o9
SrThZr,0, Per > CO Pyrochlore is not found
(Cag 5GdThy 5)Zr,0, Pyr > CO (Cag 44GdThg 42)Zr; 130705
(Cag sGdU 5)Zr,0 CcO Pyrochlore is not found
(Cay 5GdU 5)(ZrTi)O; Pyr > CO (Cag 62Gdg.97U0.23)(Zrg 84Ti134)O6.90
(Cay 5GdThy 5)(ZrTHO; Pyr > CO (Cag 47Gdg 95Thg 4)(Zr 29Tig 89)O07 05

Note: Pyr, phase with pyrochlore structure; Br, uranium titanate (brannerite); CO, oxide with fluorite structure; Per, phase with perovskite

structure; Cas, Sn oxide (cassiterite).
* Contamination from grinding of starting material.

reduction and homogeneity of the starting material.
Relics of unreacted starting material, which are usual in
products, of solid-phase synthesis are unlikely in prod-
ucts of melting and crystallization. Pyrochlore
CaUTi,0, was synthesized using this technique (Ste-
fanovsky et al., 1999). The nonstoichiometry found in
its composition is expressed in the excess of Ca over U
as compared to the theoretical formula.

We can suggest that the probable pyrochlore matri-
ces for HLWs should incorporate actinides, Zr, REE,
and neutron absorbers (Gd, Sm, and Hf). Their compo-
sitions correspond to x[(CaAn*)B,0,] + (1 — x)
[(REEAN**),B,0-], where B are cations from Ti to Zr
and the coefficient x depends on the amount of tetrava-
lent actinides in the HLW. We attempted to synthesize
new pyrochlore-type actinide phases based on titanates,
stannates, and zirconates. The latter are most interest-
ing because of their higher resistance to radiation as
compared with titanates (Wang et al., 1999).

SYNTHESIS AND STUDY OF NEW
PYROCHLORE MATRICES FOR ACTINIDES
Starting  material with the  composition

[(ATTAS"),(B*),0,], where AT =Caor Sr; Ay =U
or Th; and B* = Ti, Sn, or Zr, was prepared of element
oxides disintegrated to 20-30 um. The powders were
pressed at 200—400 MPa into cylindrical pellets 4—5 mm
high and 12-20 mm in diameter. These pellets were
placed into alundum crucibles and sintered at 1500—
1550°C for 2-20 h. The grinding and sintering were
repeated in some cases. Sample equilibration was rec-
ognized according to invariable phase composition of
final product with an increase the sintering time. The

samples were studied using X-ray powder diffraction
(DRON-3, Cu irradiation) and scanning (JSM-5300

and JSM-6510LV) and transmission (JEM-100C) elec-
tron microscopy.

The pyrochlores with Ti and Sn form most rapidly,
while the slowest synthesis is characteristic of zirconate
systems (Laverov et al., 2002). Pyrochlore is the major
or single phase in most of the samples studied (Table 3).
The titanate matrices also contain brannerite, perovs-
kite, and a fluorite-type oxide. Pyrochlore in the zircon-
ate matrices is found only in the Th-bearing samples.
The replacement of Th by U in zirconates is accompa-
nied by the formation of a fluorite-type oxide instead of
pyrochlore (Table 3, Fig. 1).

Pyrochlores were synthesized for the first time,
except for the phases in the Ca—U-Ti—O and Ca—Ce-
Ti—O systems. Data on these phases is absent in the
X-ray diffraction databases. Their common feature is a
deficiency of cations in the [8]-coordinated site of their
formulas (Table 3). A part of Zr* cations could also
occupy the [8]-coordinated sites. The divalent Ca cat-
ions, rather than the tetravalent actinides are preferably
located in the [8]-coordinated sites. The substitution of
U for Th in CaThZr,0, and (Ca, sGdTh, 5)Zr,0, matri-
ces makes the pyrochlore structure unstable (Table 3,
Fig. 1). This is probably related to smaller radius of U**
(1.0 A) as compared to radius of Th* (1.05 A). As a
result, the ratio of ionic radii in the V[A] and V[B]
sites decreases beyond the range characteristic of pyro-
chlore-type structures. The replacement of Zr cations
by smaller Ti cations increases this ratio and stabilizes
the pyrochlore structure for the [(CaU)(ZrTi)O,] and
[(Cay sGdU 5)(ZrTi)O;] compounds. Sr—Th pyrochlores
have not been synthesized, even with large Sn** and
Zr** cations in the [6]-coordinated site (Table 3),
regardless of the formal consistence of the ratio of ionic
radii to the requirements of geometrical stability.
Oxides with fluorite and perovskite structures, as well
as Sn oxide, were obtained instead of pyrochlore from
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Fig. 1. BSE images of samples of the following compositions: CaThSn,05 (a), (Cay sGdTh 5)Zr,05 (b), (Cay 5GdThg 5)(ZrTi)O5 (c),
and CaUZr,05 (d). (1) Phase with pyrochlore structure; (2) oxide with fluorite structure; black spots are pores. Insets show images of
electron microdiffraction from planes of reciprocal lattices of pyrochlore (upper right corner) and fluorite types (lower right corner).

starting materials with stoichiometries of SrThSn,0,
and SrThZr,0;.

Data on correlation of composition with structure
should be taken into account in selecting matrices for
actinide-bearing wastes, particularly for composition-
ally complex wastes, e.g., the actinide—Zr—REE frac-
tion of HLWs. The octahedrally coordinated cations of
pyrochlore phases with REE and trivalent actinides
vary in radii from 0.55 to 0.75 A. The Ti*, Sn*, Hf**
and Zr** ionic radii are within this interval. Tc*, with
an ionic radius of 0.65 A, can also occupy the octahe-
dral sites. Its long-lived isotope *Tc, forming during
235U fission with a yield of 6% (Roedder, 1990), can
also be incorporated into the pyrochlore matrix. The
capacity of the pyrochlore structure to incorporate tet-
ravalent actinides increases if it simultaneously
includes Ca?* cations as compensators of excess
charge.

However, pyrochlore-type phases, capable of incor-
porating large amount of actinides, show limited capac-
ity to include the other components of HLWs. This can
result in the formation of additional phases, reducing
the insulative properties of the matrix. Thus, the selec-
tion of crystalline phases for immobilization of com-
plex wastes from reprocessing of irradiated nuclear fuel
is an important task. These wastes contain significant
amounts of Fe, Al, Ga, Si, and some other elements
(Burakov et al., 1999). Compounds with a garnet struc-
ture are promising materials for their immobilization.

GEOLOGY OF ORE DEPOSITS No. 2
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GENERAL INFORMATION
ON GARNET STRUCTURE

The garnet structure was interpreted by Menzer
(1928) for grossular, a natural mineral with the formula
Ca;Al,S1;0,,. This structure was then repeatedly
refined for natural minerals and synthetic compounds
(Geller, 1967). This structure is typical of phases with

the formula A;/HIB;/I X530, (Ia3d, Z=8) and is a frame-
work of alternating XO, tetrahedra and BO, octahedra
sharing common vertices. The interstices, distorted
cubes (triangle dodecahedra) in shape, are occupied by
large cations. The existence of three sites, A, B, and X,
with CN = 8, 6, and 4, respectively, allows potential
incorporation of various elements in the garnet struc-
ture. The [A]Y!! site normally includes divalent (Ca,
Mn, Mg, Fe, Co, Cd) and trivalent (Y, REE) cations.
Trivalent (Fe, Al, Ga, Cr, Mn, In, Sc, N) and tetravalent
(Zr, Ti, Sn) cations occupy the [B]V! site. The [X]V! site
is filled with trivalent (Al, Ga, Fe), tetravalent (Ge, Si),
and pentavalent (V, As) cations.

Natural garnets. The natural garnets are generally
silicates. Their compositions vary widely due to differ-
ent isomorphic substitutions. The garnet compositions
are described as mixtures of simple compounds or end
members (Deer et al., 1965; Rickwood, 1968). The fol-
lowing two garnet series are distinguished: ugrandites
[A]V = Ca?*) and pyralspites ([B]Y!= Al**). The ugran-
dites include calcic garnet as mixtures of uvarovite,
grossular, and andradite. The pyralspites are aluminous
garnets as mixtures of pyrope, almandine, and spessar-
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Table 4. Stability of garnets [(REEVIH)3(BVI)2(XIV)3O12], where B = X = AI**, Ga**, or Fe3* (Toropov et al., 1969)

Lanthanides AP* (ry=0.39 A, a¥* (ny =047 A, Fe3* (ry = 0.49 A, Actinides
(rvim A) ryp = 0.545 A) rVI 0.62 A) ryp = 0.65 A) (rvim, A)
La(1.16) - - ?
Pr (1.13) - ? ?
Nd (1.11) - + ? Am?* (1.09)
Sm (1.08) - + + Cm>* (1.08)
Eu (1.07) - + + (1460**°C)
Gd (1.05) - + (1740%°C) + (1460**°C)
Dy (1.03) + (1920%°C) + +
Y (1.02) + (1940*-1760%*°C) + + (1570*%-1470%*°C)
Ho (1.02) + (1950*°C) + +
Er (1.00) + (1960%*°C) + +
Yb (0.99) + (2000%°C) + +
Lu (0.98) + (2060*°C) + +
Note: “+” denotes stability of the garnet structure; “—" denotes instability of the garnet structure; “?”” indicates that no data were available.

* Melting temperature of garnet.

** Butectic temperature mixture of garnet with oxide (Al,O3, Ga,0O3, or Fe;0y).

tine. They contain AI** cations in the [B] site and diva-
lent Mg, Mn, and Ca in the [A] site. The end members
form continuous solid solutions within each series,
whereas miscibility between end members of different
series is limited. Rare natural garnets have high Zr
(kimzeyite), Ti (schorlomite), and V (goldmanite) con-
tents. Kimzeyite contains up to 30 wt % ZrO, (Dowty,
1971; Schingaro et al., 2001) and the Si content can
decrease below one atom per formula unit. Nonsilicate
natural garnets are also known, i.e., berzeliite
(NaCa,)Mn,As;0,, and cryolithionite Na;Al,Li;F,.

Relation of structural and chemical features of gar-
net-type phases. The garnet structure is stable in the
case of a certain relation between charges and radii of
ions in different sites (Geller, 1967; Mill’ and Roniger,
1973, etc.). The cation—anion relation must meet the
charge balance requirement. A certain relation between
ionic radii is another factor in structure stability. The
geometrical principles of stability of the garnet struc-
ture are based on analysis of silicate garnet structures
(Novak and Gibbs, 1971). More than 200 combinations
of cationic pairs were considered, and the field of silicate
garnet stability was determined in the coordinates of
radii of cations in the A and B sites. The radii of cations
in these two sites should concurrently increase. A distur-
bance of these requirements leads to the formation of a
compound with a different structure. However, not all
garnets that could be stable according to geometrical
analysis can be synthesized at atmospheric pressure.
Many of them can only be obtained at elevated pressures,
which should be higher the difference the higher
between the radii of the [8]- and [6]-coordinated cations
(Nishizawa and Koizumi, 1975; Fursenko, 1980, 1983).

A change in size of the cation in the X site also
transforms the stability of the garnet structure (Geller,
1967). With an increase (or decrease) in the size of this
cation, the radii of the cations in the A and B sites
should also correspondingly increase (or decrease). For
example, germanates are stable in the presence of larger
[6]- and [8]-coordinated cations as compared to sili-
cates (Mill’ et al., 1982). Similarly, an increase in the
radius of the cation in the X site in the sequence of
AP*—Ga*—Fe** makes the garnet structures with larger
cations in the A and B sites more stable (Table 4). These
tendencies have been verified experimentally.

The garnet structure can be stabilized by addition of
elements that change the effective radius of cations in a
site. For example, grossular (Ca;Al,Si;0,,) cannot be
synthesized at atmospheric pressure. However, a garnet
with composition [Ca;(Al, 33Cry¢7)Si30,,], where one-
third of the Al atoms are replaced by Cr, has been syn-
thesized (Gentile and Roy, 1960). A similar effect is
observed on addition of Y and Fe oxides (Geller and
Miller, 1959). A continuous solid solution from 90 mol %
Ca;Aly(Si0,4); + 10 mol % Y;Fe,(FeOy); to 100 mol %
Y;Fe,(FeO,); with garnet structure occurs at 1 atm and
1400°C. The replacement of Y by Gd reduces solubility
of the grossular end member in the garnet to 10 mol %.
This is probably related to the larger radius of the
Gd* cation (1.05 A) as compared to the Y** cation
(1.02 A), which makes Gd>* a less efficient stabilizer of
the garnet structure.

Possible actinide phases of the garnet type. Natural
garnets contain up to a few fractions of percent of U and
Th and up to a few percent of REE (Jaffe, 1951; Schin-
garo et al., 2001). Thus, unlike the pyrochlore-type
phases hosting actinides, the study of natural garnets
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does not allow estimation of actinide and lanthanide
solubility in the garnet structure and selection of com-
positions that could serve as HLW matrices. To obtain
such information, let us consider the available experi-
mental data.

Because of their sizes, the trivalent and tetravalent
actinide and REE cations generally occupy large
dodecahedral interstices in the structure. The combina-
tion of polyhedra in the crystal structure determines the
relation between sizes of cations in the different struc-
tural sites. The effect of the structural factor on the
chemical composition of REE garnets is obvious (To-
ropov et al., 1969). There are aluminate, gallate, and fer-
rite phases (REE;B,X;0,,) among them, where B=X =
APP*, Ga**, or Fe3* (Table 4). The radii of cations in the
[4]- and [6]—coogdinated sites incorease in the followin
sequence: 0.39 A (IV) and 0.54 A (VI) for A°l3+, 047 A
av) zomd 0.62 A (VI) for Ga**, and 0.49 A (IV) and
0.65 A (VI) for Fe**. For the stability of the structure,
the increase in the cation radii in the [B]Y! and [X]"Y
sites should be accompanied by an increase in the cat-
ion radius in the [A]Y" site. According to this rule, the
sizes of cations in the dodecahedral site should increase
in the above compositional series. It was found (Table 4)
that the aluminate garnets are stable with REEs from
Lu’* to Dy’* with radii from 0.98 to 1.03 A. The garnet
structure for gallates is stable up to Nd** (1.09 A). If the
cation radius is beyond this range, a phase with perovs-
kite structure and an oxide form instead of garnet:
REE;B;0,, = 3 REEBO; + B,0;, where B = AI**, Ga’*,
Fe3* (Toropov et al., 1969). The melting temperature of
ferrites is about 400°C lower than that for aluminates
and 200°C lower than that for gallates (Table 4). The
temperature of ferrite garnet and oxide eutectic with
35 mol % (~70 wt %) garnet is still lower (~1460°C).
Lower melting temperatures facilitate the synthesis of
HLW matrices by the melting and crystallization tech-
nique.

Based on the similarity in cationic sizes of Am?**
with Cm?** and Gd** with Nd**, we could expect similar
behavior of these elements in synthesis of garnet matrices.
The garnet structure is most probable for ferrites and gal-
lates of trivalent actinides. Incorporation of tetravalent
actinides in garnet was experimentally tested for Th (Ito
and Frondel, 1967). They synthesized garnet from mix-
tures (Ca, sTh 5)Zr,Fe;0,, and (Ca, Th)(ZrFe)Fe;0,, at
T=1050 and 1200°C and 1 atm pressure. The products
were studied only by X-ray powder diffraction. A
monophase garnet ceramics was formed from the start-
ing material [(Ca, sTh, s)Zr,Fe;0;,]. A monophase gar-
net ceramics was also obtained from the composition
[(Ca,Th)(ZrFe)Fe;0,,] at 1050°C, whereas garnet asso-
ciates with Th dioxide at 1200°C. Garnet with Th

replaced by Ce, i.e., [(CaZ.SCegfs )Zr,Fe;0,,], was also
synthesized.

The published data on the composition of Th and Ce
garnets were obtained by an indirect method, i.e., from
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the suggestion that the synthesized garnet corresponds
to the starting material by stoichiometry (i.e., the pro-
portions of components in the starting material charac-
terize the composition of the final product), because
garnet was found to be a single phase in the synthetic
product. However, this suggestion should be examined
using methods of local analysis. The above study did
not consider the properties of the synthesized garnet as
matrix material for immobilization of actinide-bearing
wastes. Special-purpose studies initiated within the last
10-15 years are aimed at the solution of this problem.

EXPERIMENTAL STUDY OF GARNET
MATRICES FOR HIGH-LEVEL
RADIOACTIVE WASTES

Specialists from the Research Institute of Inorganic
Materials were the first to propose garnet for HLW
immobilization (Vlasov et al., 1987; Nikiforov et al.,
1992). They synthesized materials close in composition
to andradite (Ca;FeSi;0;,) by inductive melting in a
cold crucible. However, the phase and chemical com-
positions of these materials have not been determined,
and, therefore, the formation of garnet has not been
proved. These studies were continued later and resulted
in the synthesis of a matrix containing more than 80%
garnet (Smelova et al., 2000). The concentration of
REE and Zr oxides reached 20 wt %. However, actinide
incorporation in the matrix has not been defined.

The study of garnet ceramics as potential matrices
for actinide immobilization is being carried out by spe-
cialists of the Radium Institute (Burakov et al., 1999,
2000; Burakov and Anderson, 2002). The basic phase
for the study is a REE (Y, Gd) aluminate—gallate garnet.
Ce and U oxides or more complex mixtures modeling
wastes of Pu production serve as HLW imitators.
Polyphase ceramics of the garnet-, perovskite- and
hibonite-type phases, as well as rare Zr and Al oxides,
are products of the experiments. The chemical compo-
sitions of the samples affect their phase composition.
Perovskite dominates in the Gd,05—Al,O; system. Gar-
net is the major phase in the Gd,0;—Ga,0; system and
contains about 6 wt % Ce and <0.1 wt % U. Addition of
metallic Sn (4 wt %) in the starting material increases
the U content in garnet up to 5.5 wt %. Garnet includes
<10% of the total uranium amount of the sample. Plu-
tonium shows similar solubility in garnet (about 6 wt %)
(Burakov et al., 2000). Thus, REE-Al-Ga garnets have
a low capacity to incorporate U, Pu, and Ce and cannot
be recommended for immobilization of HLWs with
high actinide contents. However, these results do not
preclude the use of garnet ceramics as matrices for
actinide immobilization. They only indicate that com-
prehensive studies of garnet structure are necessary to
find appropriate materials.

It was demonstrated (Yudintsev et al., 2002) that
ferrite garnets could have the highest capacity to incor-
porate tetravalent actinides. The radii of the Th** and
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Table 5. Calculated garnet formulas and compositions of experimental products

Sample Theoretical (calculated) formula Phases in ceramics
3-U (Ca, sGdU 5)(ZrFe)Fe;0 5 Gar > CO > Hib
3-Th (Ca; 5GdThg 5)(ZrFe)Fe;04, Gar
45-Ce (Ca; 5GdCe 5)(ZrFe)Fe;04, Gar > Per
1-Pu (Ca, sGdPu, 5)(FeZr)Fe;0,, Gar > Hib
4-Th (Ca, 5Th 5)Zr,Fe;0, Gar > Per > CO
21-Ce (Ca, 5Ceq 5)Zr,Fe;04, Gar > Per
3-Th-a (CaGdThy sZry 5)Fe,(Fey sAly 5)O15 Gar > Hib ~ CO
13-Th (CaGd,)(Thy 5571 5sFe; 5)(Fe, 5Sip 5)040 Gar' > Gar?

Note: Gar, garnet; CO, cubic oxide with fluorite structure; Hib, hibonite [Ca(Fe,Al){,019]; Per, perovskite (CaZrO3).

Ce** cations are 1.05 and 0.97 A, respectively. The Pu**
radius (0.96 A) is close to the Ce** radius, and the ionic
radii of Np* (0.98 A) and U* (1.0 A) are between those

for Th** and Ce*. This suggests that [(CaysAngs)
Zr,Fe;0,,] garnets, where An = Pu, Np, or U, can also
be obtained in experiments. In order to test this sugges-
tion, we produced ceramics in the CaO-Al,0;-SiO,—
FCZO3—ZI‘O2—Gd203—CeOZ—U02—Th02 —Pu02 System.
The starting materials, corresponding in composition to
ideal garnet stoichiometry (Table 4), were pressed at
200400 MPa into pellets 2-3 mm high and 10 mm in
diameter. Synthesis was carried out in an alundum cru-
cible in air (or in oxygen atmosphere for Ce composi-
tions) following the procedure of heating to 1300—

1500°C with a rate of 10 K/min, holding at this temper-
ature for 1-20 h, and cooling to room temperature. The
time for attaining equilibrium was 5 h at 1300°C, 2 h at
1400°C, and 1 h at 1500°C. Some samples heated at
1500°C were melted, with the formation of a layer 3—
5 mm thick at the crucible bottom. Other samples pre-
served the pelletal shape, which indicates higher melt-
ing temperatures.

All samples studied contain from 70-100% garnet
(Table 5). Two garnets with different compositions
were synthesized in one experiment (no. 13-Th) (Table 5).
The strongest lines in the X-ray diffraction diagrams
are located within _the following ranges: 3.05-3.15 A
(d400), 2.772-2.82 A (d420), 2.49-2.57 A (d422), which
indicates significant variation of the unit cell parame-

Fig. 2. BSE images of the following samples: 45-Ce (a), 4-Th (b), 21-Ce (c), and 3-Th-a (d). (/) Phase with garnet structure;
(2) hibonite; (3) perovskite-type phase; (4) oxide with fluorite structure; black spots are pores. Insets show images of electron

microdiffraction from planes of reciprocal lattices of garnet.
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Table 6. Compositions (wt %) and probable garnet formulas in samples
Sample CaO A1203 SIO2 F6203 ZI'OZ Gd203 UO2 Th02 CCO2
3-U 10.5 1.3 - 24.2 22.8 32.6 2.6 - -
(Cay 43Gd; 45U 08) V" (Zr) 47Feq 53) V' (Fe| g7Al; 13)V Oy,
3-Th 10.5 - | - 37.3 16.1 21.2 - 14.9 -
(Cay 56Gdg.05Thg 47) V"™ (Zr| goFeq o1) V' (Fes 99)™V Oy
45-Ce 11.1 - | - | 38.1 17.6 24.0 - - 9.2
(Cay 53Gd; 06Ceq 36) V" (Ceg 0721y 14Feq 70)V(Fez )V Oy
4-Th 19.0 - | - | 31.0 32.8 - - 17.2 -
(Caz_57Th0_49)VIH(Zr2_02)VI(Fe2.94)1VO12
21-Ce 19.9 - ‘ - 33.7 33.9 - - - 12.5
(Cay 53Ceq 47)VM(Ceyg o521y 96) V' (Fe3 0V Oy
3-Th-a 10.3 11.1 | - 21.7 18.5 31.2 - 7.2 -
(Cay 44Gd, 35Thg )V "(Zr 1gFeq 82)V'(Fe, 5,Al 7)Y Oy,
13-Th 43 - 0.6 30.9 2.9 453 - 16.0 -
Gar' : (Cag75Gd, »5)V"™(Gdy 51 Thy 60Zrg 23Fe0,.96) V' (Fes §5Sig 1) O
7.6 | - | 42 37.4 7.7 39.9 - | 32 | -
Gar? : (Cay 1,Gd, g Thy 10)V™(Zr 5,Fe 45)V(Fey 35810 59)" VO 1

Note: The occurrence of aluminum is related to dissolution of the alundum crucible in the melt. The formulas are calculated with the sug-

gestion that all Fe occurs in a trivalent form, and U and Ce in a tetravalent form.

ters. The samples also contain actinide oxides of fluo-
rite-type and Ca—Zr oxide with a perovskite structure,
as well as Ca, Fe, and Al oxide (hibonite). Sintered and
melted ceramics of similar chemical compositions are
generally comparable in textural features. The samples
obtained by melting and crystallization have some
coarser (10-100 wm against 1-20 pum) and more euhe-
dral grains (Fig. 2). Products of shorter (1-2 h) and rel-
atively low-temperature (1300°C) experiments pre-

serve up to 10 vol % oxides, indicating that the synthe-
sis reactions have not been completed. Components of
the starting materials have not been found in samples
sintered for 5 h and longer.

Analytical data (Table 6) show the significant capac-
ity of the ferrite garnets to incorporate REE (Gd, Ce),
Zr, and actinides. The actinide contents are the highest
(16-18 wt %) in Ca—Zr-Fe garnet and decrease with
addition of Al and, particularly, Si. The decrease in

Fig. 3. BSE images of a sample of 1-Pu (a) and distribution of elements in this sample in the characteristic X-ray emission images
of (b) ZrL,, (c) PuM,, (d) CaK, (e) GdL, and (f) FeK,,. (/) Garnet; (2) hibonite; black spots are pores.
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Fig. 4. Energy-dispersive spectra of garnet (a) and hibonite (b)
in a sample of 1-Pu. The carbon peak (C) is related to the
graphite film of the sample surface.

actinide concentrations is probably related to the
decrease in sizes of all structural sites with replacement
of Fe?* in the tetrahedron by the smaller AlI** and Si*
cations. Contraction of structural polyhedra hampers
incorporation of large actinide cations. This is clearly
expressed in the formation of two coexisting garnet
phases with different actinide contents in experiment
no. 13-Th. The Th concentration is five times lower in
the phase with a higher Si content. The excess amount
of Th is bound in thorianite (Fig. 2). Only garnet and
hibonite are found in the Pu-bearing sample. The entire
amount of Pu in this sample (16 wt %) is incorporated
in the garnet phase (Figs. 3, 4).

CONCLUSION

On the example of pyrochlore- and garnet-type
phases, we considered employment of structural analy-
sis in selection of optimal matrices for immobilization
of actinide-containing HLWs of various compositions.
The existence of several sites (two for pyrochlore and
three for garnet) that could be occupied by cations with
various charges and radii offers possibilities for incor-
poration of radioactive waste components, including
actinides. Conditions of stability of the pyrochlore
structure are considered for the phases A,B,0; and
(CaA)B,0,, where A are lanthanides or trivalent and
tetravalent actinides and B are tetravalent cations of ele-
ments of group IV of the periodic table. Among titan-
ates, the pyrochlore structure is typical of medium and
heavy lanthanides (from Sm to Lu) with small ionic
radii. Among hafnates and zirconates, the pyrochlore
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structure is characteristic of the larger lanthanide atoms
(from La to Gd). Data on the stability of REE pyro-
chlores allow us to estimate the stability of similar
actinide phases. The radii of Pu**, Am* and Cm?3* are
close to those of Nd*, Pm’", and Sm’*. Thus, the
actinide compounds with the same (as for the REE
phases) cation in the octahedral site can have a pyro-
chlore structure. Tc**, with the ionic radius of 0.65 A,
can also occupy the octahedral sites. Its isotope *Tc,
forming during 2*3U fission, can also be incorporated
into the pyrochlore phase.

Only a small amount of tetravalent actinides can be
incorporated in A,B,0; pyrochlores. Charge compen-
sators (e.g., Ca®* ions) should be introduced to increase
actinide solubility. In the resulting compounds, triva-
lent cations are replaced by a pair consisting of one
divalent and one tetravalent cation according to the fol-
lowing scheme: 2REE* = Ca?* + Ce* (U™, Th*, Np*,
Pu*). Comparison of the radii of these pairs and REE**
cations suggests the existence of several phases of tet-
ravalent actinides with pyrochlore structure. The aver-
age radii of the pairs (Ca** + U*) and (Ca®* + Np**) are
close to the radius of Gd**. Pm** or Sm** are analogues
for the pair Ca®* and Th**, and Tb** for the pair contain-
ing Ce* or Pu*.

Successful synthesis of several actinide phases with
the pyrochlore structure, such as CaThSn,0,, CaThZr,0,,
[(CaysGdThy5)Zr,0;],  [(CaysGdUys)(ZrT)O;],  and
[(Cay sGdTh 5)(Z1r'Ti)O;], verified this suggestion. How-
ever, the CaUZr,0,, SrThSn,O,, SrThZr,0;, and
[(Ca, sGdU, 5)Zr,0O,] phases have not been synthesized,
probably because of unconformity of the ionic radii to
the conditions of stability of the pyrochlore structure.
Phases with fluorite- and perovskite-type structures, as
well as SnO,, form instead of the pyrochlore-type
phases.

This paper also consideres the conditions of forma-
tion of HLW matrices with garnet-type structures.
Incorporation of actinide cations (U*, Th*, Np*, Pu**)
in garnet is facilitated by the existence of large cations
with low valence, e.g., Fe3* (ry = 0.49 A, ry; = 0.65 A),

in the [X]" and [B]"! sites. It was found experimentally
that the content of actinides in garnet varies from 0.6—
0.8 to 16—18 wt % and depends on the garnet composi-
tion. The highest concentrations are typical of ferrite
garnets, while the lowest contents are observed for sili-
cate and aluminate garnets.

The data obtained suggest that the pyrochlore matri-
ces can be used for immobilization of elements of the
actinide and actinide—Zr-REE fractions of HLWs.
Phases with garnet structure can be used for immobili-
zation of actinide wastes of complex composition with
high contents of corrosion products (Al, Ga, Fe). We
plan to study the stability of these phases to radiation
and chemical corrosion.
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