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Abstract

Two ceramics, zirconolite and a monazite-brabantite solid solution (MBss) were studied for the immobilization of
minor actinides (Np, Am, Cm) produced by reprocessing spent fuel. Monoclinic zirconolite (CaZrTi,05) is a fluorite deriv-
ative structure and is the primary actinide host phase in Synroc (a titanate composite). Monazite (LnPO,4, where Ln = La,
Ce, Nd, Gd, etc.) is a monoclinic orthophosphate containing trivalent cations, and brabantite (Cay sAng sPOy) is an iso-
structural monazite compound containing tetravalent cations (An = Th and U). The nominal composition of the ceramics
studied in this work is (Cag g7;Pug. 13)Zr(Alg. 267T1;.74)O7 for zirconolite and (Cag goPug g9Lag 73Thg g9)PO4 for the monazite—
brabantite solid solution. These formulas correspond to 10 wt% PuO, loading in each material. XANES spectroscopy
showed that the plutonium is tetravalent in zirconolite and trivalent in MBss. Thorium, another tetravalent cation, can
be incorporated at 10 wt% ThO, in MBss. Aluminum and calcium balance the excess cationic charge resulting from the
incorporation of Pu(IV) in zirconolite and Th(IV) in brabantite, respectively. The relative density of the pellets exceeded
90% of theoretical density. The samples exhibited a homogeneous microstructure even if some minor phases, representing
less than 2% of the surface area, were detected. The two ceramics are compared in terms of actinide loading, and prelimin-
ary results on their long-term behavior are discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction can be considered following enhanced chemical
separation during spent fuel reprocessing. The refer-

The minor actinides including neptunium, cur- ence option, transmutation by neutron bombard-
ium, americium are highly radiotoxic. Two options ment in nuclear facilities, would reduce the initial

radiotoxic inventory. The second option would be
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79 77 08. ganic matrix ensuring long-term stability [1]. In this
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solution (MBss) were selected to quantify their
performance under self-irradiation, notably under
active conditions. Plutonium was used to simulate
the behavior of the minor actinides: its long-lived
isotope **Pu (half-life: 24 000 years) was used to
verify the loading capacity of these elements in the
proposed structures, and its short-lived isotope
238py (87 years) to accumulate irradiation damage
in a short time. In addition, plutonium is found at
the same oxidation states (III and IV) as the minor
actinides Am(I1T), Cm(III), and Np(III) or Np(IV)
in oxide matrices, making it a suitable surrogate
for these elements.

Previous work [2-7] has already shown the
capacity of the zirconolite and the monazite matrix
to accommodate actinide loading. This study com-
pares the performance of the two matrices in terms
of minor actinide loading based on the results
obtained with plutonium-239. Preliminary results
on the irradiation behavior of the materials are also
discussed.

2. Plutonium loading schemes in the test matrices
2.1. Zirconolite

The structure of zirconolite-2M is monoclinic
(space group C,/c) with the molecular formula
CaZrTi,O,. Tetravalent elements including the
actinides (Np(IV), Pu(IV)) can be incorporated
not only at zirconium sites but also calcium sites
with charge compensation provided by substituting
aluminum for titanium. Trivalent elements includ-
ing the actinides (Am(III), Cm(IIl), Pu(II),
Np(III)) can also be incorporated at the calcium site
with the same type of charge compensation (addi-
tion of aluminum at the titanium site) [8]. Depend-
ing on the redox conditions and the incorporation
scheme, plutonium may be found at trivalent or tet-
ravalent oxidation state in this structure [9-11].

Previous work [1]showed that the crystal structure
of zirconolite-2M is conserved between 0.15 and 0.16
unit Pu*" per formula unit at the Zr*" site; the zircon-
olite-4M superstructure appears at higher values. To
prevent this structural change, which could affect the
performance of the conditioning matrix, we chose to
incorporate Pu at the calcium site. Under these con-
ditions, the limit for the monoclinic structure is about
0.2 unit Pu®* per formula unit for materials produced
under reducing conditions [9]. This limit is the same
for loading Pu(IV) in this way under oxidizing condi-
tions [9]. In fabricating the ceramics for this study, the

quantity of added aluminum was determined by
assuming the plutonium was at tetravalent oxidation
state, resulting in the nominal composition
(Cag.87Puo.13)Zr(Al.26Ti1.74)O7.

2.2. Monazite—brabantite solid solution

Monazite (MPO4) has a monoclinic structure
(space group P2,/n). It consists of series of alternat-
ing tetrahedral POy, sites and MOy polyhedra that
may contain trivalent or tetravalent elements. In
this case, loading involves the following substitu-
tion: An*" + Ca’" =2M>" (where An represents
an actinide), yielding a brabantite structure. The
solid solution between the two isostructural
compounds LaPO, (monazite) and CagysThgsPOy4
(brabantite) is continuous [12]. Plutonium, ameri-
cium and curium are incorporated in this structure
at trivalent state [13-16]. It should also be possible
under certain conditions to reduce Np to trivalent
oxidation state [10], but Np(IV) is generally
observed [17].

A monazite-brabantite solid solution (MBss)
with a nominal composition of (CaggoPug.go-
Lag 73Thg ¢9)PO4 corresponding to the incorpora-
tion of Pu(Ill) was selected for this study because
it is suitable for simultaneously loading trivalent
(Pu) and tetravalent (Th) actinides.

3. Experimental
3.1. Fabrication of plutonium-239 doped ceramics

The fabrication process is basically the same for
both MBss and zirconolite ceramics doped with plu-
tonium-239 (Table 1). The process was developed in
a glove box.

The inactive precursor used to synthesize zircon-
olite was fabricated by a sol-gel process described
in reference [18]. The monazite-brabantite solid
solution was fabricated by an oxide process. The
precursors were ammonium dihydrogenphosphate
(NH4H,PO,), calcium carbonate, thorium oxide
and lanthanum oxide [19]. The operating conditions
for each process step are indicated in Table 1. The
precursors and the calcined powder were co-milled
in a Retsch MM200 mixer-mill with zirconia grind-
ing jar and balls. For zirconolite the milling opera-
tion was carried out in isopropanol, but in view of
the difficulties encountered (the grinding jars were
not sufficiently leaktight), the MBss was milled
dry. The pellets were sintered in air.
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Table 1

Fabrication processes for zirconolite and monazite-brabantite pellets doped with >**Pu

Process steps Zirconolite

Monazite-brabantite

Blending and grinding of
precursors with PuO,

Calcining

Milling of calcined powder

Uniaxial press compaction

180 min

M=~ 15g)

Sintering 15h at 1723 K

180 min in isopropanol
120 min at 1523 K

80 MPa (8 mm dia x 10 mm high,

3 % (15 min at 20 Hz) dry

10h at 1523 K

5% (20 min at 25 Hz)
120 MPa (8 mm dia x
10 mm high, M ~ 1.5 g)
10h at 1723 K

3.2. Pellet analysis

Polished cross sections of these samples were
examined by scanning electron microscopy (SEM)
coupled with X-ray microanalysis (EDX) to ensure
their chemical homogeneity. The ceramics were also
examined using a Cameca SX50 electron micro-
probe. The standards used for these analyses were
a borosilicate glass specimen containing 2 wt% plu-
tonium for Pu determination (M, line), CaSiO,4 or
CaTiSiOs for Ca and O (K, line), ZrSiO4, CaTiSiOs
for Ti (K, line), KAISi;Og, GaP (K, line), LaF; (L,
line), Th (M,, line).

X-ray diffraction analysis was also used to deter-
mine the presence of any secondary phases. The
examination was carried out using a Seifert diffrac-
tometer in Bragg—Brentano geometry. A silicon stan-
dard was used to adjust the device geometry to
ensure an angular position variation of less than
0.02° with respect to the theoretical positions of the
main peaks in the compound. The source corre-
sponded to the K, line of copper; a monochromator
was used to eliminate the Kg lines and spurious radi-
ation due to the radioactive environment of the glove
box. The spectra were refined by post-processing to
determine the angular position of the diffraction
peaks before processing using the U-FIT or FullProff
program to obtain the structural lattice parameters.

The oxidation state of plutonium was determined
in the LURE facility at Orsay University and at the
European Synchrotron Radiation Facility (Greno-
ble, France) by plutonium Lj-edge XANES (X-
ray Absorption Near-Edge Structure) spectroscopy
in fluorescence detection mode.

The sample density was determined from dimen-
sional measurements and weighing.

4. Results

The relative density of the zirconolite and MBss
pellets fabricated according to the protocol

described above exceeded 92% (Table 2). X-ray dif-
fraction analysis of a sample pellet showed that the
desired phase was synthesized in both cases. No
secondary phase could be detected using this
technique.

A more thorough examination by scanning elec-
tron microscopy and X-ray microanalysis (EDX)
revealed precipitates of a mixed titanium and zirco-
nium oxide (Fig. 1) containing minimal quantities
of plutonium in the zirconolite, and precipitates with
a PuO, core surrounded by a Pu, P, O phase in the
MBss (Fig. 2). This suggests that plutonium oxide

Table 2
Characteristics of 2**Pu-doped monazite-brabantite and zircon-
olite pellets

Characteristics 239Py zirconolite 29Pu monazite
—brabantite

Pellets

Number 19 19

Density (g cm ™) 4.39 £0.12 5.124+0.04

Relative density (%) 92 +2.7 96 + 1

Crystal parameters

a (A) 12.431 (7) 6.8101 (1)

b (A) 7.248 (4) 7.0387 (1)

c (A) 11.33 (3) 6.4915 (1)

B (°) 100.57 (3) 103.390 (1)

A% (10\3) 1003(2) 302.7 (1)

Composition

Elements (at.%)

Ca 6.70 +0.43 1.75+0.10

Pu 1.13 +£0.04 1.36 £0.16

Zr 8.11 +0.12 -

Ti 15.68 +0.53 -

Al 2.01 +0.04 -

(0] 66.39 +0.21 64.84 £ 0.56

P - 17.93 +0.24

Th - 1.38 +0.09

La - 12.74 +0.30

Secondary phase Zr, Ti, Pu, O Pu, P, O

(Pu <1 at.t ()) (Pu <10 at.” o)

and PuO,

Secondary phase (%) 2 0.5




236 X. Deschanels et al. | Journal of Nuclear Materials 352 (2006) 233-240

Fig. 1. Microstructure of 2*’Pu-doped zirconolite. The white
secondary phase corresponds to a zone containing Zr, Ti, Pu and
O, the dark zone corresponds to porosity, the gray zone
corresponds to zirconolite matrix phase.

Fig. 2. Microstructure of 2*’Pu-doped monazite-brabantite
ceramic. Inset: enlarged view of a precipitate comprising two
phases: one (a) near the composition of PuO,, the other (b)
corresponding to a Pu, P, O phase.

tends to decompose into a Pu—P-O phase before it is
fully dissolved in the monazite—brabantite solid solu-
tion. In each ceramic the plutonium was uniformly
distributed in a major phase as shown by the X-ray
distribution map for Pu in a characteristic sample.
In the case of zirconolite, the observed secondary
phase may be attributable to pollution during pow-
der milling in a planetary zirconia mixer-mill. The

presence of a secondary phase in the MBss appears
to be the result of insufficient milling of the pluto-
nium oxide during the initial process step.

Plutonium Lyj-edge XANES spectroscopy anal-
ysis was also performed. The resulting spectra were
compared with the spectra of reference compounds
containing Pu(Ill) in solution, Pu(IV) in PuO,
(Fig. 3). Plutonium was found at trivalent oxidation
state in MBss, but at tetravalent oxidation state in
zirconolite. These findings validate the plutonium
loading schemes selected for the two matrices.

The compositions of the zirconolite and MBss
ceramics determined by electron microprobe analy-
sis (Table 2) were (Cag.7Puo.12)Zro 85(Alo.21Ti1 65)O07
and  (Cag.1Pugoslag 75Tho.os)P1.104, respectively,
relatively close to the nominal compositions
(Cag.g7Puo.13)Zr(Alg26Ti1.74)07 and  (Cag.o9Pug oo~
Lag 73Thg 09)PO4. SEM analysis of the secondary
phases confirmed the existence of a mixed zirco-
nium-titanium oxide incorporating a small quantity
of plutonium (about 1 at.%) in zirconolite, and of
aggregates with a PuO, core and a Pu phosphate
phase (Pu < 10 at.%) in MBss (Table 2). Image anal-
ysis showed that these undesirable phases accounted
for only a small fraction of the sample surface area:
2% in zirconolite and 0.5% in MBss (Table 2).
Although only a relatively small percentage of
secondary phase was observed in the MBss, this
proportion must be further diminished when fabri-
cating ***Pu-doped MBss phases, which are rich in
plutonium. This should be feasible since, as noted
above, the result obtained was most likely due to
poor grinding of the precursors with 2*’Pu0Q,. It is
unlikely that it corresponds to a Pu loading limit
in this structure, as several bibliographical refer-
ences mention the synthesis of PuPOy [13,14].

5. Discussion
5.1. %’ Pu loading

It is technically feasible to load these ceramics
with 10 wt% plutonium oxide. Similar performance
can be expected for the minor actinides. It was even
possible to incorporate a total of 20 wt% actinide
oxides (10 wt% Th oxide and 10 wt% Pu oxide) in
MBss. This aspect was not tested for zirconolite.

It is also worth noting that plutonium is incorpo-
rated at tetravalent oxidation state in zirconolite. If
we consider that a significant fraction of the pluto-
nium is found in the PuO, or Pu-P-O secondary
phase of the MBss matrix, most likely at tetravalent
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Fig. 3. Comparison of XANES spectra for zirconolite (zirco) and monazite — brabantite (MBss) of references spectra for Pu(IV) and

Pu(III) acquired at the Pu Ly -edge.

state, it is reasonable to assume that all the pluto-
nium incorporated in the major phase of the MBss
is at trivalent state. This is a major difference
between the two matrices for plutonium loading.
However, for conditioning minor actinides — partic-
ularly Np, which is also found at tri or tetravalent
oxidation states, reduction to trivalent oxidation
state is unlikely since the tetravalent oxidized form
is more stable during fabrication in air [17].

5.2. Long-term behavior

Considering the annual amount of radionuclides
to be conditioned arising from the reference fuel
(UO, with a burnup of 45 MW d kg~') comprises
540 kg of americium, 489 kg of neptunium and
70 kg of curium [20], and given the most likely
oxidation states for the minor actinides, i.e., III
for Am and Cm, and IV for Np [17], we can deter-
mine the nominal composition of the ceramics
loaded with 10 oxide wt% minor actinide: i.c.,
(Cag.363Cmo.000AMo.067NPo.061)Zr (Al 198Ti1 802)O07
for zirconolite and (Cag0sCmg gosAmg osslagg7-
Npo.04)PO4 for MBss. Neutron-absorbing elements
such as hafnium or gadolinium would also have
to be incorporated in the ceramic; although they
are not taken into account in the proposed compo-
sitions, their feasibility has already been verified [1].
These compositions were used to calculate the inte-
grated doses shown in Fig. 4. Note that there is no
significant difference in terms of integrated dose
between doped zirconolite and doped MBss con-
taining 10 wt% minor actinide oxides. Moreover,
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Fig. 4. Comparison of cumulative a-decay dose versus waste
storage time for zirconolite pellets doped with 10 wt% of ***Pu0O,
(Pu isotopic composition: 83.6% 238py, 14.3% 2°Pu, 1.84% **°Pu,
0.11% 2*'Pu, 0.15% 2*?Pu) and zirconolite or MBss pellets
containing 10 oxide wt% minor actinides in proportions corre-
sponding to the annual radionuclide quantities produced by
reprocessing UO, spent fuel. Calculations assuming the relative
proportions of the relevant isotopes (***Cm, 2**Cm, 2*Cm,
21 Am, 22 Am, *'Np) together with their decay products.

the dose integrated by the actual materials (i.e.,
UO,-MBss and UO,-zirconolite) would be only
half the dose integrated by pellets doped with plu-
tonium-238. The long-term behavior of these two
matrices will be assessed from the results obtained
with 2**Pu-doped ceramics. Only the zirconolite
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pellets have been fabricated to date, and have now
been integrating self-irradiation damage for three
years (Fig. 5). The MBss pellets doped with pluto-
nium-238 will be fabricated in the near future. It
is therefore impossible at this time to establish
direct comparisons between the two materials.
Nevertheless, some issues based on data from the
literature and on preliminary results are discussed
in the following paragraphs.

5.2.1. Behavior under irradiation

Zirconolite is almost completely amorphized after
sustaining an integrated alpha dose of about
4% 10" g !; recrystallization of the monoclinic
structure occurs above 773 K. The amorphization
process has never been observed in natural monazite
[21], but has been reported for monazite subjected to
external irradiation; recrystallization of these sam-
ples occurred at relatively low temperatures (about
573 K) [22]. Burakov [4] reported that the increase
of the **®Pu content in monazite structured solid
solutions will decrease the resistance of monazite
to self-irradiation. ***PuPO, samples became com-
pletely amorphous at relatively low dose of about
0.85x 10'® ¢!, whereas (Pu,La)PO,4 remained crys-
talline up to a cumulative dose of 2.5 x 10" g~ 1.

Zirconolite is subject to approximately 5% mac-
roscopic swelling for an integrated alpha dose of
about 4 x 10'® g!; the swelling increases at a lower

rate above this value (Fig. 5). The integrated dose
corresponding to amorphization is identical with
the dose above which macroscopic swelling deceler-
ates; this suggests that both phenomena have the
same origin, i.e., the production of point defects in
the structure. Clinard [6], working with CaPuTiO,
(pyrochlore structure), obtained swelling compara-
ble to what we have measured, and reached the
same conclusions. Swelling resulting from alpha
self-irradiation were also observed in ***Pu doped
monazite, whereas it was not observed for the
(Pu,La)POy, solid solutions [4]. Significant swelling
occurs in both materials, although the exact figure
must still be determined in MBss.

5.2.2. Helium behavior

Helium accumulation in the structures following
alpha decay could affect the macroscopic swelling.
Above a helium concentration of 0.05-0.1%, major
swelling attributed to helium has been observed in
various ceramics [23,24]. This phenomenon has
not yet been observed in zirconolite doped with plu-
tonium-238 as the amount of helium produced
(<200 ppm) is not sufficient. In the case of natural
MBss analogs aged 474 +1 Ma, one study [21]
reported that helium production had a direct effect
on swelling and on the occurrence of a subdomain
with a monoclinic monazite structure but with dif-
ferent crystal parameters due to preferential incor-
poration of helium atoms. No precise value was
specified for helium-induced swelling, however.
Helium behavior can be assessed in plutonium-238
doped ceramics after five to ten years, correspond-
ing to a helium concentration of between about
0.05 and 0.1%.

5.2.3. Chemical durability

In terms of chemical durability, a mean alteration
rate of (1.35 4 0.50) x 10~* g m > d~' was measured
in Soxhlet mode at 373 K based on the Pu release
from zirconolite specimens doped with plutonium-
239 and plutonium-238. The initial leaching data
for Pu-doped zirconolite are not significantly differ-
ent from the data obtained for samples without
actinides, and confirm the excellent chemical dura-
bility of these ceramics. The leach rate measured
on natural MBss analogs aged 500 Ma was also very
low: about 107> gm~2 d~! at 343 K for pH values
ranging from 2 to 10 [1]. Comparable results were
obtained on synthetic monazite LaPO,4: about
102 gm~2d " at 369 K [25]. Here again, the results
must be confirmed with Pu-doped specimens.
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Table 3

Number of pellets 8 cm in diameter and 5 cm high produced annually for a minor actinide throughput corresponding to reprocessing of
U0, fuel

Matrix Density (g cm™>) Loading (wt%) Annual matrix mass (kg Number of pellets Total pellets volume (m®)
Zirconolite 4.5 10 11000 10000 2.4

Monazite-brabantite 5 10 11000 8700 2.2

5.2.4. Conclusion Acknowledgment

The overall comparison of the behavior of these
ceramics under self-irradiation will be based mainly
on the results obtained with **Pu-doped samples.
There is still a lack of data concerning the behavior
of Pu-doped MBss samples under self-irradiation, in
term of macroscopic swelling, chemical durability
and helium release.

5.3. Industrial application

As previously noted, the results obtained with
plutonium-doped ceramics suggest that it is reason-
able to assume that 10 oxide wt% minor actinides
does not represent the limit for these ceramics.
Using this value the number of pellets that would
have to be fabricated annually to condition the
minor actinides produced by reprocessing the refer-
ence spent fuel is indicated in Table 3. Ten thousand
zirconolite pellets would represent a volume of
2.4m® compared with 2.1 m* for 8 700 pellets of
monazite-brabantite solid solution. The volume
figures are slightly more favorable for MBss,
but the difference between the two matrices is not
decisive.

6. Conclusions

The results obtained indicate that loading 10 wt%
2Pu0, in these ceramics is possible. It was even
possible to incorporate 10 oxide wt% *°Pu and
10 wt% thorium oxide in MBss. The density of the
resulting materials exceeded 92%. These results
confirm previous work [4,6,7]. Neutron-absorbing
elements such as Hf or Gd would also be incorpo-
rated in the ceramics to prevent the risk of criticality
of the waste package.

Plutonium is found mainly at tetravalent oxida-
tion state in zirconolite, and trivalent in MBss. Both
ceramics contain a relatively small fraction of pre-
cipitated phase (<2% per unit area); this proportion
could be further reduced in both cases by optimizing
the precursor milling conditions.

The authors are grateful to G. Leturcq for syn-
thesizing the inactive precursor used for the fabrica-
tion of zirconolite.
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