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bstract

n order to improve monazite-based ceramics, to be used as actinides waste-form, a procedure for synthesis and sintering of a monazite–brabantite
olid solution (ssMB) using metaphosphate La(PO3)3 is described. Using LaPO4, CeO2, ThO2, CaCO3 and La(PO3)3 as precursors, the gaseous
missions are strongly reduced, compared to a process using (NH4)H2PO4. Detailed dilatometric studies show sintering of that product is a two-

teps process: coalescence and boundary diffusion. From X-ray diffraction, electron microprobe analyses, SEM observation, dilatometric study
nd TG–DTA, the reaction scheme is identified and the thermal treatment for synthesis and sintering is optimized to obtain homogeneous, dense,
eproducible and well-crystallized pellets of La0.73Ce0.09Th0.09Ca0.09PO4 and La0.91Ce0.09PO4.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Monazite–brabantite solid solution (ssMB) has been pro-
osed as waste-form for minor actinides (Np, Am, Cm) obtained
y reprocessing of spent fuel.1–5 This compound is based on
onazite, a natural light rare earth orthophosphate, which incor-

orates significant amounts of thorium and uranium.6–11 This
ineral is chemically durable,12–17 and displays an interest-

ng behavior under irradiation.18–21 In order to evaluate the
ctual potential of this product, several programs dealing with
ynthesis, sintering, and leaching of monazite are presently in
rogress.22–27

Montel et al.28 demonstrated that it is possible to synthesize
nd sinter ssMB with a procedure suitable for an industrial pro-
ess under a radioactive environment. The chosen composition,
a0.73Ce0.09Ca0.09Th0.09PO4 simulates ceramics with 10 wt%

f trivalent (Ce3+ surrogate for Pu3+, Am3+ and Cm3+) or tetrava-
ent (Th4+ surrogate for Np4+) actinides. In this scheme, calcium
s used as a charge-balancing element for thorium.29 Cerium
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nd plutonium are incorporated as a trivalent ion, by reduction
f the dioxide at high temperature26, as determined by NMR30

nd XPS,31 EXAFS and XPS.29,32

However, this process uses ammonium dihydrogenophos-
hate, which produces ammonia and water during the thermal
reatment. The aim of this paper is to present an alternative
ath with a reduced gas production. Since the process must be
ompatible with nuclear facilities, we used a solid-state reaction
nd not sol–gel reaction, mixer mill (as Terra et al.27) and not
ttrition mill, and room temperature uniaxial pressing and not
ot-pressing.

The experimental and analytical details are fundamentally
imilar to Ref. 28, then only briefly described hereafter.

. Experimental

.1. Formulation, synthesis procedure
As in Montel et al.,28 cerium and thorium are used as
urrogates for actinides respectively in their tri- and tetrava-
ent oxidation state. The desired composition is La0.73Ce0.09
h0.09Ca0.09PO4.

mailto:glorieux@icmcb-bordeaux.cnrs.fr
dx.doi.org/10.1016/j.jeurceramsoc.2008.10.004
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Those results are in agreement with Bregiroux et al.26 would
680 B. Glorieux et al. / Journal of the Euro

Many publications25–27,33–40 report various ways to syn-
hesize such materials. In this work, we wanted to develop a
igh-temperature solid-state reaction (hydrous reactions would
ncrease the risk of criticality because water is an efficient
eutron moderator) with a limited gas production. With the
quipment used by Montel et al.28 (a Retsch MM200 mixer
ill, high-temperature furnace and a manual hydraulic uniaxial

ress), we investigated a process in which the sources of phos-
hate are lanthanum metaphosphate, La(PO3)3, and lanthanum
hophate (monazite), LaPO4, instead of (NH4)H2PO4.

The reaction, which produces only a small amount of CO2
nd O2, is then

0.595LaPO4 + 0.09CeO2 + 0.09ThO2 + 0.09CaCO3

+ 0.135La(PO3)3 ⇒ La0.73Ce0.09Th0.09Ca0.09PO4

+ 0.09CO2 + 0.0225O2 (1)

When thorium, for safety reasons, could not be used we also
tudied another reaction:

0.865LaPO4 + 0.09CeO2 + 0.045La(PO3)3

→ La0.91Ce0.09PO4 + 0.0225O2 (2)

.2. Analytical procedure

.2.1. XRD
The X-ray patterns are obtained with a CPS 120 Innel

PS 120, as in Ref. 28, and with an automated Philips PW
820 diffractometer working with the Ni filtered Cu K� radia-
ion (λ = 1.54184 Å). The patterns were compared to the PDF
atabase using XPERT Philips software; the spectra were
moothed using a reverse FFT routine and the peaks were iden-
ified by a second derivative technique. The cell parameters
ere calculated using Rietveld refinement with the FullProf

oftware.41

.2.2. Thermal analysis
A TG–DTA Setaram Setsys Evolution thermal analyzer cou-

led with a mass spectrometer is used to follow the different
teps of the synthesis process. The same equipment is trans-
ormed in a dilatometer by replacing the TG–DTA probe by a
ilatomer one.

.2.3. Microstructure
Powders and pellets are observed with a HITACHI S 2500

canning electron microscope (SEM). Semi-quantitative analy-
is was performed using EDS technique with internal standards.

ore precise quantitative analysis is conducted by Cameca SX-
0 electron microprobe, as in Ref. 28.

. Results
.1. Reaction scheme

The reagents in reaction (1) are commercial Aldrich products
eO2 and CaCO3. ThO2 is provided from internal stocks. LaPO4

f
e
f
w

ig. 1. DTA–TGA measurements of the reaction (2), coupled with a mass spec-
rometer.

s synthesized as described in Ref. 42: it consists of an aqueous
recipitation from lanthanum nitrate and phosphorous acid aque-
us solutions followed by a thermal treatment at 1250 ◦C for one
ight. Metaphosphate is synthesized by a dry high-temperature
eaction between La2O3 and NH4H2PO4 as described in Refs.
3, 44 and 45.

The reaction (2) was monitored by a TG–DTA-mass spec-
rometer (Fig. 1), the mixture of precursors being heated at
0 ◦C/min in an air environment.

As shown by Fig. 1 only a slight evaporation of superficial
ater is observed at low temperature (below 200 ◦C). Between
00 and 975 ◦C, three phenomena occurred simultaneously:

Evaporation of oxygen;
Weight loss;
Exothermic peak.

The weight loss due to oxygen evaporation corresponds
xactly to the amount of oxygen expected from the reduction
f Ce. This reduction should produce an endothermic peak, but
e observed instead an exothermic peak on the DTA curve,

ttributed to the monazite-forming reaction, which produces an
xothermic peak much larger than the endothermic peak corre-
ponding to the reduction of Ce.

These results suggest that all precursors react simultane-
usly at about 900 ◦C: cerium oxide is reduced and reacts with
etaphosphate and LaPO4. This is in agreement with previous

esults28 that showed that a reaction between metaphosphate and
erium oxide started at 1000 ◦C.

From previous work,28 we know that thorium oxide reacts
ith metaphosphate between 1000 and 1100 ◦C. Therefore, in

he reaction (1), we assumed that the calcium and the thorium
re loaded into the orthophosphate structure in the same way,
roducing ssMB just above 1100 ◦C.
ound in a similar process, formation of CePO4 at 850 ◦C. How-
ver they showed that CeP2O7 formed as an intermediate step
rom CeO2 and NH4H2PO4. This phase was never seen in our
ork, nor in the work of Montel et al.28
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Fig. 2. X-ray pattern and FullProf fittings of monazite obtained

.2. X-ray analysis

After an overnight heating at 1200 ◦C, the powders obtained
rom reactions (1) and (2) are still a single-phase, well-
rystallized monazite–brabantite solid solution, as shown by the
-ray diffraction patterns (Fig. 2).
The unit-cell parameters of La0.91Ce0.09PO4 and

a0.73Ce0.09Th0.09Ca0.09PO4 measured by a Rietveld rou-
ine with FullProf software41 are given in Table 1, as well as
he PDF reference cell parameters of LaPO4,46,47 CePO4

46 and
a0.5Th0.5PO4.48

Assuming that lanthanides orthophosphates obey Vegard’s
aw,49 the theoretical unit-cell parameters can be calculated
nd compared to the experimental ones. La0.91Ce0.09PO4 and
a0.73Ce0.09Th0.09Ca0.09PO4 should have unit-cell parameters
f: (a = 6.8274 Å, b = 7.0656 Å, c = 6.4999 Å, β = 103.2844◦)
nd (a = 6.8062 Å, b = 7.0382 Å, c = 6.4847 Å, β = 103.367◦),
espectively. The measured parameters are in total agreement
ith the expected values so we conclude that the compositions
f the final powders correspond exactly to the desired composi-
ions, as far as X-ray diffraction is concerned.

.3. Sintering

In the previous work,28 a procedure was defined to sin-
er pellets of ssMB with a geometrical density above 95%
f the theoretical density. However,50 this procedure fails to
roduce thorium-free monazite (LaPO4 and La0.91Ce0.09PO4)

ith a density above 85%. Bregiroux et al.51 showed that, to
btain a density above 95%, a specific area of at least 17 m2/g
s necessary. Hikichi et al.52,53 have found the same results
n ball-milled powder: with a specific area of 52.8 m2/g, they

d
e
t
d

able 1
he cell parameter of La0.91Ce0.09PO4 and La0.73Ce0.09Th0.09Ca0.09PO4 and referenc

ample a (Å) b

a0.91Ce0.09PO4 6.8275(5) 7
a0.73Ce0.09Th0.09Ca0.09PO4 6.8088(4) 7
aPO4

46 6.8313(1) 7
ePO4

46 6.788(1) 7
a0.5Th0.5PO4

48 6.7137(6) 6
eaction (2) and monazite–brabantite obtained with reaction (1).

btained a density up to 98%. However with the mixed-mill tool
e used, we could not reach specific surface area higher than
m2/g.

The difference in the sintering properties of Th-Ca bearing
onazite compared to pure rare earth monazite is surprising. We

ttribute this feature to differences in the geometry of the nine-
olded polyhedra. In LaO9 and CeO9, La–O and Ce–O length
re about only 1% difference (0.03 Å for 2.56 Å),46,47 whereas
he Ca–O and Th–O48 distances in CaO9 and ThO9 polyhedra
re 0.1 Å shorter or longer than the La–O and Ce–O distances.
herefore, the pure monazite structure (containing only LaO9
nd CeO9) should be more rigid than a monazite–brabantite
tructure, which contains four different polyhedra LaO9, CeO9,
aO9 and ThO9. This could explain the higher ability of ssMB

o sinter and reach a high density compared to monazite.
In this work, only sintering of La0.73Ce0.09Th0.09Ca0.09PO4

s studied. Powders obtained from reaction (1) are pounded and
ressed using the following optimized procedure28:

Milling 2 g of powder with a mixer-mill containing a zirconia
ball at 25 Hz during 30 min.
Compacting the powder at room temperature with a manual
hydraulic one-axial press in a 10 mm diameter steel matrix.
Sintering at room pressure, 1450 ◦C during 4 h.

From dilatometric studies; Montel et al.28 defined an
ptimized thermal treatment consisting of heating in air at
0 ◦C/min. In the present study, we performed 5 additional

ilatometric analyses with various conditions: air and argon
nvironment, heating rates from 1 to 30 ◦C/min, from room
emperature up to 1500 ◦C. The dilatometric curves and their
erivative are shown in Fig. 3. Those results must be compared

e cell parameters.

(Å) c (Å) β (◦)

.0609(5) 6.5005(4) 103.310(4)

.0407(4) 6.48774(3) 103.353(3)

.0705(9) 6.5034(9) 103.270(1)

.0163(8) 6.465(7) 103.430(1)

.9181(5) 6.4187(12) 103.732(27)
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ig. 3. Dilatometric curves of La0.73Ce0.09Th0.09Ca0.09PO4 heated at 10 ◦C/min
he phosphorous reagent is metaphosphate (a, c, d–f) and ammonium dihydrog

ith the previous dilatometric analysis,28 performed with a sam-
le synthesized with ammonium dihydrogenophosphate. At the
nd of the dilatometric analyses, all samples are polished with
1 �m SiC suspension then heated during 5 min at 1425 ◦C, to

nhance the grain boundary visualization. SEM images of the
nal sintered samples are shown in Fig. 4.

After an overnight thermal treatment at 1450 ◦C, the final geo-
etrical density is always between 95 and 98% of the theoretical

ne. For La0.73Ce0.09Th0.09Ca0.09PO4 heated at 10 ◦C/min in air
Fig. 4a), a 1% linear swelling is visible below 1000 ◦C. Shrink-
ge starts at 1100 ◦C and occurs in two steps (as shown by the
erivative curves). The grains boundaries are well defined, with
harp edges and triple junctions, without any heterogeneity. The
rain size varies from 1 to 10 �m with an average size of 6 �m.
he low-temperature swelling (T < 800 ◦C), Fig. 3, is certainly
ue to an increase of the internal porosity, the most classic reason
f this kind of phenomena.54

The most interesting feature is the presence of a two-step
hrinkage above 1100 ◦C. The first step achieves a maximum

minimum of the derivative curve) at 1319 ◦C and the second
ne at 1391 ◦C. At 1500 ◦C, sintering is almost over. The final
eometrical density of La0.73Ce0.09Th0.09Ca0.09PO4 sintered at
0 ◦C/min in air is 91.3%. After an overnight thermal treatment

w
p
t
(

), 1 ◦C/min (d), 5 ◦C/min (e), and 30 ◦C/min (f), in air (a, b, d–f) and argon (c).
osphate (b).

t 1450 ◦C, the final geometrical density reaches the desired
alue, above 95%.

Bregiroux et al.51 observed two mechanisms during shrink-
ge: the grain coalescence at lower temperature and the grain
oundary diffusion at higher temperature. The coalescence
etermines the initial number of grains while the diffusion deter-
ines the final grain size.

.4. Influence of the precursors

The dilatometric measurement of Montel et al.28 on a sample
ynthesized with ammonium dihydrogenophosphate is reported
n Fig. 3b for comparison. It displays some differences when
ompared to Fig. 3a, even if the final densities are almost the
ame (91.3 and 91.4%). No swelling occurs at low tempera-
ure for that sample, but the two steps of shrinkage also exist.
he characteristic temperatures (minimum of the derivative
urve) are lower than for ammonium-free sample, respec-
ively, 1154 and 1313 ◦C, but the second step is more intense

ith ammonium dihydrogenophosphate than with metaphos-
hate. The grain size is also different, since many grains larger
han 10 �m are present with ammonium dihydrogenophosphate
Fig. 4b).
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ig. 4. SEM images, with a 2000 magnification and secondary electrons view o
e), and 30 ◦C/min (f), in air (a, b, d–f) and argon (c). The phosphorous reagent

The comparison between those two samples suggests that
he second step of shrinkage corresponds to the grain growth.
he more intense the second phenomenon, the bigger is the
rain size, in agreement with the suggestion of Bregiroux51 and
ernache-Assolant.54

.5. Influence of the environment

The dilatometric curves and their derivative obtained at
0 ◦C/min in air (Fig. 3a) and in an argon environment (Fig. 3c)
re similar. The difference in the shrinkage temperature is less
han 10 ◦C and the intensity of each phenomenon is equivalent.
he grain sizes are similar, as shown on the SEM images (Fig. 4a
nd c). It can be concluded that the gaseous environment does
ot influence the sintering processes of the solid solution.
.6. Influence of the temperature rate

The measurements performed on samples heated at various
emperature rates (d: 1 ◦C/min, e: 5 ◦C/min, f: 30 ◦C/min) are
ompared to the sample heated at 10 ◦C/min in Table 2.

o
9
f
a

able 2
eometrical densities, sintering phenomena 1 and 2 temperatures of La0.73Ce0.09Th0

ample Temperature rate (◦C/min) Geometrical den

1 95.1
5 93.3

10 91.3
30 93.9
3Ce0.09Th0.09Ca0.09PO4 sintered in at 10 ◦C/min (a–c), 1 ◦C/min (d), 5 ◦C/min
taphosphate (a, c, d–f) and ammonium dihydrogenophosphate (b).

The low-temperature swellings are identical, and the two
igh-temperature shrinkage steps are observed too. The temper-
ture rate influences the low-temperature swelling and increases
he sintering temperature. This effect is usually observed55 and
s related to the decrease in time for sintering to be activated.

The final geometrical densities are always between 91 and
5%. The intensity of shrinkage is reproducible in a 2% range.
he most interesting point is the shapes of the curves and their
erivatives, as well as their characteristic temperatures. At low-
emperature rate (1 ◦C/min), the temperature difference between
he two shrinkage steps is of 134 ◦C. The second step is large
nd intense. With increasing temperature rate, the distinction
etween the two steps becomes less visible, and the temperature
ifference drops from 134 ◦C to 52 ◦C.

The temperature rate influences the grain size, as clearly
hown by SEM images (Fig. 4a, d–f). For a temperature rate

f 1 ◦C/min, the grain size can reach 20 �m, with an average of
�m. For a temperature rate of 30 ◦C/min, the grain size varies

rom 0.5 to 8 �m with an average size of 2.5 �m. Those data
gree with the assignment of the second shrinkage step to grain

.09Ca0.09PO4 heated at various temperature rate.

sity (%) T. phenom. 1 (◦C) T. phenom. 2 (◦C)

1226 1360
1286 1378
1319 1391
1378 1420
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ig. 5. Grains size distribution. The bars represent the observed distribution and
he line is the fitted log-normal law.

oundary diffusion. The grain size is controlled by the grain
rowth mainly, which results from the grain boundary diffu-
ion. Thus, the longer the sample is kept in the grain boundary
iffusion temperature range, the bigger are the grain sizes. For a
igh-temperature rate, the sample remains in the 1100–1500 ◦C
emperature range during 13 min, while for the minimum tem-
erature rate, this duration is increased to 400 min. This confirms
hat the first shrinkage step corresponds to the grain coalescence
nd the second one the grain boundary diffusion, in agreement
ith Refs. 51, 54 and 55.
The average grain size is always less than 10 �m and, in all

he cases, the final geometrical densities between 95 and 98%
fter an overnight thermal treatment.

.7. Reproducibility

A batch of 10 pellets of La0.73Ce0.09Th0.09Ca0.09PO4 was
ynthesized and sintered using a 10 ◦C/min temperature rate in
ir and with a 4 h heat treatment at 1450 ◦C.

The average density value is ρ = 4.9(8) g/cm3, correspond-
ng to 97.4% of the theoretical value, with a standard deviation
ess than 0.01. The process described here is then highly repro-
ucible, at least at the laboratory scale.

.8. Grain size

The grain size distribution was measured by image processing
n samples prepared according to the reference routine. A typical
esult of the grain size distribution measurement for 200 grains
s shown in Fig. 5.

As for Ref. 28, the distribution is characterized by a log-
ormal law. The average area corresponds to 38 �m2, which,
ith a spherical-shape grain assumption, correspond to an aver-

ge equivalent diameter of 7 �m. This value is in agreement
ith the previous grain size of 6 �m (Fig. 4a) for a sam-

le synthesized with the same process and sintered at the
ame heating rate. The increase in size, compared with sam-
le studied in the dilatometric analysis (Fig. 4a), is related to
he 4 h 1450 ◦C stage after heating necessary to increase the
ensity.

a
p
m

t

ig. 6. Distribution of the ceramics compositions projected in the Ca–Th plane.
he line is the 1/1 ratio. The 0.9 dash line correspond to the theoretical values.

.9. Chemical composition

With the electron microprobe used in Ref. 28, using the same
nalytical routine, we determined the chemical composition of
1 spots selected on 13 samples synthesized and sintered using a
0 ◦C/min in air environment and with a 4 h duration at 1450 ◦C.

The amounts of lanthanum, cerium, calcium and thorium cor-
espond, in all the cases, to the desired values, with a dispersion
ess than 4% for La and Ce, 3% for P (relative%), only slightly
igher than the accuracy of the electron microprobe (1–2 rel-
tive%). The Ca and Th are distributed more heterogeneously
11 relative%). The Ca and Th distributions are reported in Fig. 6.

It can be noticed that the compositions are distributed along
he 1/1 line in the Ca–Th diagram, with a very limited tho-
ium excess, showing that, in ssMB, Th and Ca remains
patially linked. Those data show that the addition of bra-
antite (Ca0.5Th0.5PO4) into monazite is quite heterogeneous.
n reaction (1), 80% of monazite, LaPO4, is already part
f the precursor. Contrary to the process using ammonium
ihydrogenophosphate,28 the incorporation of cations (Ca–Th
nd Ce) does not occur simultaneously at high temperature but
re incorporated in an already existing LaPO4. Due to the slow
inetics of Ca and Th diffusion in the monazite,57 it is almost
mpossible to obtain finally an homogeneous distribution of Ca
nd Th. If MBss is used as an actual waste-form, this should
e taken into account in order to avoid local concentrations of
ctinides.

The slight excess in Th compared to Ca was already observed
y Cuney et al.56 who suggested that the orthophosphate could
tand some 3Th4+ ⇔ 4La3+ + 1 lacuna substitution. This phe-
omenon was not observed by Montel et al.28

. Conclusions

A monazite–brabantite solid solution can be synthesized
nd sintered by a high-temperature solid-state reaction with a
ery limited gas emission. The use of metaphosphate La(PO3)3
nd LaPO4, instead of ammonium dihydrogenophosphate,28 as

hosphorous reagent, simplifies the reaction scheme, and only
inor CO2 and O2 are emitted during the synthesis.
The final product is perfectly single-phased and well crys-

allized, but the product is less homogeneous in terms of
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rabantite–monazite distribution. The final densities are always
bove 95% of the theoretical one, whatever the gaseous envi-
onment and the temperature rate are.

The procedure is highly reproducible and directly usable in
radioactive environment such as glove box and hot cell.
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