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Abstract  
 
In the context of nuclear waste conditioning, the solid solution monazite-brabantite is extensively studied. Previous 
works have already shown its potential ability to confine minor actinides with excellent performance in term of 
chemical durability and structural stability. This present work concerns the synthesis and the sintering of such matrices. 
The challenge is to propose a synthesis and a sintering processes able to ensure the containment of actinides up to 
10%wt. (Am, Cm, Np) in dense matrices (about 95% of the theoretical density). Those processes have to be performed 
on equipments similar to those used in a facility dedicated to the high-level radioactive materials studies (glove box and 
hot cell). 
The optimized protocols, implying mixer-mill, synthesis by solid reaction at high temperature, uniaxial press 
compaction and sintering, are presented and discussed. 

 
 

 
1. Introduction 
 

In the frame of the French ‘Bataille’ law [1], 
important researches are performed on crystallized 
inorganic matrices potentially able to confine nuclear 
wastes. Solid solution monazite-brabantite is one of these 
matrices and has various interesting properties 
particularly for the immobilization of minor actinides 
(Am, Np, Cm). 

 
Monazite-brabantite is a natural orthophosphate of 

rare-earth. This mineral is known for its great thermal 
and chemical stability.  It naturally contains important  
amounts of uranium (up to 3%wt. UO2) and thorium (up 
to 30%wt. ThO2).  Moreover, ancient monazite-
brabantite are never found in a metamict state despite 
having received a high α-decay dose [2]. A defect self-
healing mechanism can explained this phenomena but it 
remains unidentified at the moment [2]. Recent studies 
[3] show that the dissolution rates of monazite are 
relatively low.  

 
Following those works, the aim of our research is to 

synthesize a material able to ensure the containment of 
10%wt. of trivalent and tetravalent actinides (Am3+, 
Cm3+, Np4+) in dense matrices (about 95% of the 
theoretical density). 

 
2. The solid solution monazite-brabantite 
Monazite MPO4 has a monoclinic structure with space 
group P21/n. The structure consists of juxtaposed  
chains with alternating tetrahedral PO4 sites and large 
MO9 sites (Fig. 1). 

 
Trivalent actinides or surrogates (M= La, Ce, 

Nd, Gd, Am, Pu…[4]) can be incorporated into M sites 
of the monazite structure.  

 
Brabantite Ca0.5BB0.5PO4 is constituted of bivalent 

cations Ca  and tetravalent cations B . Tetravalent 
actinides  (B=U, Th, Np…[4]) can be incorporated into B 
sites of the structure. Monazite and brabantite are 
isostructural. 

2+ 4+

 
Then, the major interest of the solid solution 

monazite-brabantite La1-x-2yAn3+
xCa2+

yAn4+
yPO4 is to 

incorporate trivalent and tetravalent actinides 
simultaneously in appreciable quantities.  
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Figure 1. Crystalline structure of monazite. 

 
3. Experimental procedure 

 
The solid solution can be synthesized according 

various procedure [5] [6]. Nevertheless, the equipments 
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used to fabricate and sinter the samples are restricted to 
equipments available in gloves boxes and hots cells. 
Those restrictions imply that sol-gel reaction, 
centrifugation, ball milling, hot-press cannot be planned. 
Only high temperature reaction, mixer-mill, uniaxial 
press compaction can be used. 

In a first step, cerium and thorium are used as 
surrogates of 10%wt. tri- and tetravalent actinides. The 
aim of these experiments is to clarify the influence of 
starting materials, to optimize the synthetic conditions of 
the solid solution and to developp the experimental 
procedure. These experiments are performed in inactive 
laboratory. The target composition is 
La0.73Ce0.09Ca0.09Th0.09PO4. 

Previous works [7] have already shown that the 
cerium and the plutonium can easily be incorporated in 
such a structure in a trivalent state but not so easily in a 
tetravalent one. 

Two reaction schemes are tested. Both schemes 
imply a solid-state reaction between starting materials at 
high temperature: 

- The first one was a mixing of oxide precursors 
(CeO2, ThO2), carbonates (CaCO3), monazite (LaPO4) 
and lanthanide metaphosphate (La(PO3)3). 
 

- The second one was a mixing of oxide 
precursors (La2O3, ThO2, CeO2), carbonate (CaCO3) and 
ammonium dihydrogenophosphate (NH4H2PO4). 
 

The precursors are blended and milled with 
Retsch MM200 mixer-mill using 25mL zirconia 
container and 20mm diameter zirconia ball. Milling for 
20mn allows to enhance the homogeneity of the powder. 
The blend was then synthesized for 10 hours at 1250°C 
in air. The global reaction schemes are the following : 

 
(1-9x/2)LaPO4 +xCeO2+xCaCO3+ xThO2 + 3x/2La(PO3)3

_________>                                    (1) 
La1-3xCexCaxThxPO4 + xCO2 + x/2O2

x=0.0894 
 
½(1-3x)La2O3 + xCeO  + xCaCO2 3 + xThO2 + NH4H2PO4 

_________>                                    (2) 
La1-3xCexCaxThxPO4 + NH3 + 3/2H2O + xCO2 + x/2O2 

x=0.0894 
 
 After the synthesis, the powder, which is already 
made of monazite-brabantite, was then milled. An 
uniaxial compaction was used to obtain cylindrical 
pellets. Finally, the samples were sintered in air. 
 
 In order to characterize and optimize the protocols, 
the calcinated powders and sintered compacts were 
characterized by X-ray diffraction with the use of: 
 
 - Inel automatic diffractometer with a cobalt cathode 
(λ = 1.78897 Å) under non-radiactive condition, 

- Seifert XRD 3000 diffractometer with a copper 
cathode (λ = 1.54184 Å) in shielded cell.  

 

A TG-DTA thermal analyzer Seteram Setsys 
Evolution coupled with a mass spectrometer is used to 
follow the different steps of the synthesis process. 

The specific surface area of the resulting 
powders was measured by the BET method. 

A Setaram Setsys Evolution Dilatometer is used 
to determine the linear shrinkage of compacted samples. 

The microstructure of the material was 
examined by scanning electron microscopy (SEM Jeol 
6300). 
 
4. Result and discussion 
The optimization phase was performed in inactive 
laboratory and in these conditions, thorium can not be 
analysed by all equipments. Then, some experiments 
were performed with monazite powder without thorium 
and calcium. 
 
4.1 Synthesis 
 The TG-DTA, coupled with a mass spectrometer, 
experiment is performed in order to identify the different 
steps of the synthesis. For this analysis, calcium and 
thorium are removed from the reaction (1) and (2). 
Results are shown below. 
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Figure 2. DTA-TGA measurements of reaction (1), 
coupled with a mass spectrometer. 
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Figure 3. DTA-TGA measurements of reaction (2), 

coupled with a mass spectrometer. 
 
  For the reaction (2), the decomposition of 
NH4H2PO4 appears between 150°C and 700°C. 
But the synthesis of the final product starts at the same 
temperature for both reactions: 900°C with an 
exothermic effect on the DTA curve. In both cases, 
oxygen losses occur between 950-1000°C corresponding 
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to the weight loss observed on the TG curves. The 
duration of the reaction seems shorter for the reaction 
(1), certainly because LaPO4 is already present in the 
precursors and then, a smaller quantity of monazite-
brabantite is produced during this reaction.  
  
 The powder La1-3xCexCaxThxPO4 issuing the reaction 
(1) and (2) are X-ray analyzed.  
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Figure 4. XRD pattern of La1-3xCexCaxThxPO4 powders 

issuing reaction (1) and (2). 
 
 X-ray diffraction patterns show that solids solutions 
monazite-brabantite are well crystallized in both cases. 
 
 Both reactions seem similar in term of quality, but 
reaction (1) implies metaphosphate La(PO3)3 and 
monazite LaPO4.  These precursors have to be previously 
synthesized and consequently, the risk of getting a low 
quality product is increased. The second reaction implies 
only pure product and then, the reaction should be more 
stable and reproductible. This way was retained for the 
continuation of this study. 
 
4.2 Pellet fabrication and green density  
 
 Powder resulting of the reaction (2) have to be 
grinded before being compacted and sintered. 
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Figure 5. Surface specific area of LaPO4 powders with 

the duration of crushing . 
 
 The specific surface area was measured after 
different crushing duration with the frequency maximum 
available with the mixer-mill: 25Hz. Nevertheless, 
thorium can not be analyzed by this equipment. Then, 
this step was performed using LaPO4 powder only.  
Before starting to mill, the surface specific area is about 
0.2 m²/g.Then, the surface specific area remains almost 
the same one after 10, 20 or 40 minutes considering 
uncertainties of measurement. 

 Finally, the best parameters to obtain the smaller 
grain size were fixed at 25Hz during 20 minutes.  
 The monazite-brabantite powder was uniaxially 
pressed to obtain cylindrical compacts (10mm in 
diameter, 8mm high). Lubrication with stearic acid was 
applied in order to improve the compaction of powders. 
An optimization of this step was necessary to enhance 
the green density of compacts while avoiding 
delamination defect. 
 In this objective, different experiments were 
performed with the same powder. The powder was 
compacted between 100 to 400MPa. The green density 
increases significantly (from 56% to 65% of theoretical 
density), but the final density of the sintered product was 
exactly the same wathever the applied pressure (the 
pellets were sintered under optimized thermal treatment, 
cf. ultra). 
 As a conclusion, the compaction pressure was fixed 
to 120MPa. This pressure allows to obtain a high green 
density of compacts (about 58 % of theoretical density) 
and avoid delamination defect which occurs with 
excessive compaction pressure.  
 
4.3 Sintering and microstructure observation 
   Fig. 6 shows the linear shrinkage of  
La1-3xCexCaxThxPO4 compacted samples versus 
temperature. Three heating rates were tested. In all cases, 
the monazite-brabantite compacts began to sinter above 
1100°C. The temperature of the maximal shrinkage 
decreased when the heating rate decreases. 
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Figure 6. Dilatometric curves versus heating rate for 
sintered La1-3xCexCaxThxPO4 monazite-brabantite at 

1500°C. 
  
  Those results reveal that higher is the heating 
rate, higher is the sintering temperature. Bregiroux et al. 
[8]. suggested a temperature of sintering higher as 
possible, in order to densify before the growth of the 
grains.  Consequently, the heating rate was fixed at the 
maximum value of the furnace ultimately use in the 
glove box: 8 °C/min. 
  Many experiments were carried out to optimize 
the sintering process (duration and temperature). The 
optimized sintering temperature, which corresponds to 
the higher density (97% of theoretical density), was 
1450°C. Fig. 7 shows the influence of sintering duration 
on samples density. 
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Figure 7. Density (%TD) of La1-3xCexCaxThxPO4 

monazite-brabantite samples versus sintering time (h). 
Sintering temperature: 1450°C. 

 
The sintered density of samples increases with 

sintering duration. The density was about 96%TD after a 
sintering duration of 2 hours whereas the density reaches 
98%TD after 4 hours of sintering. The mean grain size 
was estimated at 8.4µm after 8 hours at 1450°C. 
Consequently, a sintering duration of 10 hours was 
retained. 

 
Finally, La1-3xCexCaxThxPO4 samples were 

sintered in air at 1450°C for 10h. The experiments 
performed in inactive laboratory allowed to optimize the 
synthesis conditions of the solid solution and developp 
the experimental procedure. The final product was dense, 
homogeneous and belongs to a monoclinic monazite 
phase. 
 
4.4 Transposition in glove box 
 Consequently, this experimental procedure was 
transposed in glove box and six pellets were fabricated in 
order to validate the process. The mean final density was 
93%TD. 

0

20

40

60

80

100

120

15 20 25 30 35 40 45 50
2 Théta (°)

I/I
m

ax
 (%

)

-20

(La, Ce, Ca, Th)PO4

LaPO4 PDF : 83-0651

 
Figure 8. XRD pattern of sintered 

La0.73Ce0.09Ca0.09Th0.09PO4 ceramic. 
 
 According to the XRD pattern, a single phase was 
observed. The cell parameters calculated by a Rietveld 
refinement are in excellent agreement with the expected 
value. Then, the final product belongs to a monoclinic 
monazite phase. A SEM analysis of sintered final product 
is reported on figure 9. La0.73Ce0.09Ca0.09Th0.09PO4 
sintered materials exhibited a pore distribution 
homogeneous and a grain size between 3 and 10 µm. The 
composition determined by electron-microprobe-EDS is 
La0.7Ce0.1Ca0.1Th0.1PO4. 

 
 

 
 

1 µm 
 
 
 

Figure 9. Scanning electron micrograph of monazite-
brabantite ceramic sintered at 1450°C for 10h. 

 
 Then, the material corresponds to the solid 
solution monazite-brabantite phase. As a conclusion, the 
optimization phase of the process performed in inactive 
laboratory allows to obtain rapidly six pellets in active 
laboratory.  The good results of this fabrication allow 
validating the experimental procedure.  
 
5. Conclusion  

Those processes are actually duplicated in 
gloves boxes and hots cells, replacing cerium by 
plutonium. The plutonium is used to study the α self-
irradiation effect on the structure. The leaching behavior 
of these materials will be the following experiments in 
order to propose those materials for minor actinides 
conditioning. 
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