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ABSTRACT 

The behaviour of spent nuclear fuel under geological conditions is a major issue underpinning 

the safety case for long-term disposal. The aim of this work was to produce non-radioactive 

UO2 fuel analogues to be used to investigate spent fuel dissolution under realistic repository 

conditions. This report is divided in two parts: Part A concerns CeO2 and ThO2; Part B 

concerns CaF2. The densification behaviour of several cerium dioxide powders, derived from 

cerium oxalate, and ThO2 were investigated to aid the selection of a suitable powder for 

fabrication of fuel analogues for powder dissolution tests. CeO2 powders prepared by 

calcination of cerium oxalate at 800°C and sintering at 1700°C, and ThO2 powders sintered at 

1750 °C gave samples with similar microstructure to UO2 fuel and SIMFUEL. 

The densification behaviour of CaF2 powder was investigated to aid the selection of suitable 

processing conditions for fabrication of fuel analogues for powder dissolution tests.  CaF2 

pellets were  prepared by sintering at 1000°C in argon which gave samples with similar 

microstructure to UO2 fuel and SIMFUEL. 
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Part A: CeO2 and ThO2 
 

A1. INTRODUCTION 

In the safety case for the geological disposal of spent nuclear fuel, the behaviour of the fuel 

under geological conditions is of great importance. Release of radioactivity from the 

geological repository is controlled by the dissolution of spent fuel in ground water. 

Dissolution is largely governed by the surface stability of a material, therefore it is necessary 

to investigate the microstructure and surface properties of spent fuel.  The use of spent nuclear 

fuel or its main component, UO2, in the laboratory is problematic due to issues surrounding 

radioactivity and redox sensitivity. As such, the complexity of experimental procedures has 

lead to some inconsistent results (e.g. Ollila et al., 2008).  It is, therefore, necessary to 

produce suitable analogues that closely resemble nuclear fuel in terms of crystallography and 

microstructure.  In a typical spent nuclear fuel, the grains should have a specific size and 

porosity that is determined by the burn-up conditions of the fuel (Romano et al., 2007), and 

they should be randomly orientated (Godinho et al., 2011).  

UO2 has a fluorite crystal structure, (face centred cubic, space group Fm3m) which is 

common in other f-block oxides including the actinide thorium, ThO2, and rare-earth element 

cerium, CeO2 (Atlas and Tel, 2001).  The archetypal fluorite structure occurs in CaF2. The 

ideal composition and resulting microstructures of these materials can be achieved through 

varying calcination and sintering temperature of pellets prepared from oxalate salts CeO2 and 

ThO2.   

In this study, we detail the methodology used to prepare, CeO2 and ThO2 analogue 

ceramics for UO2 and provide a detailed characterisation of the morphology and chemistry of 

the surfaces of the samples. Calcination and sintering temperatures for each analogue will be 

varied to yield particle size distributions and surface areas close to those used in UO2 

manufacture, in order to achieve suitable analogues for future dissolution tests. 

 

A2. EXPERIMENTAL METHODOLOGY 

A2.1. Powder preparation 

Cerium dioxide (CeO2) powders were prepared via thermal decomposition of cerium (IV) 

oxalate [Ce(C2O4)2]. The cerium oxalate was generated by the same route used to prepare 

uranium and plutonium oxalate at the THORP processing plant.  This process consists of 
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precipitation of cerium oxalate by the slow addition of oxalic acid to a cerium nitrate solution 

(Patterson and Parkes, 1995).  The cerium oxalate was stored as a suspension in nitric acid.  

Samples were decanted and washed twice through 2.7 μm filter paper with distilled water, to 

remove any residual nitrate, and dried at 90 °C for 24 hours.  Thermal decomposition of the 

oxalate was conducted for one hour at 400, 550 and 800 °C (5 °C min
-1

 ramp rate) to derive 

three CeO2 powders with different surface areas.   

ThO2 powder originated from BDH Laboratory Reagents Ltd., Lot No: 

G83757/541012. 

 

A2.2. Powder Characterisation 

Powder densities were measured using a Micromeritics AccuPyc II 1340 pycnometer. The 

pycnometer was purged 50 times using helium gas and equilibrated at a rate of ~ 69 Pa min
-1

. 

The sample volume was measured 25 times. Surface area analysis by BET was conducted 

using a Micromeritics Gemini 2360 instrument. The powder was flushed with nitrogen gas at 

120 °C for 16 hours prior to measurement. Powder particle size was measured with a Coulson 

LS 130 laser particle sizer.  Prior to measurement the powders, suspended in deionised water, 

were sonicated for 4 minutes.  Powder X-ray diffraction (XRD) was conducted using a Philips 

PW1825 diffractometer operating in reflection geometry with a Cu Kα source.  Diffraction 

patterns were collected between 5 and 60° 2theta at 2° min
-1

 using a step size of 0.02°. 

Analysis of the cerium oxalate decomposition process was carried out by thermogravimetric 

analysis (TGA) using a Perkin Elmer Pyris 1 TGA and differential thermal analysis (DTA) 

using a Perkin Elmer DTA 7.  Both were operated using an air purge and a heating rate of 5 

°C min
-1

.  The cerium oxalate and oxide powders were imaged using a JEOL JSM6400 

scanning electron microscopy (SEM) operated with an accelerating voltage of 10 kV and a 

working distance of 15 mm.  Powders were suspended in acetone and applied using a 

disposable pipette onto carbon coated sticky pads.  The powders were then carbon coated to 

avoid charging in the microscope.  The surface chemistry of CeO2 was analysed by X-ray 

photoelectron spectroscopy (XPS) on a Kratos Axis Ultra ‘DLD’ spectrometer with a 

monochromatic Al-Kα source. All photoelectron binding energies (BE) were referenced to 

C1s contamination peaks at a BE of 285.0 eV.  
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A2.3. Pellet fabrication 

CeO2 and ThO2 powders were uniaxially pressed with a load of 100MPa in a 10mm diameter 

hardened stainless steel die. Prior to sintering the green density of the pressed compacts were 

calculated by measuring the pellet mass and geometry.  Green CeO2 and ThO2 pellets were 

then placed on stabilised zirconia setter plates and sintered in triplicate for 4 hours at 

temperatures between 1300 and 1750 °C in a standard air atmosphere muffle furnace.  Pellets 

were held at temperature for 4 hours and ramped at 5 °C min
-1

.   

 

A2.4. Pellet characterisation 

Sintered density was measured by both geometric and water immersion (Archimedes) 

methods. All density measurements were performed in triplicate.  For microstructural analysis 

of the surfaces the CeO2 pellets were ground flat using SiC paper and polished to a 1µm 

optical finish using diamond paste.  Prior to imaging the pellets were thermally etched at 90% 

of their sintering temperature to reveal the grain structure.  Imaging was performed on a JEOL 

JSM6400 scanning electron microscopy (SEM) operated with an accelerating voltage of 20 

kV and a working distance of 15 mm.  The ThO2 pellet samples were polished down to a 1µm 

finish using diamond paste and mechano-chemically etching in colloidal silica. Images of 

these samples were taken using a Philips (XL-30) field emission gun environmental electron 

microscope (FEG-ESEM) with coupled electron back scatter diffraction (EBSD) using the 

Oxford Instruments software package HKL Channel. 

 

A3. RESULT AND DISCUSSION 

A3.1. Powder characterisation (CeO2) 

X-ray diffraction analysis (Figure A1) confirmed the formation of pure CeO2 after 

decomposition of the cerium oxalate at 400, 550 and 800 °C.  No impurity phases were 

observed although significant differences in the width of the Bragg peaks were evident.  The 

peak full width half maximum (FWHM) of the Bragg peaks decreased with increasing 

calcination temperature which may be either attributed to an increase in crystallinity or an 

increase in the powder particle size. 



REDUPP 
(D-N°:1.1) –Preparation and characterisation of UO2-fuel analogues for dissolution studies  

Dissemination level :PU   

Date of  issue of this report : 30/09/11 

7 

 

Figure A1. XRD patterns for cerium dioxide powders formed from decomposition of cerium 

oxalate at 400, 550 and 800 °C. All reflections observed were indexed based on cubic CeO2  

with space group Fm-3m (JCPD card [34-394]). 

 

The particle size distributions and powder morphology of the CeO2 powders were 

investigated by laser size analysis and powder microscopy. The particle size distributions 

shown in Figure A2 are all bimodal in nature indicating that either the powders consist of two 

discrete particle size fractions or the small component corresponds to the primary powder 

particles and the second (larger) component corresponds to the formation of large 

agglomerates.  The shift in the 800 °C distribution indicated a significant increase in either the 

particle size or the degree of agglomeration.  Particle sizes are given in Table A1. 
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Figure A2. Particle size distributions for 400, 550 and 800°C calcined powders. 

 

Powder particle size and morphology were directly measured by scanning electron 

microscopy (SEM).  Figure A3 shows secondary electron images for the three calcined 

powders and cerium oxalate for comparison.  The cerium oxalate powder particles were 

equiaxed and between 5 and 20 μm in diameter.  The CeO2 powder calcined at 400 and 500 

°C consisted of irregular shape particles with equivalent diameters of between 2 and 15 μm.  

The CeO2 powder calcined at 800 °C also consisted of irregular shaped particles although the 

observed size range was larger, between 5 and 25 μm.  This increase in the observed size 

range was consistent with the measurements made by laser sizing (Table A1).  Closer 

inspection of the particles indicated that they were not agglomerates consistent with the 

hypothesis that an increase in calcination temperature can cause powder particles, derived by 

thermal decomposition, to grow and coarsen.   
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Figure A3. Powder SEM images of a) washed and dried cerium oxalate, b) powder calcine at 400 °C, 

c) powder calcine at 550 °C, and d) powder calcine at 800 °C. 

 

The specific surface areas of the cerium oxalate and CeO2 powders were measured and a 

decrease in the surface area was observed with increasing calcination temperature  

(Figure A4).  The reactivity of a powder is influenced by its surface area and it was expected 

that the cerium oxalate calcined at lower temperature would yield more reactive CeO2 

powders which would sinter to higher density at lower temperatures.  The powder density of 

the CeO2 powders, measured by helium pycnometry, was shown to increase with increasing 

calcination temperature (Table A1) reaching almost theoretical at 800 °C.  This is consistent 

with the observed decrease in surface area. 
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Figure A4. Specific surface area as a function of calcination temperature for cerium oxalate powder 

calcines and washed and dried cerium oxalate. 

 

Thermal analysis was conducted on the cerium oxalate sample which had been dried at 90 °C 

for 24 hours.  The TGA analysis showed two discrete mass losses.  The first mass loss 

occurred between 90 and 120 °C and the presence of an endotherm in the DTA trace indicated 

this was related to the loss of a small amount of water.  The second mass loss and 

corresponding exothermic peak in the DTA were attributed to the decomposition of cerium 

(VI) oxalate, Ce(C2O4)2 according to the equation below. 

 

2COCOCeOOCCe
22242

        (1) 

 

Oxalate compounds have been reported to contain 6 (Atlas and Tel, 2001), 10 (Brittain et al., 

1987) or 13 molecules of water (Gallagher and Dworzak, 1985).  The total mass loss recorded 

by TGA was consistent with the cerium oxalate being slightly hydrated Ce2(C2O4)2.H2O 

although it was not clear whether this was residual water of hydration or water absorbed 

during storage and handling.  This does however suggest that the majority of the hydrated 

water had been removed during the drying step at 90 °C.  Our TGA and DTA results are 
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consistent with the work of Heintz and Bernier (1986) on the decomposition of anhydrous 

Ce(C2O4)2. 

 

Figure A5. Residual mass fraction and heat flow as a function of cerium oxalate sample temperature as 

measured by TGA and DTA respectively. 

 

Table A1. Summary of powder data for cerium oxalate and CeO2 powders (ρtheo = 7.215 g cm
-3

). d90% 

value represents particle size that 90% of the particles are less than.  

Powder  Calcination 

temperature 

(°C) 

Powder density 

(g cm
-3

) 

Particle 

size d90% 

(μm) 

Specific 

surface area 

(m
2 
g

-1
) 

Ce2(C2O4)3.xH2O  n/a 1.992(1) 25.4(1) 0.4(1) 

CeO2  400 6.320(1) 14.0(1) 90.9(1) 

CeO2  550 6.514(2) 13.9(1) 29.7(1) 

CeO2  800 7.121(5) 23.5(1) 6.93(1) 

 

A3.2 Pellet characterisation (CeO2) 

Cerium dioxide derived from the decomposition of cerium oxalate was pressed into pellets 

and sintered at a range of different temperatures to investigate the density and microstructural 

evolution.  Prior to sintering the green geometric densities of the pellets were measured.  

Differences in the behaviour of the three CeO2 powders were obvious during the loading of 
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the die and the compaction process.  The higher surface area CeO2 powder displayed poor 

flow characteristics resulting in poor powder packing and a lower measured green density 

when compacted.   

 

Figure A6. Green density of pellets as a function of cerium oxalate calcination temperature.  Pressing 

pressure was 100 MPa and hold time was 60 seconds. 

 

During sintering the colour of the pellets changed from pale yellow to dull orange.  Colour 

changes in rare earth elements can often be associate with changes in valence state.  X-ray 

photoelectron spectroscopy (XPS) performed on a crushed pellet which had been sintered at 

1700 °C for 4 hours confirmed that cerium was present only as Ce(IV). 



REDUPP 
(D-N°:1.1) –Preparation and characterisation of UO2-fuel analogues for dissolution studies  

Dissemination level :PU   

Date of  issue of this report : 30/09/11 

13 

 

Figure A7. Ce3d XPS spectra of crushed a CeO2 pellet, indicating the presence of Ce
4+

 only. 

 

Peak assignments are given in Table A2. The multiple states arise from different Ce 4f level 

occupancies in the final state (Kotani et al., 1988). 

 

Table A2. XPS Ce 3d peak positions and assignments.  *Nomenclature follows the convention 

established by Burroughs et al. (1976) 

Peak name* Peak binding energy (eV) Peak assignment 

V 882.7(3) Ce
4+

 3d
9
4f

2
V

n-1
 

V’’ 888.9(8) Ce
4+

 3d
9
4f

1
V

n-1
 

V’’’ 898.3(3) Ce
4+

 3d
9
4f

0
V

0
 

U 901.0(3) Ce
4+

 3d
9
4f

2
V

n-1
 

U’’ 908.0(2) Ce
4+

 3d
9
4f

1
V

n-1
 

U’’’ 916.9(3) Ce
4+

 3d
9
4f

0
V

0
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Figure A8 shows the sintered density as a function of temperature for CeO2 pellets derived from 

cerium oxalate calcined at 400, 550 and 800°C.  For all the powders the density increase with 

increasing sintering temperature as expected.  Increasing the surface area of a powders will 

increase its reactivity and in general powders with a high surface area will sinter to a higher 

density, than those wth a lower surface area, at a given temperture.  It was therefore expected 

that pellets fabricated from the lowest temperature calcine, with the highest surface area, 

would exhibit the highest densities.  However, as can be seen from Figure A8, the opposite 

trend was observed and pellets fabricated from the lowest surface area powder exhibiting the 

highest sintered density.   

 

Figure A8.  Density as a function of sintering temperature for pellets pressed from the three CeO2 

powders. 

 

The above observations seem counter-intuitive, however, to fully understand the trends 

observed it is important to consider the relative powder packing efficiency of the the three 

powders.  As was shown in Figure A6,  the green density of the pressed pellets decreased with 

increasing surface area.  By calculating the % density change during sintering (Figure A9) for 

all three powders this apparent discrepacy can be rationalised.  Densification is driven by 

surface diffusion which occurs at the boundaries between particles.  Although the pellets 

fabricated from the high surface area powders show a significantly larger % change in density 
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the low inital green density means the final sintered density is lower.  In order to fully utilise 

the high reactivity of the high surface area powders, the problems with the powder packing 

and low green density need to be addressed.    

 

 

Figure A9.  % Density change as a function of sintering temperature for pellets pressed from the three 

CeO2 powders. 

 

Above 1700°C a decrease in the sintered density was observed (Figure A8).  This was 

consistent with an increase in the amount of porosity observed in the SEM micrographs 

(Figure A10).  For all three batches of CeO2 powder the observed porosity decreased and 

grain size increased with increasing sintering temperature between 1500 and 1700 °C.  In the 

pellets fabricated from the cerium oxalate calcined at 400 °C the average grain size increased 

from between 2 and10 μm in diameter at 1500 °C to between 15 and 30 μm in diameter at 

1700 °C.  The grain sizes observed, at a given sintering temperature, decreased slightly with 

increasing oxalate calcination temperature which may be related to the influence of powder 

reactivity on sintering kinetics. 
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Figure A10. SEM images of sintered pellets.  (a–d) 400 °C oxalate calcination  (e–h) 550 °C oxalate 

calcination and (i-l) 800 °C oxalate calcination.  Increasing sintering temperature from top to bottom 

(1500, 1600, 1700, 1750 °C). 
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A3.2. Pellet characterisation (ThO2) 

 

Figure A11 shows the measured density as a function of sintering temperature for the ThO2 

pellets.  The density increases sharply between 1300 and 1400 °C and then begins to plateau 

out above 1500 °C.   

 

Figure A11.  Density as a function of sintering temperature for pellets pressed from ThO2 powder. 

 

The microstructure of a ThO2 pellet sintered at 1750 °C for 4 hours is shown in Figure A12.  The 

dense microstructure consists of equiaxed grains between 10 and 20 μm in diameter.   
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Figure A12. SEM image of ThO2 pellet sintered at 1750 °C. 

 

A4. CONCLUSIONS 

The aim of this work was to fabricate pellets of CeO2 and ThO2 with similar microstructures 

as UO2 to act as analogues for dissolution studies.  In both cases it was possible to produce 

dense samples with densities in excess of 93% (ThO2) and 96% (CeO2 – calcined from cerium 

oxalate at 800 °C) theoretical by sintering pressed pellets at 1750 °C and 1700 °C, 

respectively.  The microstructures were similar in both cases and consisted of equiaxed grains 

in the size range between 10 and 20 μm.  These microstructures are in good agreement with 

those published on UO2 fuel (Forsyth, 1987 and Forsyth, 1995) and SIMFUEL (Lucuta, 

1991).        

 

 

 

 

 

20 μm 
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Part B: CaF2 
 

B1. INTRODUCTION 

 

In this part of the report, we detail the methodology used to prepare, CaF2 analogue ceramics 

for UO2 and provide a detailed characterisation of the morphology and chemistry of the 

surfaces of the samples. 

 

B2. EXPERIMENTAL METHODOLOGY 

 

B2.1. Powder preparation 

CaF2 (Sigma Aldrich) was dried at 350 °C overnight to remove any absorbed water and then 

stored in a vacuum desicator. 

 

B2.2. Powder Characterisation 

Surface area analysis by BET was conducted using a Micromeritics Gemini 2360 instrument. 

The powder was flushed with nitrogen gas at 120 °C for 16 hours prior to measurement. 

Powder X-ray diffraction (XRD) was conducted using a Philips PW1825 diffractometer 

operating in reflection geometry with a Co Kα source.  Diffraction patterns were collected 

between 10 and 70° 2theta at 0.5° min
-1

 using a step size of 0.02°.  

 

B2.3. Pellet fabrication 

Green CaF2 pellets were sintered in triplicate between 900 and 1100 °C in a standard air 

atmosphere muffle furnace (4 hour dwell and 5 °C min
-1

 ramp rate) and also between 900 and 

1300 °C in flowing argon in a tube furnace (4 hour dwell and 3 °C min
-1

 ramp rate). 

 

B2.4. Pellet characterisation 

Sintered density was measured by both geometric and water immersion (Archimedes) 

methods. All density measurements were performed in triplicate.  For microstructural analysis 

of the surfaces the CaF2 pellets were ground flat using SiC paper and polished to a 1µm 

optical finish using diamond paste.  Prior to imaging the pellets were thermally etched at 90% 

of their sintering temperature to reveal the grain structure.  Imaged was performed on a JEOL 
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JSM6400 scanning electron microscopy (SEM) operated with an accelerating voltage of 20 

kV and a working distance of 15 mm.   

 

B3. RESULT AND DISCUSSION 

 

B3.1. Powder characterisation (CaF2) 

X-ray diffraction analysis (Figure B1) confirmed that the dried CaF2 contained only CaF2.  All 

reflections could be indexed on a cubic cell with space group Fm-3m.  The surface area of the 

dried CaF2 was 0.64 m
2
 g

-1
. 
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Figure B1. XRD patterns for dried CaF2 (bottom) and CaF2 powder (top) from pellet sintered at 1000 

°C in air aged for one month. All reflections for dried CaF2 were indexed based on cubic CaF2  with 

space group Fm-3m.  Reflections labelled with * indicate reflections due to Ca(OH)2.  

 

B3.2 Pellet characterisation (CaF2) 

CaF2 was pressed into pellets and sintered at a range of different temperatures to investigate 

the density and microstructural evolution.  Prior to sintering the green geometric densities of 

the pellets were measured to ensure good reproducibility during the compaction process. The 
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sintered density increased with increasing sintering temperature as expected in both air and 

argon atmospheres (Figure B2). 
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Figure B2.  % Density change as a function of sintering temperature for CaF2 pellets sintered in air 

(closed circles) and argon (open circles). 

 

Microstructural images of the pellets sintered at 1000 °C in air and in argon are shown in 

Figure B3 below.  Images of the pellet surfaces were collected in secondary electron and 

backscattered electron modes [Figures B3(a-d)].  The observed level of porosity in both 

samples was consistent with the measured densities.  The pellets were re-examined one month 

later and crystals were observed on the surface of the pellet sintered in air [Figures B3(e-h)].  

EDX analysis (Figure B4) showed that these crystals contained Ca and O and based on the 

XRD analysis of a powdered pellet were probably Ca(OH)2 crystals (Figure B1).  The growth 

of these crystals may have been caused by hydration of exposed calcium metal on the surface 

of the pellet, which was present due to decomposition of CaF2 and volatilisation of fluorine 

during sintering.  After a month pellets sintered in air above 1000 °C showed signs of a loss 

of mechanical integrity.  Powder recovered showed the presence of Ca(OH)2.  
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Figure B4. SEM images of sintered CaF2 pellets.  (a–b) 1000 °C for 4 hrs in air,  (c–d) 1000 °C in 

argon, (e-f) 1 month after sintering at 1000 °C for 4 hrs in air, (g-h) close up of CaO crystals on 

surface. 
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Figure B5. EDX spectra of bulk ceramic (bottom) and crystallites (top) on surface of pellet one month 

after sintering in air at 1000 °C. 
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Pellets sintered in argon between 1100 and 1300 ° are shown in Figure B6.  In all the samples equixed 

grains were observed whose sizes were in the range  2 - 10 μm at 1100 °C and 5 - 10 μm at 1200 °C .  

An order of magnitude increase in the grain size was observed between pellets sintered at 1200 °C and 

at 1300 °C.   

 

Figure B6. SEM images of sintered CaF2 pellets.  (a) 1100 °C for 4 hrs in argon,  (b)  1200 °C in 

argon, and (c) 1300 °C for 4 hrs in argon. 

 

Further investigation of the pellets sintered at 1300 °C revealed the presence of some regions which 

contained micro-cracks.  EDX dotmaps (Figure B7) of these regions were collected revealing that 

these regions were deficient in fluorine and rich in oxygen. 
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Figure B7. EDX dotmaps taken from pellet sintered in argon at 1300 °C showing regions deficient in 

fluorine and rich in oxygen. 
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B4. CONCLUSIONS 

The aim of this work was to fabricate pellets of CaF2 with similar microstructures as UO2 to 

act as analogues for dissolution studies.  CaF2 pellets sintered in argon at 1200 °C showed 

microstructures that were in good agreement with those published on UO2 fuel (Forsyth, 1987 

and Forsyth, 1995) and SIMFUEL (Lucuta, 1991).   CaF2 pellets sintered at higher 

temperatures in argon and above 1000 °C in air showed the presence of oxygen rich regions 

which were possibly CaO.  On aging under atmospheric conditions these regions hydrated 

ultimately leading to failure of the pellets.        
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