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2. Introduction 

Since 1954, when the first nuclear power plant (Obninsk, Russia) started operation, the world 
has been facing the question of what to do with the nuclear waste. Until a decision has been 
made, the spent nuclear fuel is placed in various interim storage facilities. It is now largely 
accepted in the scientific community that we will have to live with the produced nuclear waste, 
and the temporary solutions used so far to store it are not economically favorable due to high 
maintenance costs [1].  

It is internationally recognized, that if the spent fuel is to be considered a waste and not a 
resource, deposition in deep geological repositories is the best available strategy. One 
important argument for final disposal in a geological repository is that future generations 
should not have to take care of the waste arising from the nuclear technology of our present 
generation. More specifically in Sweden, Forsmark has been selected for a proposed final 
repository, and an application for a license to start the construction has been submitted to the 
authorities [2]. The repository site is chosen based on its properties which are shown to have 
minimal chemical, biological and mechanical effect in the canisters containing the nuclear 
waste. Also, those canisters are designed to protect the nuclear waste from the weathering 
agents for a long period. However, there are some factors of uncertainty that, even unlikely, 
can cause the exposure of the nuclear waste to the weathering agents. For this reason, it is 
important to study the behavior of UO2 (the main component of spent nuclear fuel) when in 
contact with ground water. 

Different research groups reported their results concerning the dissolution of UO2 [3]. 
However, the values obtained frequently differ considerably from each other. This can be 
caused by experimental problems related to the chemical nature of UO2. Even at low partial 
pressures of oxygen it is oxidized to UO3 which is more soluble. Also, the study of radioactive 
isotopes brings additional practical problems concerning safety procedures [4]. 

The dissolution rates obtained in laboratory (usually from powders) are frequently higher that 
those observed in nature [5][6][7]. A possible explanation for those observations is a different 
density of high energy sites on the surface. Those sites are unstable areas which are more 
likely to react with the species in solution causing the dissolution. The concentration of high 
energy sites is directly related to the topography of the surface. Therefore, differences in 
roughness of samples used by different research groups can cause differences in the 
determined kinetic parameter [8][9]. Those studies usually take only in consideration the 
surface area of the sample. However, as proposed in this study, particles with the same 
surface area can have a different density of active sites and different surface energy causing 
different dissolution rates.  

Specifically in this project, CaF2 and CeO2 are used in dissolution experiments to simulate the 
dissolution of UO2. As those compounds have the same fluorite type crystal structure, the 
changes on topography caused by dissolution and surface energy factors are expected to be 
similar.   

The main results of this thesis are described in two manuscripts. 

Paper I: J. R. A. Godinho, S. Piazolo, M. C. Stennett, N. C. Hyatt, Sintering of CaF2 pellets as 
nuclear fuel analogue for surface stability experiments, J. Nucl. Mat., (2011) “in press”. 
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Paper II: J.R.A. Godinho, S. Piazolo, L.Z. Evins, Effect of surface orientation on dissolution 
rates and topography of CaF2, “to be submitted to Geochim. Cosmochim. Acta in Sep. 2011”. 

The overarching aim of this study is to develop a predictive model for dissolution dynamics of 
fluorite type minerals. This is based on a combination of approaches and techniques 
summarized in points 1-4. The results are expected to have impact not only to the nuclear 
waste disposal industry but also to the larger geological community. 

1. Optimize the sintering conditions of CaF2 and CeO2 powders in order to obtain pellets with 
microstructure similar to UO2 spent nuclear fuel (see paper I and section 5i). 

2. Develop a dissolution procedure (see section 4) that combines EBSD and confocal 
profilometry analyzes at different stages of dissolution allowing to detect differences in 
topography on surfaces with different orientation (see paper II and section 5ii). 

3. Understand how high energy sites affect dissolution and how dissolution affects the 
topography of a surface. Ultimately, understand how the changes of surface area and 
surface energy during dissolution affect dissolution rates. Different solution compositions 
will be tested (i.e. pH, electrolyte, saturation state) (see paper II and future work). 

4. Develop a computational model using the Elle program using the data acquired to 
simulate the dissolution process and help understand surface changes and predict 
dissolution rates as a function of time (see future work). 
 

3. Background 

i. Dissolution theory 

Currently accepted crystal dissolution theories [10][11][12][13] refer to surface energy and 
saturation state of the solution as the factors that rule the dissolution mechanism and changes 
on surface topography. These two factors affect surface changes in opposite ways. The 
saturation state of the solution is the driving force of dissolution and defines the tendency of a 
surface to lose atoms. Therefore, high undersaturation causes the nucleation of new etch pits 
and consequently increase the surface area [14]. The new etch pits are limited by kink and 
step sites that have a higher energy that tend to dissolve faster. On the other side, the 
principle of minimization of surface energy is usually associated to a minimization of surface 
area and density of high energy sites. Changes on surface orientation can also affect the 
surface energy, however this effect was not studied yet. The balance between driving force of 
dissolution and minimization of surface energy control the evolution of surface area and 
density of high energy sites.  

Dissolution rates are usually defined as a function of the overall surface area, usually 
determined by gas adsorption methods. However, it is expected from dissolution theory that 
not all the surface area reacts at the same rate, being dependent of the concentration of high 
energy sites. As the concentration of these sites change with time the most reactive surface 
area also changes with time, which represents a factor of uncertainty in the estimation of 
dissolution rates [9][10][14].  

Depending on the type of dislocation a minimum Gibbs energy (∆Gcrit) must be overwhelm to 
open an etch pit. As a consequence, the closest the solution is to equilibrium the higher the 
importance of pores and imperfections for the overall dissolution. If a pit nucleates at a 
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dislocation for concentrations higher that the critical concentration the pit should dissolve 
outward until it reaches a critical radius. Growth beyond this value is energetically unfavorable, 
and the nucleated pit should remain stable as a hollow core, without forming a macroscopic 
etch pit. When ΔG > ΔGcrit., such as close to equilibrium conditions possibly verified at deep 

nuclear waste repositories, etch pit do not open and dissolution occurs through the 
emancipation of steps with origin in defect sites or pores. A preferential removal of atoms at 
the edges of a crystal, caused by the higher surface energy at kink and step sites (figure 1) 
may lead to the development or growth of other surface orientations [15].   

An important gap of the existing dissolution theories is that they do not consider the effect of 
the existence of surfaces with different energies within the same crystal, i.e. the development 
of an etch pit will be determined not only by the energy of the top surface but also the energy 
of the lateral surface. Crystal growth theories [16][17][18][19] address this issue in order to 
explain the different shapes observed in crystals. Only surfaces with a slower growth rate, and 
therefore lower surface energy, are observed in a crystal. Extrapolating the same principle for 
dissolution, the most stable surfaces dissolve at a slower rate and therefore tend to form 
during the dissolution process. A rearrangement of the surface during dissolution can occur to 
expose a lower energy surface.  

 

Figure 1: Diagram illustrating possible sites on the surface with different energy; 1) vacancy; 2) 
vacancy in a step; 3) kink site; 4) step; 5) terrace. (modified from Mutter [20]) 

ii. Dissolution of CaF2 

The natural cleavage plane of the fluorite structure {111}, was previously studied by scanning 
probe microscopy during growth [21][22][23], dissolution [22][24] and heating [25]. The 
observed changes on the surface during those processes include the formation of steps 0.33 
nm high, corresponding to one F-Ca-F layer, and facets along {110} leading to the formation of 
triangular pits, which is attributed to the three fold symmetry of the (111) surfaces. 

The dissolution rate was found to be independent from the saturation state of solution for ΔG< 
-7 kcal.mol-1, being the opening of etch pits dominant over the emanation of step waves, on 
{111} surfaces [24]. The same study calculated the critical value of ΔGcrit.= -0,2 kcal.mol-1 at 
which a dislocation core becomes an etch pit following Lasaga’s work [10]. A dissolution rate 
law to predict the variation of dissolution rate, in acid solutions, with the saturation state of the 
solution was also proposed and related to the mechanism of etch pit opening simulated by 
MonteCarlo simulations. 

The effect of dissolution on the surface was not experimentally studied for other surface 
orientations of the fluorite structure. However, theoretical studies calculated the different 
surface energies for different surface orientations and predicted the development of stepped 
surfaces as a way to minimize surface energy [26][27][28]. These studies are based on the 
charge of the dipole moment perpendicular to the surface of the unit that repeats along the 
crystal. The {111} plane has a neutral dipole moment which stabilizes the surface (in vacuum 
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conditions). On the other side the {100} plane has a charged dipole moment in the repeating 
unit perpendicular to the surface, thus having a higher energy. The {110} plane has null dipole 
moment in each atomic layer, which represents a more stable surface than {100} but less 
stable than the {111} plane. 

iii. Dissolution of CeO2 

CeO2 is used as catalyst due to its capability to store Oxygen that can be used in redox 
reactions. The catalytic capacity is known to depend on the crystal orientation of the surface 
[29][30] and therefore understanding the behavior of CeO2 in solution has important 
applications in material sciences.  

The dissolution rate of CeO2 is linked with the capacity of the solutes to retain free radicals 
generated by ultra sound (US), which will cause a redox reaction that facilitates the 
dissolution. Some reaction rates are shown in table 1. 

Table 1: Dissolution rates of CeO2 in different solution [31]. 

Solvent H2O H2O + US HCOOH 
(1M) 

HCOOH (1M) 
+ US 

HCOOH (1M) + 
US + HNO3 (low) 

Dissolution Rate  
(10-4x mg.m-2.min-1) 0,4 0,8 1 6 47 

Reactions 1 and 2 were proposed to explain the observations. The H2 is generated by free 
radicals or other reducing specie in solution.  

OHCeHCeO S 2
4

)(2 24 +⇔+ ++    (1) 

OHCeHHCeO S 2
3

2)(2 2
2
13 +⇔++ ++    (2) 

A more recent study [32] reports the dissolution of CeO2 films in different concentrations of 
HNO3 in the presence of H2O2. No dissolution was observed during the 25 minutes of the 
experiment, without a reducing agent. The dissolution of CeO2 dissolution increased with the 
concentration of acid in the presence of H2O2. 

The Gibbs energy of reaction 1 is positive (ΔrGº= 40,1 kj.mol-1) and negative for reaction 3 
(ΔrGº= -125,9 kj.mol-1), which explains the dissolution behavior in the presence of H2O2. It was 
also suggested that the rate of the reaction is directly proportional to [H+]2,9. The exponent is 
close to 3, the expected value in the case that the limiting step is the reduction of Ce(IV) to 
Ce(III) on the surface, and the coordination of H+ happens after the reduction.  

22
3

22)(2 2
12

2
13 OOHCeOHHCeO S ++⇔++ ++    (3) 

iv. Solvent mediated phase transformations 
This project is part of the Delta-Min group which is a network of European partners that tries to 
unify different scientific fields with the aim of advance the understanding of fluid induced 
mineral transformation mechanisms [33]. The principles of mineral replacement mechanisms 
are poorly understood and only recently are accepted to influence important fields such as 
CO2 sequestration, dissolution of spent nuclear fuel, remediation of contaminated ground 
water, or resistance of stone-based cultural heritage [34].  

There are two main routes for phase changes between solid structures. In the first, the less 
stable solid undergoes an internal rearrangement such that the transformation occurs in the 
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solid state. In the second, if a solvent is presence, the less stable phase dissolves and the 
more stable phase nucleates and grows from solution. Such solvent-mediated phase 
transformations are currently poorly understood because the process involves the intimate 
coupling of the thermodynamics and kinetics of a variety of distinct reactions occurring in both 
the solid and the fluid phases. Although the start and end products may be the same for both 
mechanisms, the rates of interface-coupled dissolution-reprecipitation may be orders of 
magnitude faster and very importantly, the mechanism may generate a transient porosity in 
the product while preserving the external solid volume of the system [35][36].  

This project aims to advance the understanding of the dissolution process and the mechanism 
of reactions happening at the liquid solid interface, which are the first step of solvent mediated 
phase transformations. Special attention is given to the effect of topography and high energy 
sites on the surface and how they affect the kinetics of dissolution.  

 

4. Experimental procedures and techniques 

CaF2 and CeO2 pellets with microstructure similar to spent nuclear fuel were produced by 
sintering the respective powders. Figure 2 schematizes the procedure used in this study. The 
same places on the surface were analyzed by Electron Backscattered Diffraction (EBSD), 
Confocal Profilometry (CP) or Atomic Force Microscopy (AFM) before dissolution, then left to 
dissolve and analyzed again by CP or AFM. The procedure was repeated after 48h of 
dissolution several times. 

 
Figure 2: Scheme of the experimental setup of the first part of the project. 

i. Equipment 

Gas picnometer (AccuPyc II 1340, micrometrics); x-ray diffraction (XRD) (Philips PW1825/00); 
field emission gun environmental electron microscope (ESEM) (Phillips XL-30) with a coupled 
electron backscattered detector (EBSD) (Nordlys, Oxford instruments) and the software 
package HKL Channel 5 (Oxford instruments); Sensofar PLu2300 profilometer using confocal 
lens with 10, 50 and 150 times magnification with fields of view 1273x955  µm, 253x190 µm 
and 84x63 µm respectively, and numerical apertures of 0.3, 0.8 and 0.95 respectively. The 
data was acquired using the program SensoScan 2.45 and analyzed with SensoMap 
5.1.1.5450; Asylum research 3D-MPF AFM using Igor pro 6.21 program for acquisition and 
analysis. The setup included Si probes with resonance at 70 Hz from Olympus (model AC240-
TS). 

Confocal profilometry: Confocal profilers have been developed to measure the surface 
height of smooth to very rough surfaces. The sample is scanned vertically in steps so that 
every point on the surface passes through the focus. Confocal profiling is based in the well-
known confocal principle that rejects the light coming from out of focus regions (Figure 3a). 
Main advantages of the confocal technology are its high repeatability (below 1nm), high lateral 
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resolution (111nm), and the capability to measure steep slopes up to 71º by. This can be 
achieved using lens with numerical apertures 0.95 and magnification 150x.  

EBSD: Electron backscattered diffraction [37] was used to determine the orientation of the 
grains on the surface. In this technique the surface is scanned by a beam of electrons which 
are diffracted through the crystal surface. The reflections of the electrons collide with a 
phosphorous screen forming the Kikuchi patterns that are detected by a CCD camera (Figure 
3b). The software Flamengo compares these bands with the theoretical bands which allow to 
determine the rotation of the crystal from a known surface. This rotation is given in three Euler 
angles. 

AFM: Atomic force microscopes [38] scan the surface in the XY direction with a sharp tip 
(<50nm radius) attached to a cantilever. Tipping mode was used in which the cantilever is left 
to oscillate at a defined frequency. The attractive and repulsive forces between the surface 
and the tip causes a change of the oscillation resonance of the cantilever. A laser is pointed to 
the cantilever being its reflection detected on a photo diode detector allowing to know the 
deflection of the cantilever Figure 3c). A feedback mechanism adjusts the Z position of the tip 
in order to maintain the resonance of the cantilever constant. This way the surface is scanned 
and 3D images of the surface can be obtained. Resolutions down to 0.1 nm in the Z axe and 
20 nm in the XY directions (depending on the tip sharpness) can be obtained. An advantage 
of this technique to study dissolution processes is that the surface can be analyzed in solution 
making possible the study of dissolution in real time. However, the limited range of oscillation 
of the cantilever makes this technique only suitable for smooth surfaces, and only small areas 
can be scanned with full resolution in a reduced time. 

a) b) c)  
Figure 3: Scheme of the operation setup of the main techniques used a) CP; b) EBSD; c) AFM. 

ii. Sample preparation 

CaF2: Sigma-Aldrich CaF2 powder (0.5 – 3 μm particle size) was uniaxially pressed with a load 
of 1 ton. for 2 minutes in a 1 cm diameter hardened stainless steel die. The pellets were 
sintered in a tube furnace, under air or N2 atmosphere, in the temperature range from 700°C 
to 1240°C using a heating and cooling rate of 5°C.min-1. 

CeO2: Nanometer sized cerium oxalate was burned for 4 hours at 600°C. producing nanosized 
CeO2 powder. This powder was uniaxially pressed with a load of 1 ton. for 2 minutes in a 1 cm 
diameter hardened stainless steel die. The pellets were sintered in an open air furnace, in the 
temperature range from 1400°C to 1750°C using a heating and cooling rate of 5°C.min-1. 
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Polishing: Before dissolution a cross section of the pellets were cut using a diamond saw, 
polished down to a 1 μm finish using diamond paste and mechanochemical etching in colloidal 
silica. 

iii. Dissolution conditions 

CaF2 and natural fluorite: Dissolution was performed in a batch reactor with external stirring of 
110 rotations.min-1. A NaClO4/HClO4 solution (0,05M) with pH= 3.6 was used. The solution 
was kept far from equilibrium being the calcium concentration after dissolution below 10 ppb.  

CeO2: Dissolution was performed in a batch reactor without stirring. The leaching solutions 
tested were HClO4 (1M), HCl (1M), HNO3 (1M) and HNO3 (17%) / H2O2 (8%). Tests using only 
acid were conducted for periods between 1 and 6 months. Tests using H2O2 solution were 
conducted for a maximum of 5 hours. 

iv. Data analysis  

The retreat rates were determined by linear regression of retreat distances, between a 
reference surface and the analyzed surface without pores, with time. Four to six points were 
used in the regressions and values of R2>0,91 were obtained.  

The surface orientation was determined by choosing the closest low indice plane to the real 
surface orientation, with a maximum miller indice of 6.  

In order to compare the data obtained from grains with different surface orientation, we 
considered that any surface of the fluorite structure can be represented by the three reference 
perfect planes {100}, {110} and {111} (Figure 4a-4c).  

The angle between an analyzed surface and the reference surface determines the weight of 
each component and consequently the contribution of each reference orientation for the 
overall surface energy. Adding to this, the interception of these surfaces form step sites 
deficient in bonding, and therefore with higher energy (Figure 4d). 

    
Figure 4: Representation of the reference surfaces a) {111}; b) {100}; c) {110}; and d) (112) surface; 
black and grey spheres represent Ca and F, respectively. 

To determine the relative stability of the reference surfaces the study was focused on surfaces 
with miller indices (h,h,l) and (0,k,l). 

Considering the planes perpendicular to the {1-10} plane the miller indices in the form (h,h,l) 
can be represented. This plane has a mirror plane and two-fold axis symmetry and surfaces 
repeating every 180 degrees (Figure 5a). Surfaces that can be represented on this plane are 
obtained by rotating proportionally the two axes parallel to the {100} plane. Each rotation 
represents a surface with an angle α to the (100) surface.  
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Figure 5: Representation of the lateral view of the a) {1-10} plane, with cuts across some surfaces with 
miller indices in the form (h,h,l); b) {100} plane, with cuts across some surfaces with miller indices in the 
form (0,k,l). Black and grey spheres represent Ca and F, respectively. 

The surfaces perpendicular to the {001} plane can be defined by the miller indices (0,k,l) and 
can be represented as in figure 5b. Each miller indice has a characteristic angle, θ, to the 
{100} plane. Due to the crystal symmetry, equal surfaces repeat every 45 degrees.  

Surfaces that cannot be represented in these two 2-D sections can also be decomposed in a 
similar way.  

 

5. Results 

i. Paper I 

Results from this paper show the microstructures that can be obtained by sintering CaF2 at 
different temperatures up to 1240°C. Figure 6 shows the microstructures obtained at 850°C, 
900°C and 1000°C.  

Significant sintering of the pressed CaF2 compacts was observed above 800°C; only small 
changes in dimensions occurred below this temperature (Figure 6a). At temperatures over 
870°C significant densification and grain growth was observed (Figure 7a). Figure 7b shows 
that all powder particles have fused forming grains mainly in the range 5-20 μm, which 
corresponds well with the typical grain size distribution observed in low burnup UO2 nuclear 
fuel pellets [39][40].  

Between 900°C and 1000°C the smaller grains fuse forming grains mainly in the size range 
10-45 μm. At 1000°C the maximum density of 95% was achieved and pores up to 8 μm in 
diameter were observed (Figure 6c), which resembles high burn up UO2 nuclear fuel pellet 
microstructure [41][42] (Figure 7).  
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Figure 6: Representative secondary electron ESEM images of CaF2 samples; a) Fractured surface, 
sintered at 800°C; b) Chemically etched surface, sintered at 900°C; c) Chemically etched surface, 
sintered at 1000°C.  

 

Figure 7: Microstructure properties of pellets sintered at different temperatures; a) variation of 
maximum grain size (solid line), average grain size (dashed line) and overall density (dot line); b) grain 
size distribution function at 3 different temperatures. The distribution function is defined as the number 
of grains within a diameter interval divided by the total number of grains analyzed. For sintering 
temperatures of 800°C the diameter interval was 0.5 μm; 3 μm for 900°C and 5 μm for 1000°C. 

The pole figure (Figure 8) of a sample sintered at 1000°C shows that the sintering process 
produces grains that are crystallographically randomly oriented. A similar result was obtained 
for all other sintering temperatures.  

In the temperature range between 1000°C and 1240°C porosity and average grain size remain 
constant and the maximum grain size detected was 89 μm. Samples sintered at temperatures 
higher that 1100°C form CaO. After cooling the hydrolysis of the oxide present at grain 
boundaries cause the loss of mechanical integrity of the pellets. More information about the 
samples formed at higher temperature can be found in paper I. First results of the dissolution 
of the samples prepared were also presented. 

 

Figure 8: Representative crystal orientations of grains from a sample sintered at 1000°C; (111), (100) 
and (110) pole figures where each point represents one grain from a total of 406 grains analyzed. Z and 
Y correspond to the two perpendicular axes lying in the analyzed surface. 
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ii. Paper II 

Results from this paper show the variation of retreat rates with the surface orientation (Figure 
9), and therefore its dependence of surface chemistry. As a consequence of the different 
retreat rates, different topographies were observed as a consequence of dissolution. 

The fastest retreat rate is for the (112), followed by (012) and (110) surfaces. The (111) and 
(100) surfaces dissolve at significantly lower rates, being (111) the slowest (Table 2). 

 

Figure 9: Representation of retreat rates from the top surface as a function of a) α; b) θ. 
 

Table 2: Comparison between the dissolution rates (mol.m-2.s-1) corresponding to the surface 
orientations that define the trends. 

Surface (111) (100) (110) (112) (012) 
Rate 
x10-9  1,13 3,17 28,3 38,6 31,5 

The roughness of a surface and its development during dissolution is highly dependent on the 
crystallography of the surface dissolved (Figure 10). The (245) surface presents the highest 
roughness with peaks up to 330nm with the shape of stepped planes. The (114) surface 
presents only small steps bellow 30nm high. The surface (126) presents triangular shaped 
roughness with peaks up to 110nm. Surfaces close to the {100} plane do not develop 
roughness. 

Pores and grain boundaries are the most reactive places on the surface, dissolving at a faster 
rate and causing the formation of crystalographycally controlled pits (Figure 11). The pores 
initially spherical (Figures 11c and 11e) acquire shapes characteristics of each orientation. 
After 276 hours of dissolution triangular pits were formed on the (114) surface (Figure 11f) and 
(111) surface (Figure 11a), and square pits formed on the (100) surface (Figure 11d). The 
pores depth decrease with time. However, this is more visible for the faster dissolving (114) 
surface. Lateral surfaces of pores on the (111) surface have the fastest dissolution rate 
(Figure 11b). 

During dissolution, the lateral surfaces of a pore tend to expose the stable planes, {100} or 
{111}; e.g. the (114) surface should reorient to the (001) surface forming an inclination of 
approximately 19° (Fig. 12). The pits acquire a triangular shape if the {111} plane is exposed 
and a square shape if the {100} plane is exposed. 

Pores seen on surfaces mainly formed by the {110} reference plane acquire an undefined 
shape and tend to disappear during dissolution. 
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Figure 10: AFM image of CaF2 surface after 276 hrs of dissolution, a) (245) mainly composed by the 
{110} and {111} planes; b) (114) mainly composed by the {100} planes; c) (126) mainly composed by 
the {110} and {100} planes. 
 

 

 
Figure 11: Top view of pores obtained by CP on grains with different orientations at two dissolution 
times. a) (111) surface, 5 hrs dissolution; b) (111) surface, 276 hrs dissolution; c) (100) surface, 5 hrs 
dissolution; d) (100) surface 276 hrs dissolution; e) (114) surface, 5 hrs dissolution; f) (114) surface 276 
hrs dissolution. 
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Figure 12: 3D CP image of a (114) surface after 276 hrs of dissolution and profile across one of the 
pores. The height variation is plotted in the vertical axe as a function of the XY distance between A and 
B. The angle between the top surface and the pore surface is 22,2°. 

iii. Changes on surface topography of CeO2 pellets 

CeO2 is an analogue for spent nuclear fuel oxides, having the same fluorite structure and 
mainly covalent type bonding. However, due to the low dissolution rates in low pH HCl, HNO3 
and H2SO4 solutions no changes on the surface were observed.  

Fast dissolution was achieved in a mixture H2O2 (8%) / HNO3 (17%). After 5 hrs of dissolution 
significant differences between grain heights were observed (Figure 13). The dissolution rates 
of grains with different orientations follow the same trends observed for CaF2, and pores with a 
shape typical for each orientation can also be observed. The fast dissolution resulted in 
smooth surfaces and no significant corrosion of grain boundaries. 

   
Figure 13: CP image of the surface of a CeO2 pellet sintered at 1700°C a) before dissolution; b) after 5 
hrs in H2O2 (8%) / HNO3 (17%). 

iv. Changes on surface topography of natural fluorite 

The most common natural occurring form of fluorite crystals is the cubic shape, exposing the 
{100} planes. The formation of cracks during crystal growth may lead to the formation of fluid 
inclusions (Figure 14) and areas with a different orientation (Figure 15) caused by the sealing 
of cracks. Therefore, the effect of surface orientation and opening of pores during dissolution 
can also be studied, but as a simpler surface than sintered fluorite. 
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Figure 14 shows the effect of the rounding of pits due to the higher surface energy of crystal 
edges.  

   
Figure 14: 3-D CP image of fluid inclusions pits on natural fluorite surface a) before dissolution; b) after 
24 hrs. 

 
Figure 15: Top view of CP image of a grain boundary dividing a natural fluorite surface with two 
different orientations after 10 days of dissolution. Yellow side, (100) surface. Blue side, (126) surface. 

 
Figure 16: Top views of CP image of natural fluorite surface a) 10x magnification, Z range of scale 25 
µm; b) zoom of fluid inclusion pit from a, Z range of scale 15 µm; c) zoom of pits from yellow area from 
a, Z range of scale 200nm. The pits were formed during crystal growth.  

Figure 15 shows the effect of crystal orientation on topography during dissolution similar to 
that observed on sintered fluorite. The (126) surface (blue, right side) dissolves at a faster rate 
and develops roughness. The (116) surface (yellow, left side) is close to the {100} and 
therefore dissolves at a slower rate and doesn’t develop roughness, except due to the opening 
of pores.  

The natural fluorite crystals used in this study are cubic shaped exposing the {100} planes. 
This is a direct result of crystal growth in which the slowest growing surface is the {100} 
(Figure 16c). Some pits are interpreted to be caused by the closure of fluid inclusions. The 
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lateral surfaces of some of these pits have an inclination that matches the {111} plane (Figure 
16a and 16b).  This is an indication that the changes in the environment caused by cooling of 
the fluid trapped in the fluid inclusion makes the {111} surfaces more stable.  

 

6. Discussion and Conclusions 

Paper I: 
The densification of CaF2 powder by sintering occurs in the range between 800°C and 
1000°C. Grain growth above 1000°C is low. Microstructures similar to the ones observed in 
UO2 nuclear fuel pellets with different burnup levels were obtained when sintering pellets at 
900°C and 1000°C.  

I demonstrated the potential use of such microstructures in coupled dissolution and confocal 
profilometry studies to determine the reactivity of fluorite type surfaces and study the role of 
crystallography on the dissolution of fluorite type minerals. 

Results from the dissolution experiments show that:  
a) Grain boundaries dissolve rapidly leaving behind significant channels;  
b) Surfaces with different crystallographic orientation dissolve at different rates;  
c) The roughness developed is crystallographically controlled and therefore specific to each 
orientation;  
d) Pores acquire specific shapes depending on the surface symmetry and their lateral 
spreading contributes significantly to the overall dissolution of the respective grain.  
Important surface changes occur during dissolution in fluorite type minerals and will therefore, 
affect the overall dissolution rate. Therefore, the effect of crystallography should be taken in 
consideration when studying the dissolution of spent nuclear fuel. 

Paper II: 
As shown in figure 9, retreat rates show systematic changes with α and θ. These changes 
correlate to the chemistry of each surface as represented by relative significance of the 
reference planes and density of their interceptions that forms stepped sites with higher energy.  

Surfaces with both fluorine and Calcium in the same plane, such as the (112) or (110) 
surfaces, dissolve faster (Table 2). On those surfaces the Calcium ion is more accessible to 
solvation (Figures 4c and 4d). In contrast, (111) and (100) are surfaces with alternate planes 
of calcium and fluorine ions, possibly exposing the fluorine ions to the solution, which protects 
the Calcium from solvation (Figures 4a and 4b).  

In summary, the observed continuity of the trends observed can be explained by a continuous 
change of surface energy caused by the substitution of one reference surface by the other. It 
should be noted that the faster dissolving surfaces are also linked to a higher density of step 
sites with higher surface energy. These step sites also contribute to the non linearity of the 
trends. 

Surfaces close to the stable {111} and {100} planes do not develop roughness suggesting that 
the dissolution occurs mainly by the emanation of steps. The roughness is developed on 
surfaces with step sites formed by the interception of perfect surfaces (Figure 10). This 
roughness is higher for high density of step sites and acquires a shape characteristic of the 
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reference planes. Consequently, the development of roughness is a direct consequence of the 
different dissolution rates of different surfaces. As a general principle, surfaces that dissolve 
slower tend to persist during dissolution. Therefore, the shapes observed in figure 9 are 
formed by the {111} and {100} planes. 

Similar to the mechanism that develops roughness, the substitution of the lateral surfaces of 
pores by the perfect planes during dissolution is caused by the different dissolution rates of 
different surfaces. However, as the crystal edges are unstable sites, the stabilization of the 
surface occurs faster and in larger areas. The newly formed perfect planes dissolve slower 
that the top surface, and therefore the pore tends to disappear during dissolution.  

A more detailed discussion of figures 9-12 can be found in paper II. 

Following our observations a dissolution mechanism was proposed (Figures 17 and 18).  

The development of surface roughness is driven by the minimization of surface energy. Figure 
17 shows an example of how the development of roughness reduces the density of step sites. 
After a pit is nucleated at a step site, it tends to grow up to a size limited by the overlapping of 
other pits, which is directly related to the density of step sites on each surface. The process 
causes an increase of surface area. Therefore, the growth of these pits is determined by the 
balance between the increase of surface energy caused by the increase of surface area and 
the decrease of surface energy caused by the reduction of step sites. Note that the saturation 
state of the solution will affect the opening of new etch pits on perfect surfaces that lead to the 
formation of new step sites. 

 

Figure 17: Lateral views of a cut on a {113} plane schematically representing the topography changes 
during dissolution; black and grey spheres represent Ca and F, respectively. 

Figure 18 schematizes the behavior of pores on a stepped surface A. Initially the pore has a 
spherical shape which is unstable due to the high density of step sites (Figure 18a). Fast 
dissolution of this step sites occurs leaving exposed the reference surfaces B, C and D (Fig. 
18b). Surface A starts developing a nanoscale characteristic roughness which is not 
represented to simplify. Considering surface A on the {113} plane, (i.e. Figure 17), the 
corresponding new surfaces B and D are on the {111} plane and C is on the {100} plane. The 
edges of a pore dissolve faster until the perfect surfaces are formed and the step sites are 
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minimized (Figure 18c). This can lead to the overlap of two or more pore edges, forming large 
islands, higher than average surface roughness (Figure 18d). This happen because surface A 
dissolves faster that B or C. Actually, at this stage surface A is constituted by surfaces B and 
C, however, higher density of step sites cause a faster dissolution. Therefore, the pores tend 
to disappear during dissolution leaving large perfect surfaces without roughness. On pores of 
surfaces close to the perfect planes surfaces A, B and C dissolve at a similar rate causing the 
pore to enlarge motivated by the higher energy of the interceptions AB and AC. 

 

Figure 18: Cross sections of a pore schematically representing the topography changes during 
dissolution. A, B, C and D refer to surfaces. 

Combining the models discussed, one can estimate changes of dissolution rate. At the 
beginning the dissolution rate is faster, mainly caused by the dissolution of grain boundaries 
and crystal edges. The less stable surfaces start to develop roughness. This stage is 
characterized by an increase of surface area. The development of roughness on less stable 
surfaces and stabilization of the lateral surface of pores causes the progressive decrease of 
dissolution rate. At some point the rate will stabilize once the unstable surfaces are replaced 
and changes on surface area are reduced. However, as dissolution proceeds new pores and 
grain boundaries get exposed to the surface.  

The main conclusions from this study are: 

a) The dissolution rates of fluorite surfaces vary by a factor of 34 from the most stable {111} 
surface to the least stable {112} surface. Fluorite type surfaces can be decomposed in the 
three perfect reference planes {111}, {100} and {110}. The interception of these planes form 
stepped surfaces with high energy sites that affect the dissolution rates and development of 
roughness. Surfaces with both Calcium and fluorine in each atomic plane dissolve faster 
that surfaces which alternate Calcium and fluorine ions in different planes. 

b) The faster dissolving surfaces are replaced by the more stable {111} and {100} surfaces 
which causes the development of roughness on the top surface and stabilizes the surface 
on high energy sites; i.e. pores or grain boundaries. The main consequences of these 
observations are i) the increase of the total surface area; ii) the decrease of the overall 
surface energy. 

Current ways to calculate dissolution rates are directly related to the measured surface area, 
which according to the dissolution model proposed here leads to an over estimation of the real 
dissolution rate. 
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Ongoing work: 
The results obtained for sintered fluorite highly contributed to understand the fundamental 
factors that affect the surface topography during dissolution. However, the method of surface 
analysis used has some limitations when studying sintered fluorite such as low reflectivity of 
the surface or fast corrosion of grain boundaries causing the release of grains. Furthermore, 
the nature of the chemical bonding is significantly different from actinides oxides. Therefore, 
the parallel study of dissolution on natural fluorite and CeO2 was essential to validate the 
conclusions about changes of topography caused by dissolution. 

The changes observed on CeO2 pellets during dissolution also indicate a similar dependence 
between dissolution rate and surface orientation observed on CaF2. However, the 
development of roughness was not observed, possibly because of the highly corrosive 
conditions of the solution used that caused fast dissolution rates. It can also be related with a 
different behavior of step sites due to the lower polarizability and higher covalent character of 
the bonds. It must also be taken in consideration that the dissolution of CeO2 under these 
conditions is activated by a first reduction step of Ce IV to Ce III which can change the 
mechanism of dissolution.  

The topography of natural fluorite formed during crystal growth also allows to conclude that 
the {111} and {100} surfaces are the most stable orientations. The development of roughness 
and evolution of surface edges during dissolution was similar to what was observed for 
sintered fluorite (Figures 14 and 15).  

Figure 16 suggests that the {111} and {100} panes are in equilibrium with each other and is 
likely that their relative stability changes with temperature and solution composition. Possibly 
the replacement of the {100} surface by the {111} surface takes place after cooling. This 
indicates the possibility of the substitution of one orientation to another through a fluid 
mediated replacement mechanism. This may affect the dissolution of spent nuclear fuel. The 
dissolution of less stable surfaces of the pellet matrix, with release of other fission products to 
solution, and further precipitation of the matrix material alone causes the leaching of other 
elements, even if the solution is under equilibrium conditions.     

 

7. Future work 

At this stage of the project samples with suitable microstructure were produced and 
characterized, and the experimental dissolution procedures were developed and optimized. 
Also, the surface chemistry of the grains was found to rule the changes on surface topography 
during dissolution, and therefore is expected to affect the estimation of dissolution rates. As 
this is an unexplored area, the rest of the project will be spent on understanding this factor and 
how it is coupled with the solution conditions. Computer simulations will help to understand 
how the observed changes in topography affect changes of local and bulk dissolution rates. 

i. Effect of solution composition on dissolution rates 

As described in chapter 3i the saturation state of the solution and the driving force of 
dissolution are expected to affect the changes in topography observed in this study. Applying 
the dissolution procedure used in this study but using close to equilibrium conditions will help 
understand the link between surface energy and driving force to dissolution. The information is 
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also relevant to predict long term dissolution of spent nuclear fuel as static conditions are 
expected in deep geological repositories. Therefore, after the initial dissolution the solution is 
expected to reach equilibrium.  

Solutions with different pH and electrolyte will be tested (i.e. alkaline) in order to elucidate 
about the surface dissolution mechanism and the role of surface charge to enhance or inhibit 
the dissolution of each orientation. 

ii. Dissolution of CeO2 

The results shown in chapter 5iii indicate a fast corrosion of the surface with the 
concentrations of HNO3 and H2O2 used. Therefore, lower concentrations of H2O2 will be tested 
in order to diminish the rate of dissolution. Once the solution composition is optimized and a 
rate of dissolution similar to the ones of CaF2 is obtained, a comparison between the two will 
be made and the necessary extrapolation will be done to UO2.  

A close cooperation with other research groups through the REDUPP project [43] will be 
established. The surface changes on other fluorite type materials, such as ThO2, will be 
analyzed and compared to the results discussed in this thesis.   

iii. Dissolution of natural fluorite 

Fluorite is a common crystal found in nature formed in hydrothermal systems. Much 
information exists in the literature about the temperature and composition of solution from 
where the crystals growth which is known to affect the shape of the crystals formed. The 
comparison of the growth conditions with the shape of the crystals formed may allow to draw 
conclusions with regard to the stability of the different surfaces in solution.  

The grain boundaries and fluid inclusions described in chapter 5-iv also allow the study of 
surface topography for longer periods of dissolution without the limitation of the grains release 
in sintered samples. Also, the lower density of crystal edges allows a more focused study of 
their opening without overlapping. 

Some crystals will be deformed in laboratory to form defects in the crystal. Dissolution of these 
surfaces will allow a better understanding of the behavior at grain boundaries.   

iv. Quantification of solution dynamics 

The dynamic nature of the dissolution process makes it difficult to interpret dissolution rates 
from water chemistry data alone. To clarify the contribution of grain boundaries, porosity, 
roughness and surface orientation to the overall dissolution rate and allow an estimation of 
dissolution rates, our results will further be used in computer simulations.  

The Elle program [44] will be used to simulate the dissolution of surfaces with microstructures 
similar to the samples used in this study. Therefore, dissolution will be simulated as a function 
of the energy of the specific site on the surface (grain boundary, pore, top surface) and its 
orientation. The data and qualitative models presented in paper II will be used to develop a 
quantitative model for dissolution dynamics that allows to predict the evolution of dissolution 
rates during dissolution and how they are affected by the changes of surface area.  
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