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ABSTRACT 

Nuclear fuel debris generated at the Fukushima Daiichi nuclear power plant during the loss 
of coolant accident in 2011, still resides within the reactor units, constantly cooled by water. 
Until it is retrieved, the fuel debris will corrode, releasing radioactive elements into the 
coolant water and the ground surrounding the reactors. To predict the corrosion behaviour of 
these materials, and to establish parameters for experiments with U-containing and real fuel 
debris, the corrosion of two surrogate fuel debris materials, with a composition of Ce(1-x)ZrxO2 
(x = 0.2 and 0.4), was investigated. Materials were synthesised by a wet chemistry route and 
pellets were sintered at 1700°C in air atmosphere. Due to the slow corrosion kinetics, 
aggressive conditions were applied, and corrosion experiments were performed in 9 mol.L-1 
HNO3 under static conditions. The incorporation of Zr into the structure of Ce reduced the 
normalised dissolution rate; from (3.75 ± 0.15) × 10-6 g.m-2.d-1 to (4.96 ± 0.28) × 10-6 g.m-

2.d-1 for RL(Ce) of Ce0.8Zr0.2O2 and Ce0.6Zr0.4O2, respectively. 

INTRODUCTION 

The earthquake and tsunami that occurred on the 11th March 2011 at the 
Fukushima Daiichi Nuclear Power Plant (NPP) resulted in a loss of coolant accident and 
the partial meltdown of boiling water reactor Units 1 to 3 [1–3]. The temperature in the 
reactors rose in excess of 2000°C causing the melting and the reaction of UO2 pellets 
with the steam-oxidised zircaloy fuel cladding. The resulting material, known as Nuclear 
Fuel Debris (NFD), is principally a U1-xZrxO2 solid solution containing a variety of 
fission products and minor actinides, including a significant proportion of Pu from MOX 
fuel [4,5]. According to historic nuclear accidents, it is also suggested that the formation of 



glassy or ceramic admixtures of fuel, cladding and reactor components, known as Molten 
Core – Concrete Interaction Products (MCCIs), occurred at Fukushima. Continuous water 
injection (firstly seawater, followed by groundwater from the area surrounding the 
Fukushima NPP and then filtered water) has been used since the accident to cool the 
NFD and MCCIs, and reduced the temperature below 100°C [2]. In this so-called stable 
cold shutdown situation, analysis of coolant water effluent evidenced the presence of Pu, 
indicating the fuel debris is being dissolved. The aqueous leaching of fuel debris is 
expected to alter its chemical and mechanical properties, especially at the interface with 
the coolant water. It may also result in the formation of secondary alteration products, 
which should be considered a significant respirable hazard for retrieval and 
decommissioning[1,3,4,6].  

 
Since it is not possible to enter the reactor due to the high radiation hazard, and 

because robots are currently not sufficiently radiation-resistant to remain within the 
reactor to obtain samples of NFD, it is necessary to use low activity analogues to study 
the behaviour of these materials. We here present the results of a study of the synthesis 
and corrosion of an inactive surrogate for NFD, using Ce as an analogue for Pu, in two 
Ce(1-x)ZrxO2 solid solutions.  

 

MATERIALS AND METHODS 

Synthesis 

The following reactants were used as starting materials: ZrOCl2·8H2O, CeCl3 
and NH4OH. All the reagents used were of analytical-grade and supplied by Sigma-
Aldrich. Pure CeO2 and Ce(1-x)ZrxO2 (x = 0.8 and 0.6) were synthesised by mixing a 
solution of ZrOCl2 and CeCl3 in the desired molar quantities. The hydroxide precursor is 
obtained by adding NH4OH solution (5 mol L-1) until the pH reaches 9. The precipitate 
was centrifuged and washed with deionised water to remove Cl-, and with isopropanol 
and subsequently dried at 60°C. The hydroxide precursor was calcined at 750°C for 4h 
under reducing atmosphere (N2/5 % H2).  

The calcined powder was milled and pressed using a uniaxial press into a 6mm 
diameter pellet. The sintering of the samples was performed though conventional 
sintering at 1700°C, for 8 hours in air. 

Characterisation 

The crystalline phase assemblage was determined by powder X-ray diffraction 
(XRD) using a Bruker D2 Phaser X-ray diffractometer in reflectance mode. The 
apparatus is equipped with Cu Kα1,2 radiation (λ = 1.5418 Å). Data were recorded at 
room temperature in the angular range of 20º < 2θ < 100º, with a step size Δ(2θ) = 0.02º 
and a total counting time of about 30 minutes per sample. 

 
The morphology of the samples was imaged using a Hitachi TM3030 scanning 

electron microscope (SEM) with semi-quantitative analysis using a built-in Bruker 
XFlash 430H energy dispersive X-ray spectroscopy (EDS) system. 

 
Prior to leaching experiments, the density of CeO2 and the Ce(1-x)ZrxO2 solid 

solutions were obtained by geometric density measurements and by Archimedes balance 
analysis. The density was determined by comparing the apparent density (g cm-3 – 



determined by geometric measurements) with the theoretical density of the solid 
solutions (determined from XRD unit cells refinement). The total closed porosity was 
obtained by Archimedes balance analysis. From these measurements, the open porosity 
was calculated. 

The grain size was determined from SEM images analysis of 50 to 300 grains, 
using Fiji software [7]. The specific surface area was determined using the SESAM 
method (Study of Evolving Surface Area by Microscopy) developed in the ICSM 
Laboratory, detailed in full in [8]. Briefly, SEM micrographs were recorded at low 
magnification and binarised by Fiji software to determine the surface area of the visible 
pores. The pore size distribution of the analysed domain was assumed to be 
representative of the whole sample. It was further assumed that the pores were 
cylindrical. The surface area of the pores was determined from the proportion of open 
porosity. The specific surface area was then calculated using the resulting surface area 
and the mass of the sample. 

 

Corrosion behaviour 

Due to the highly refractory nature of Ce(1-x)ZrxO2, the corrosion behaviour was 
evaluated on a short time scale, in concentrated HNO3 (9 mol.L-1). The dissolution 
experiments were performed in closed Polytetrafluoroethylene (PTFE) containers under 
static conditions. The pellets were put in contact with 30 mL of HNO3. The dissolution 
vessels were placed in a controlled temperature oven (60°C). Before each sampling, the 
dissolution vessels were manually stirred to homogenise the solution. Aliquots of 1.2 mL 
were taken for analysis and renewed by fresh dissolution media at regular intervals time 
to maintain a constant total volume throughout the experiment. In these conditions, less 
than 3 % of the leachate was renewed for each uptake, which avoided perturbations of 
the solid/liquid system during the establishment of saturation processes. Aliquots were 
then filtered using a 0.22 μm filter to eliminate colloids.  
 
Elemental concentrations were determined by ICP-MS (Inductively Coupled Plasma 
Mass Spectroscopy – ThermoFisher RQ) after dilution in 0.16 mol.L-1 HNO3. The 
protocol used allowed the detection of Zr and Ce with a detection limit of 10 and 100 
ppt, respectively, and a relative error of 5 %.  The evolution of the dissolution reaction 
was followed through the normalised mass loss NL(i,t) (g.m-2), defined as: 

 𝑁𝑁𝐿𝐿(i, t) =
𝑚𝑚𝑖𝑖(𝑡𝑡)𝑓𝑓𝑖𝑖×S         (1) 

where mi(t) (g) is the mass of element i measured in solution at time t, S (m²) is 
the reactive surface area of the solid in contact with the solution and fi (g g-1) is the mass 
ratio of the element i in the solid. The reactive surface area of the sample is: 

 𝑆𝑆 = 𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑚𝑚0       (2) 

where SSA (m2 g-1) denotes the initial surface area of the solid determined by 
SESAM method, and m0 (g) is the initial mass of the solid introduced in the system. The 
mass of element i released in the dissolution medium is then determined through the 
measurement of its elementary concentration, Ci (M), following: 

 𝐶𝐶𝑖𝑖 =
𝐶𝐶𝑖𝑖×𝑉𝑉𝑀𝑀𝑖𝑖         (3) 



where V (L) is the volume of the dissolution medium in contact with the solid 
and Mi (g.mol-1) is the molecular mass of the element i. The normalized dissolution rate, 
RL(i) (g.m-2.d-1), is defined as the time-derivative of the normalized mass loss, i.e. : 

 𝑅𝑅𝐿𝐿(𝑖𝑖) =
𝒅𝒅𝑵𝑵𝑳𝑳(𝒊𝒊)𝒅𝒅𝒅𝒅 =

𝟏𝟏𝒇𝒇𝒊𝒊×𝑺𝑺 ×
𝒅𝒅𝒎𝒎𝒊𝒊𝒅𝒅𝒅𝒅       (4) 

The use of Equation (4) can be considered acceptable as long as the reactive 
surface area remains almost constant. This assumption was supported by the strong 
refractory character of CeO2 and ZrO2 [9,10], and by the associated very low dissolution 
rates determined in the following sections. For a congruent dissolution, the RL(i) values 
determined from the release in solution of each constitutive element are equal to the 
dissolution rate of the solid. 

RESULTS AND DISCUSSION 

Characterisation of CeO2 and Ce1-xZrxO2 (x = 0.2 and 0.4) 

The X-ray Diffraction patterns of CeO2 and Ce1-xZrxO2 are presented in 
Figure 1. A single phase material was obtained in all samples, with the fluorite structure 
type (cubic Fm3�m space group), characteristic of CeO2. The patterns were refined by the 
Rietveld method using TOPAS software. A shift was observed in the main reflections of 
the fluorite lattice to higher 2θ angles when Zr was incorporated, due to a reduction in 
the lattice parameter induced by the substitution of Zr (ionic radius of 0.84 Å) for Ce 
(0.97 Å). 
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Figure 1. XRD patterns of CeO2 (black), Ce0.8Zr0.2O2 (red) and Ce0.6Zr0.4O2 (purple). 

 



The decrease in the lattice parameter became more pronounced as more Zr was 
incorporated into the solid solution. It decreased from a = 5.404 ± 0.002 Å in CeO2 to 
a = 5.308 ± 0.001 Å in Ce0.6Zr0.4O2.  
 

Scanning Electronic Microscopy (SEM) observations were performed as shown 
in Figure 2. The three compositions had a well-defined granular structure with minor 
porosity. In agreement with the XRD patterns, there was no evidence of a second phase. 
 

 
 

Figure 2. SEM observations of CeO2 (a), Ce0.8Zr0.2O2 (b) and Ce0.6Zr0.4O2 (c). 

 
With the incorporation of Zr, a decrease of the grain size was observed; from 

14.56 ± 0.93 µm for CeO2 to 8.94 ± 0.97 µm for Ce0.6Zr0.4O2. The density of the three 
materials is shown in Table 1. As expected, the density decreased with increasing Zr 
content. This trend occurs as ZrO2 is less dense than CeO2. However, a decrease of the 
open porosity and an increase of the porosity was observed when Zr was added. The 
open porosity decreased from 2.8 ± 0.5 % for CeO2 to 0.7 ± 0.5 % for Ce0.6Zr0.4O2 and 
the closed porosity increased from 3.7 ± 0.5 % for CeO2 to 9.1 ± 0.5 % for Ce0.6Zr0.4O2. 

 
 

Table 1. The main characteristics of the sintered samples of CeO2, Ce0.8Zr0.2O2 and Ce0.6Zr0.4O2. 

Composition Mass 
(g) 

Geometric 
density  
(g.cm-3) 

Archimedes 
balance 
density 
(g.cm-3) 

Theoretical 
density  
(g.cm-3) 

Total 
density 
(%) 

Open 
porosity 
(%) 

Closed 
porosity 
(%) 

Specific 
surface area 
(m2.g-1) 

CeO2 0.484 6.77 ± 0.38 6.98 ± 0.05 7.243 93.5± 0.5 2.8 ± 0.5 3.7 ± 0.5 (3.05 ± 
0.58) × 10-4 

Ce0.8Zr0.2O2 0.487 6.59 ± 0.42 6.59 ± 0.02 7.049 93.5± 0.5 0.02 ± 
0.05 

6.5± 0.5 (3.15 ± 
0.10) × 10-4 

(a) (b)

(c)



Ce0.6Zr0.4O2 0.487 6.14 ± 0.53 6.18 ± 0.03 6.799 90.2± 0.5 0.7 ± 0.5 9.1 ± 0.5 (3.37 ± 
0.52) × 10-4 

 
 

Dissolution of CeO2 and Ce1-xZrxO2 (x = 0.2 and 0.4) 

The normalised mass loss of Ce0.6Zr0.4O2 and Ce0.8Zr0.2O2 in 9 mol.L-1 HNO3 at 
60°C was calculated using Eqn. (1); the results, in addition to the percentage of the pellet 
dissolved, are shown in Figure 3. 

 

 
The normalised mass loss of Ce and Zr in the 20 mol.% composition were 

slightly higher than that of the 40 mol.% sample. For example, at 61 days, NL(Zr) was 
(1.02 ± 0.15) × 10-3 g.m-2 and NL(Ce) was around (2.24 ± 0.34) × 10-4 g.m-2 for 
Ce0.8Zr0.2O2, compared to (3.00 ± 0.45) × 10-4 g.m-2 and (3.94 ± 0.59) × 10-4 g.m-2 for 
NL(Zr) and NL(Ce) of Ce0.6Zr0.4O2, respectively. As the dissolved mass losses are very 
low (< 10-5 %), we have considered all of the data to calculate the normalised dissolution 
rate, RL,i(t), by linear regression (Fig. 3), as well as the congruence ratio 𝑟𝑟 =

 𝑅𝑅𝐿𝐿(𝐶𝐶𝐶𝐶)/𝑅𝑅𝐿𝐿(𝑍𝑍𝑟𝑟); these are summarised in Table 2.  
 
Table 2. Normalised dissolution rates of Ce0.8Zr0.2O2 and Ce0.6Zr0.4O2 in HNO3 9M at 60 °C. 

Composition RL(Ce) 
(g.m-2.d-1) 

RL(Zr) 
(g.m-2.d-1) 

r 

Ce0.6Zr0.4O2  (4.96 ± 0.28) × 10-6  (6.15 ± 0.16) × 10-6 0.81 ± 0.11 
Ce0.8Zr0.2O2  (3.75 ± 0.12) × 10-6  (1.35 ± 0.04) × 10-5  0.28 ± 0.13 

 
The normalised dissolution rates of the Ce0.8Zr0.2O2 sample was higher than the 

Ce0.6Zr0.4O2 sample. The normalised dissolution rates of Ce and Zr, under these 
conditions, were congruent for the Ce0.6Zr0.4O2 sample, as the congruence ratio is 
between 1/3 and 3 [11]. The dissolution rate for the Ce0.8Zr0.2O2 sample was not 
congruent, as the ratio of the Ce/Zr dissolution was only 0.28. 

 
To understand the effect that Zr incorporation is having on the dissolution rate 

it is important to compare the results of this study to those of pure CeO2. The calculated 
dissolution rate associated with the kinetically controlled dissolution of CeO2 at 90°C in 
0.01 mol.L-1 HNO3 was reported to be (1.76 ± 0.4) × 10-5 g.m-2.d-1 [12]. This value is 
higher than the dissolution rate of Ce0.6Zr0.4O2 of (3.75 ± 0.12) × 10-6 g.m-2.d-1, which 

 
Figure 3. Evolution of the Normalised mass loss (Zr: ● and Ce: ■) and percentage dissolved () of 
Ce1-xZrxO2 (a) Ce0.8Zr0.2O2; and (b) Ce0.6Zr0.4O2, in 9 mol.L-1-HNO3 at 60°C. 

(b)(a)



suggests that the incorporation of Zr into the structure of Ce reduced the rate of 
dissolution significantly, as the conditions experienced by the samples in this project 
were much more extreme, 9 mol.L-1 compared to 0.01 mol.L-1. 

 

CONCLUSION 

Non-active analogues for nuclear fuel debris have been investigated, with the 
ultimate aim of supporting the future decommissioning of Fukushima Daiichi Nuclear 
Power Plant. Two different compositions of Ce/Zr solid solution, Ce(1-x)ZrxO2 (x =0.2 and 
0.4) were synthesised. These materials present a fluorite structure type, characteristic of 
the UO2, making them a good structural analogue for nuclear fuel debris. A decrease in 
grain size and pellet density was observed with larger amount of Zr incorporated. 

 
The dissolution behaviour was studied under 9 mol.L-1 HNO3 to gain an 

understanding of the corrosion behaviour. The results of this demonstrated that the 
presence of Zr substantially reduced the release of Ce into the solution, as compared to 
CeO2, a behaviour also seen in (U,Zr)O2 dissolution [13]. The dissolution of Zr and Ce 
was found to be congruent at higher Zr contents but non–congruent at lower ones. 
Further investigation into the leaching of these materials would allow a longer study to 
take place, including solutions more representative of the conditions within the 
Fukushima reactors. Further work is currently underway with (U,Zr)O2 materials. 
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