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Abstract
Cr-doped  UO2-based model materials were prepared at SCK CEN, mimicking modern LWR fuels, to understand the influ-
ence of Cr doping on the spent fuel dissolution behaviour in geological repository conditions. Tests were carried out with 
four model materials: depleted  UO2, Cr-doped depleted  UO2, Pu-doped  UO2 and Pu-Cr-doped  UO2. Static dissolution 
experiments have been performed up to 4 months in autoclaves under 10 bar  H2 pressure with a Pt/Pd catalyst in media at 
pH 13.5 and at pH 9. The Cr-doping appeared to reduce the U concentrations by a factor 6 at pH 13.5, but it had no or not 
much effect at pH 9.

Introduction

In recent years, doped nuclear fuels have been developed 
with the objective of reducing the quantity of fuel used per 
energy output in operating i.e. Gd doping to control excess 
fuel reactivity without control rod, and more recently Cr 
(+ Al) doping to minimize fission gas release thanks to the 
resulting larger grain size. The addition of dopants in the 
 UO2 matrix can modify the stoichiometry of the initial  UO2 
fluorite structure, the density of the  UO2 matrix, and the 
size of the  UO2 grains [1, 2]. These physical changes affect 
not only the fuel behaviour during operation [2], but could 
also impact the spent fuel behaviour in a final repository 
[3, 4]. While the dissolution behaviour of standard spent 
fuel in repository conditions has reached a good level of 
comprehension [5, 6], it is not clear if these doped fuels 
will behave similarly. Hence, dissolution experiments with 
simplified  UO2-based model materials have been carried out 
within the EU-DisCo project [7]. The experiments by SCK 
CEN focused on Cr-doped materials, with a larger grain size 
than standard fuels. To study the effect of alpha activity, 
Pu was added as well to the  UO2, yielding an alpha dose 
representative of 10,000 years old spent fuel.  UO2 batches 
without Cr or Pu were tested for comparison. The tests were 

done in a Young Cementitious Water at pH 13.5 and bicar-
bonate solution at pH 9.

Experimental

Materials

The  UO2 model materials were synthesised at SCK CEN 
in collaboration with FZ Juelich. The production method 
was optimized to reach 95 ± 1% of the theoretical  UO2 den-
sity and to approach a grain size of 50 µm and a more or 
less homogeneous Cr distribution within the  UO2 matrix. 
Homogeneous α-doping was obtained by co-dissolving in 
nitric acid a given amount of certified depleted  UO2 and a 
smaller amount of an existing batch of 238Pu /233U doped 
 UO2 powder [8] to reach α-doping level representative for 
a fuel age of 10,000 years (~ 18 MBq/g  UO2). The solution 
of (Pu doped) uranyl nitrate is then precipitated as ADU 
((NH4)2U2O7), oxidised to  U3O8 and finally reduced to  UO2. 
A blend of 80% (Pu-)UO2/ 20%  U3O8 is then mixed with 
1600 µg  Cr2O3 powder per g  UO2 and 0.3 wt% zinc stearate 
(lubricant) [9]. Pellets are pressed around 550 MPa and sin-
tered at –410 kJ/mol at 1700 °C for 8 to 24 h in a flowing 
gas mixture of Ar- 4%  H2 and Ar- 0.5%  O2.

Four model materials were achieved (Table 1): depleted 
 UO2  (UO2), Cr-doped depleted  UO2 (Cr-UO2), Pu-doped 
 UO2 (Pu-UO2) and Pu-Cr-doped  UO2 (Pu-Cr-UO2). 
Although the Cr doping resulted in an increase of the aver-
age grain size of both Cr-UO2 and Pu-Cr-UO2 (Fig. 1), a 
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50-µm band of grains with diameter around 10 µm is present 
at the pellet periphery, as a result of Cr evaporation dur-
ing the sintering process [10]. All materials exhibit a rather 
homogeneous intergranular porosity (Fig. 1). The Pu-Cr-
UO2 pellets (Fig. 1d) also showed many intragranular pores, 
which possibly explains the lower density compared to the 
other model systems. The specifications of the model materi-
als are given in Table 1.

Set‑up and procedure

Static dissolution experiments were carried out with the 
four model materials, added as pellets: ‘inactive tests’ with 
 UO2 and Cr-UO2 and ‘active tests’ with Pu-UO2 and Pu-
Cr-UO2. The tests were done in two leaching solutions 
(Table 2): Young Cementitious Water at pH 13.5 (YCWCa) 
and in bicarbonate solution at pH 9 [12]. All experiments 

were performed in autoclaves with 10 bar  H2 gas in an Ar 
glove box  (pO2 below 10 ppm and  pCO2 below the detec-
tion limits) and at 20–25 °C. A Pt/Pd catalyst was placed in 
the headspace of the autoclaves (not immersed in the solu-
tion) to scavenge the traces of atmospheric oxygen inside the 
autoclaves by reaction with the  H2 gas, without perturbation 
of the radiolytical reactions in the solution (Fig. 2a). No 
other reducing agents were added to the solution, as prelimi-
nary tests demonstrated little effect [12].

The set-up consists of stainless steel autoclaves with 
a PEEK insert of 50 ml (Fig. 2b and c). The cover of the 
autoclaves is equipped with two outlet valves; one short 
inlet tube stopping immediately under the cover for gas 
inlet and one longer outlet tube near the bottom of the 
solution for the sampling of the solution. Gas pressure 
 (H2) is monitored during the experiment by a manometer. 
Each autoclave is filled with 30 ml of solution and one pel-
let of (doped)  UO2 (Table 1), corresponding to an initial 
ratio of  UO2 surface area to solution volume (SA/V) of 
6  m−1 and 3  m−1 for the inactive and the active experi-
ments, respectively. Prior to the leaching test, the pellets 
were washed in 30 ml of 0.01 M NaCl in a PE bottle for 
a period of three to five weeks with a daily renewal the 
first week and a weekly renewal for the weeks thereafter 
[12]. One week before the end of the washing step the 
autoclaves were filled with 30 ml of the leaching solu-
tion (Table 2) in presence of the Pd/Pt catalyst with 5 bar 
 H2 pressure. When the U concentration within the wash-
ing solution stayed in the range of the U(IV) solubility  
 (10–8.5 ± 1 M) [13], the pellets were transferred from the PE 
bottle to the autoclaves and the leaching experiment was 
started for a period up to 4 months. After 1, 3, 10, 30 (35), 
72 and 155 days, an aliquot of 2 ml was sampled without 

Table 1  Specifications of the  UO2 based materials

a TD% is the percentage of the theoretical  UO2 density, measured by 
immersion technique.
b Grain size analyses were performed according to the line intercept 
method (ASTM Standard E112-13- [11]) with grain boundaries 
revealed by etching with HF +  CrO3  (UO2, Cr-UO2 samples) or by 
scanning electron microscopy with backscattered electron (α-doped 
samples).

Type of model material UO2 Cr-UO2 Pu-UO2 Cr-UO2

Pellet (ϕ/ h-mm) 5.82/ 7.12 5.79/ 6.45 5.85/ 2.85 5.85/ 2.85
TD %a 96 ± 1 95 ± 1 93.8 ± 1 93.5 ± 1
Cr2O3 added (µg.g−1) − 1600 − 1600
Average grain size 

(µm)b
10 38–48 14.5 26

Grain size periphery 
(µm)b

10 10 10 10

Fig. 1  Average grain size of  UO2 based materials a 10 µm for  UO2, b 
38–48 µm for Cr-UO2, c 14.5 µm for Pu-UO2, d 26 µm for Pu-Cr-UO2

Table 2  Measured initial composition of the leaching solutions at pH 
13.5 and pH 9

a These elements are not part of the composition, but they are meas-
ured either to compare both solutions (K,  SO4

2−, Si) or to define the 
background concentration (U, Cr, Zn)

mol.L−1 Medium
pH 13.5

Medium
pH 9

Na 1.28 ×  10–1 2.07 ×  10–2

Ka 3.67 ×  10–1 2.33 ×  10–5

Caa 4.43 ×  10–4 5.00 ×  10–6

C 5.08 ×  10–4 9.83 ×  10–4

SO4
2−a 1.86 ×  10–3 5.21 ×  10–6

Sia 4.32 ×  10–5 3.71 ×  10–5

Cl  < 8.45 ×  10–6 1.81 ×  10–2

Ua  < 8.40 ×  10–10  < 8.40 ×  10–10

Cra 4.93 ×  10–8  < 1.35 ×  10–8

Zna 2.29 ×  10–7 1.17 ×  10–7

Measured pH 13.6 ± 0.2 9.1 ± 0.2
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replenishment of solution and the autoclave was pressur-
ised again up to 10 bar  H2 pressure. For the Pu doped 
samples, the duration of 155 days was not yet reached 
when this paper was written.

The total U concentrations (without filtration) were 
measured during the washing and the leaching period while 
the soluble U concentrations (ultrafiltration < 3.5 nm) were 
only determined at pH 9 or pH 13.5. 238U was measured 
by ICP-MS for the inactive experiments while 233U and 
238Pu were measured by alpha-spectrometry for the active 
experiments. pH of the leachate was monitored over time 
and Cr and Zn (lubricant) concentrations were also quanti-
fied by ICP-MS. In this paper, we focus only on the evolu-
tion of the U concentrations.

Results and discussion

Figure 3 shows the total U concentration as a function of 
time for the different model materials at pH 13.5 (Fig. 3a) 
and at pH 9 (Fig. 3b). Tables 3 and 4 give the measured total 
and soluble U concentrations as a function of time for the 
inactive and active experiments, respectively.

pH 13.5

For the inactive experiments (Fig. 3a-red symbols) after 
a high initial U release, up to 1.6 ×  10–7 for  UO2 and 
2.2 ×  10–8 mol.L−1 for Cr-UO2, the U concentration slightly 
decreased. After 155 days, the U concentration stabilised 

Fig. 2  Experimental set-up a 
inside cell, b schematic drawing 
and c autoclaves under 10 bar 
 H2 pressure

Fig. 3  Total U concentrations as 
a function of time with 10 bar 
 H2 a at pH 13.5 for inactive 
experiments (red symbols) 
and active experiments (green 
symbols); b at pH 9 for inactive 
experiments (blue symbols-
empty symbol ≤ detection limit) 
and active experiments (yellow 
symbols). On both graphs, the 
black dotted lines represent the 
U(IV) solubility range [13]

Table 3  U concentration  
(mol.L−1) as function of time in 
the experiments with  UO2 and 
Cr-UO2 pellets at pH 13.5 and 
at pH 9

[U]T = not filtered U concentration and  [U]s = ultrafiltered U concentration (< 3.5 nm)

pH 13.5 pH 9

UO2 Cr-UO2 UO2 Cr-UO2

[U]T [U]s [U]T [U]s [U]T [U]s [U]T [U]s

Days  ×  10–8 mol.L−1  ×  10–8 mol.L−1

1 15.6 ± 1.6 15.3 ± 1.6 2.2 ± 0.2 2.2 ± 0.2 18.4 ± 1.9 16.0 ± 1.6 2.2 ± 0.2 2.2 ± 0.2
3 14.7 ± 1.5 14.2 ± 1.4 2.4 ± 0.2 2.3 ± 0.2 18.1 ± 1.8 16.3 ± 1.7 1.9 ± 1.9 1.7 ± 0.2
11 13.4 ± 1.3 11.9 ± 1.2 1.8 ± 0.2 1.7 ± 0.2 5.4 ± 0.6 5.2 ± 0.5 0.7 ± 0.07 0.6 ± 0.06
30 11.6 ± 1.2 11.0 ± 1.1 1.6 ± 0.2 1.5 ± 0.2 0.2 ± 0.5 0.1 ± 0.4 0.2 ± 0.05 0.1 ± 0.04
72 7.7 ± 0.8 6.8 ± 0.7 1.2 ± 0.1 1.0 ± 0.1 0.2 ± 0.03  < 0.06 0.3 ± 0.03  < 0.06
155 8.2. ± 0.8 4.3 ± 0.4 1.4 ± 0.1 0.5 ± 0.3 1.4 ± 0.1  < 0.4  < 0.4  < 0.4
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around 8.2 ×  10–8 for  UO2 and 1.4 ×  10–8  mol.L−1 for 
Cr-UO2. The presence of Cr thus reduced by a factor 6– 7 
the U concentration over the entire test duration.

For the active experiments (Fig. 3a-green symbols) a 
high initial U release of 1.7 ×  10–7 for Pu-UO2 and 1.0 ×  10–7  
mol.L−1 for Pu-Cr-UO2 is also observed with no clear influ-
ence of Cr up to 10 days. Afterwards, while the U concentra-
tion remained around 1.0 ×  10–7 mol.L−1 for Pu-Cr-UO2, the 
U concentration for Pu-UO2 increased. After 35 days, the U 
concentration is 6 times higher than for the Pu-Cr-UO2, and 
remains stable close to 5.3 ×  10–7 mol.L−1 (Fig. 3a- green 
symbols). This suggests that, at pH 13.5, the Cr doping low-
ers the U concentration also in presence of alpha field.

In most cases, the U concentration in the ultrafiltered 
samples represents more than 90% of the total U concen-
tration (Tables 3 and 4), the difference corresponding to 
the uncertainty of measurement techniques. However the 
U-colloids (= difference between total and soluble U con-
centrations) are increasing after 155 days in the  UO2 system 
without α-field, possibly as precursors of a U-phase forma-
tion. Further analyses and data modelling are needed to sup-
port this hypothesis.

pH 9

For the inactive experiments, a high initial U release of 
1.8 ×  10–7 for  UO2 and 2.2 ×  10–8 mol.L−1 for Cr-UO2 was 
measured (Fig. 3b blue-symbols). Then, the U concentra-
tion considerably decreased with time to stabilize after 
30 days around 2 ×  10–9 mol.L−1 for both systems. This 
suggests a possible control of the U in solution by  UO2. 
The higher ratio of colloidal U/total U (Table 3) supports 
the possible over-saturation with a U secondary phase, 
but the concentration of colloidal U remains small (about 
 10–9 M). During the first 10 days of leaching, the presence 
of Cr seems to reduce the U release, similarly as at pH 13.5 
(Fig. 3a- blue symbols), but this effect disappears with time. 
After 72 and 155 days the U concentration showed a slight 
increase, more for  UO2 than for Cr-UO2. This suggests 

again a reducing effect of the Cr. As the experiments were 
stopped after 155 days, we cannot verify if this trend con-
tinues afterwards.

For the active experiments, the initial U concentration 
is high again (9 -7 ×  10–8 mol.L−1- Fig. 3b- yellow sym-
bols). After this initial release, the U concentration slightly 
increases and stabilises around 2.5 ×  10–7 mol.L−1 after 
35 days (Fig. 3b-yellow symbols). There is no pronounced 
Cr effect. The presence of U colloids in active experiments at 
pH 9 is also rather limited and remains within the uncertain-
ties of the alpha-spectrometry (Table 4).

In all systems, the high initial U release suggests the dis-
solution of a slightly oxidised  UO2+x layer in spite of the 
washing. Possibly some oxidation of the pellet occurred dur-
ing the transfer from the PE bottle used for the washing to 
the autoclave, even if the oxygen concentration in the glove 
box is < 10 ppm. This initial release is not affected by pH, 
complexing agent  (OH− or  CO3

2−) or alpha field. On the 
other hand, we can clearly distinguish a lowering effect of Cr 
on the initial U(VI) release in absence of alpha field at both 
pHs. A similar reducing Cr effect appears slightly delayed 
at pH 13.5 in presence of alpha field, but it is not present at 
pH 9. These results suggest that at high pH, Cr makes the 
 UO2 surface more resistant against oxidation, or prevents 
the release of U(VI) from the surface. For the inactive tests, 
the measured U concentrations are higher at pH 13.5 than 
at pH 9 (Fig. 3-red and blue symbols). These concentrations 
remain nevertheless within the  UO2 solubility range [13], 
except for  UO2 at pH 13.5 showing a higher U concentration 
[14, 15]. These observations reveal a favoured complexation 
of U(VI) from the remaining oxidised layer by the hydroxyl 
ions at high pH compared to hydrogeno-carbonate ions at 
pH 9.

In presence of an α-field, the measured U concentrations 
are always higher than the  UO2 solubility range. This is 
caused by radiolytical oxidation in spite of the  H2 gas. For 
Pu-Cr-UO2 at pH 13.5, the concentrations stabilize imme-
diately after the initial release around 1 ×  10–7 mol.L−1,  
while for Pu-UO2 a renewed release occurs between 

Table 4  U concentration  
(mol.L−1) as function of time in 
the experiments with Pu-UO2 
and Pu-Cr-UO2 pellets at pH 
13.5 and in at pH 9

[U]T = not filtered U concentration and  [U]s = ultrafiltered U concentration (< 3.5 nm)

pH 13.5 pH 9

Pu-UO2 Pu- Cr-UO2 Pu-UO2 Pu- Cr-UO2

[U]T [U]s [U]T [U]s [U]T [U]s [U]T [U]s

Days  ×  10–8 mol.L−1  ×  10–8 mol.L−1

1 16.6 ± 3.6 13.8 ± 3.9 10.3 ± 4.7 8.4 ± 3 8.6 ± 2.3 8.8 ± 2.9 6.7 ± 2.3 8.8 ± 2.9
3 18.5 ± 4.5 8.9 ± 3 12.1 ± 3.4 11.4 ± 3 6.9 ± 2.4 5.4 ± 2 8.2 ± 2.9 5.4 ± 2.5
11 8.3 ± 2.2 10.2 ± 2.4 9.7 ± 2.6 8.4 ± 2.5 8.4 ± 2 11.7 ± 2.9 15.5 ± 3.2 18.7 ± 3.9
35 59.5 ± 8.3 57.4 ± 8.4 11.1 ± 3 11.2 ± 2.5 22.7 ± 3.8 20.2 ± 3.9 32.7 ± 6.2 29.9 ± 5.4
72 53.1 ± 7.8 53.4 ± 8.4 8.8 ± 2.2 9.9 ± 3 24.9 ± 5 23.6 ± 4.9 23 ± 4 25 ± 4.9
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10 and 35 days to reach a U concentration of 5 ×  10–7   
mol.L−1. This suggests again a stabilising effect of the Cr 
at high pH. A renewed release is observed also for Pu-UO2 
and Pu-Cr-UO2 at pH 9, reaching concentrations of about 
2.5 ×  10–7 mol.L−1. At this lower pH, the Cr has no stabilis-
ing effect. After 35 days, no further increase of the U con-
centration is detected. This suggests that on the short term 
the dissolved  H2 cannot prevent radiolytical  UO2 oxidation 
or U(VI) dissolution, or reduce back U(VI) in solution, 
but after a period of renewed oxidation or release, it could 
become effective. Another explanation of the flattening of 
the concentration after 35 days could be the control of U in 
solution by a U-phase. Such flattening effect was already 
observed in tests with Pu-doped  UO2 without Cr with a 
similar alpha activity although no  H2 gas was present [16]. 
At pH 13.5, the Cr doping could increase the  H2 effect, but 
whatever the experiment this  H2 effect was not effective 
enough to reach U concentrations at the level of the  UO2 
solubility range.

In spite of the fact that the outermost layer of the Cr-
doped pellets has a relatively small grain size and Cr con-
centration, we thus observe an effect of the Cr doping in 
certain conditions. Several hypotheses can be proposed to 
explain these observations: a redox effect of the chromium 
in solid or in solution, enhanced catalytic properties of the 
 UO2 surface by the presence of Cr, increasing the reduction 
of oxidising species by  H2, or formation of a phase at the 
 UO2 surface blocking the further dissolution. Based on our 
current results, none of these hypotheses can be favoured, 
but modelling calculations or surface analysis are considered 
to support the data interpretation. In parallel, these experi-
ments will be compared to similar experiments done at VTT-
Technical Research Centre of Finland with the same materi-
als, but using metallic iron to control the redox conditions 
in place of hydrogen.

Conclusions

Static leaching experiments were performed with Pu and 
Cr doped  UO2 in a cementitious water with pH 13.5 and a 
bicarbonate solution with pH 9 in autoclaves under 10 bar 
 H2 pressure, and compared with undoped analogues. The 
Cr-doping appeared to reduce the U concentrations in solu-
tion for  UO2 with and without Pu at pH 13.5, but not or 
much less at pH 9. For both leaching media, the effect 
of dissolved  H2 was not sufficient to prevent the short 
term radiolytical oxidation/dissolution, or to reduce oxi-
dised U(VI) in solution. All uranium concentrations were 
higher than the solubility of  UO2 in reducing conditions, 
but the stabilization of the uranium concentrations for the 
Pu doped  UO2 with time could still be ascribed to the pres-
ence of  H2 or to the solution saturation by a U-phase. The 

Cr doping could favour the  H2 effect at pH 13.5. Surface 
analysis of the leached surface, modelling calculations and 
other method to control the redox conditions are ongoing 
to explain the observed Cr effects.
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