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ABSTRACT: 

Cr-doped UO2 is one of the shortest-term Accident-Tolerant Fuel (ATF) concepts. Among other 

improvements, its design aims to provide enhanced safety margins in case of abnormal operation. But 
also, to provide delayed corrosion mechanisms compared to standard UO2, what becomes especially 

relevant for different spent fuel storage/disposal scenarios envisaged in the back-end of the nuclear fuel 

cycle. Here, a set of Cr-doped UO2 pellets obtained by two different methods (dry route and wet co-
precipitation) are oxidized in air, and the results compared as a function of the fabrication route. The 

results show that the production method plays a more important role than the concentration of dopant 
itself. 
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1. INTRODUCTION 

Accident Tolerant Fuels (ATFs) are being developed to improve the safety margins 

of current light water reactors under both normal and accident conditions. Among the 

different ATF concepts, chromium-doped UO2 has attracted considerable interest because 

the addition of small amounts of Cr2O3 promotes grain growth during sintering, improves 

pellet densification and may enhance in-reactor fuel performance [1-3]. However, the 

influence of chromium addition and fabrication route on the oxidation behavior of UO2 

remains not enough understood. 

The oxidation of UO2 is a key phenomenon in the nuclear fuel cycle because it may 

occur during fuel fabrication, transport, interim storage, long-term storage and accident 

scenarios involving air ingress. Oxidation results in the progressive transformation of UO2 

into hyperstoichiometric oxides, U4O9/U3O7 and ultimately U3O8. The formation of U3O8 is 

accompanied by a significant volume expansion that causes pellet cracking, fragmentation 

and pulverization, potentially affecting fuel integrity and radionuclide release. Therefore, 

understanding the oxidation behavior of advanced UO2-based fuels is important from both 

operational and safety perspectives [4, 5]. 

Previous studies have shown that chromium additions modify the microstructure of 

UO2 by increasing grain size [1]. These microstructural changes may affect oxygen diffusion 

pathways and consequently oxidation kinetics. Nevertheless, the influence of chromium 

concentration is often difficult to separate from the effect of the fabrication method, since 

different processing routes cause different grain structures and dopant distributions. 

For sintered UO2 pellets and oxidized in air (21% O2), the formation of U3O7 and 

U3O8 occurs at a relatively limited temperature interval. As a result, the thermogravimetric 

curves exhibit a single well-defined oxidation step associated with oxygen incorporation into 

the UO2 lattice [6-8]. This process is initiated by surface reactions occurring preferentially 

along grain boundaries, accompanied by crack formation on the grain surface [8], which 

exposes fresh UO2 to oxygen. As oxidation advances, the formation of U3O8 leads to the 

detachment of fine powder from the pellet surface [7-9].  

Within the framework of the IONMAT project, Cr-doped UO2 pellets were 

manufactured using two different routes: a conventional dry powder process [2] and a wet 

co-precipitation method [3]. These materials constitute an excellent model system for 
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evaluating the relative importance of dopant concentration and fabrication route on UO2 

oxidation behavior. Therefore, the objective of this work is to compare the oxidation 

behavior of undoped and Cr-doped UO2 pellets manufactured by dry and wet routes under 

oxidizing conditions (21% O2). Thermogravimetric analysis (TGA), oxygen-to-metal ratio 

calculations (O/M) and differential scanning calorimetry (DSC) were used to investigate 

oxidation mechanisms, oxidation kinetics and final oxidation states. Particular attention is 

given to the influence of the fabrication route on oxidation resistance, as evaluated through 

onset temperatures, maximum oxidation rates, oxidation peak temperatures and associated 

reaction enthalpies. Based on the results obtained, it is hypothesized that the fabrication route 

has a stronger influence on oxidation kinetics than chromium concentration itself, owing to 

the microstructural differences generated during pellet manufacturing. 
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2. MATERIALS AND METHODS  

UO2 pellets doped with 600, 1000, and 6000 ppm Cr2O3 prepared by the dry route 

[2], and pellets doped with 600, 1000, and 3000 ppm Cr2O3 prepared by the co-precipitation 

route [3], were used to compare oxidation behavior. The fabrication routes and a complete 

characterization of these samples were reported previously [1-3]. Synthetic air was provided 

by Air Liquide, with a composition of 20±1% O2, being the rest N2 (named as 21% O2 in the 

rest of the document). A certified purity higher than 99.999% is guaranteed by the supplier. 

The oxidation experiments were carried out by thermogravimetric analyses, using a 

TGA Q50 thermobalance (TA Instruments) for pellets from dry route and a TGA Q550 

thermobalance (TA Instruments) for pellets from wet method. The reactions were done using 

an airflow at a constant rate of 60 ml·min-1. The instruments were calibrated in both, 

temperature of magnetic standards (Curie point, ASTM E–1582) and weight. The oxidation 

of the pellets was conducted by heating the samples from room temperature up to 700 ºC 

with a linear heating rate of 10 ºC·min-1. The mass gain curves were analyzed with the 

software Universal Analysis and TRIOS (TA Instruments). From the TGA curves, several 

kinetic parameters were extracted to compare oxidation behavior. The oxidation onset 

temperature (Tonset) was determined from the intersection between the baseline and the 

tangent at the maximum slope of the oxidation step. The temperature of maximum oxidation 

rate (Tmax) and maximum oxidation rate were obtained from the maximum of the first 

derivative curve (dm/dt). The final O/M ratio was calculated from the mass measured during 

TGA assuming conservation of the cation (U+Cr) during oxidation. The nominal sample 

composition U1-xCrxO2 was first obtained from the Cr2O3 theoretical content (see Table I). 

Then, the oxygen incorporation was determined from the relative mass increase and 

converted into the final O/M ratio using the corresponding molar mass of each composition. 

These parameters provide a quantitative comparison of oxidation resistance and oxidation 

kinetics among the different materials. 
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Table I Calculated stoichiometry of Cr-doped UO2. 

ppm Cr2O3 wt.% Cr2O3 x in U1-xCrxO2 Molar mass in U1-xCrxO2 (g.mol-1) 

0 0 0.0000 270.03 

600 0.06 0.002 269.63 

1000 0.1 0.004 269.37 

3000 0.3 0.011 268.06 

6000 0.6 0.021 266.12 

 

DSC measurements were performed using a DSC 25P instrument (TA Instruments) 

where experiments can be performed under static or dynamic purge. In this case, dynamic 

purge under 1 atm of synthetic air pressure was selected. The experiments were conducted 

under the same conditions as the thermogravimetric analyses, using synthetic air and a 

heating rate of 10 °C·min-1. Samples were heated from room temperature up to 550 °C 

(maximum of the instrument) in order to identify the thermal events associated with the 

oxidation process. The enthalpy values associated with the oxidation were estimated using 

the “Peak Integration” tool implemented in the TRIOS software (TA Instruments). The area 

under each exothermic peak was numerically integrated by the software and normalized to 

the sample mass, providing the reaction enthalpy in J·g-1. For the co-precipitated samples, 

an additional peak deconvolution procedure available in TRIOS was applied to separate 

partially overlapping thermal contributions. The resulting peak positions and integrated 

areas were used only as a qualitative indication of the complexity of the oxidation process. 
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3. RESULTS 

Figure 1 shows the pulverization observed for the undoped UO2 dry-route pellet after 

oxidation up to 700 °C in air. This observation is consistent with the expected complete 

formation of U3O8 during oxidation under such conditions. 

 

Figure 1. Visual pulverization of the undoped UO2 pellet (obtained by dry route) after being 

oxidized up to 700 ºC at 21% O2. 

3.1. TGA CURVES 

TGA was used to evaluate the oxidation behavior of undoped and Cr-doped UO2 

pellets by monitoring the mass gain associated with oxygen uptake during heating in air 

(21% O2). The resulting curves (Figure 2.A and 2.B) provide information on oxidation onset, 

oxidation kinetics and the final degree of oxidation reached after heating to 700 °C. 
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Figure 2 Oxidation curves of the ATFs studied from RT to 700 ºC in air (21% O2). A) 

Undoped and Cr-doped UO2 obtained by dry route; B) undoped and Cr-doped 

UO2 obtained by co-precipitation route. 

All samples exhibit a progressive mass increase due to oxygen incorporation into the 

UO2 lattice. However, differences are observed in the temperature range where oxidation 

takes place and in the shape of the oxidation curves, revealing an influence of the fabrication 

route. A closer examination of the oxidation temperatures and oxidation rates was performed 

by obtaining the first derivative of the curves and calculating the corresponding O/M values, 

presented in the following section. 

3.2. O/M CURVES 

The O/M ratio was calculated from the measured mass gain during oxidation 

assuming conservation of uranium and chromium atoms and complete oxygen incorporation 

into the oxide lattice. The increase in oxygen content was obtained from the relative mass 

variation according to: 

𝑂

𝑀
= 2 +

𝑚

𝑚0
·
𝑀sample

𝑀O
 

where m/m0 corresponds to the relative mass increase measured during oxidation, 

Msample is the molar mass of the initial composition U1−xCrxO2 (see Table I) and MO is the 

molar mass of oxygen. The final O/M values are all within a narrow interval (~2.64-2.68), 

as reflected in Table II, suggesting that all samples reach very similar oxidation states after 

heating to 700 °C. This indicates that most samples are at the U3O8 composition and that Cr 
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content does not modify the final oxidation degree. The oxidation mechanism appears 

dominated by microstructure rather than by Cr chemistry. This is reasonable because Cr 

concentrations of hundreds or a few thousand ppm are very small compared with the U 

proportion. However, the oxidation path differs between routes. 

The increase in O/M observed in the dry-route samples (Figure 3.A) is sharper, 

indicating faster oxygen uptake once oxidation begins. This behavior is consistent with 

higher maximum oxidation rates and a single dominant oxidation event, related to more 

heterogeneous microstructures (Table II). Therefore, the oxidation front appears to 

propagate fast after the start. 

  

Figure 3 O/M curves of the ATFs studied from RT to 700 ºC in air (21% O2). A) 

Undoped and Cr-doped UO2 obtained by dry route; B) undoped and Cr-doped 

UO2 obtained by co-precipitation route. 

The O/M increase in the co-precipitated samples (Figure 3.B) is more gradual and 

occurs through two distinguishable stages: one would be the initial oxygen incorporation 

into UO2, and next the subsequent conversion towards higher oxides (U4O9/U3O7 and U3O8). 

The shift of Tmax1 (Table II) from ~302 °C (undoped) to ~326-334 °C (1000 and 3000 ppm 

Cr2O3) indicates that chromium significantly delays this first oxidation step. The second 

oxidation step remains nearly unaffected by the presence of Cr (variations within the error 

margin). 
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Table II Calculated values from TGA curves showed in Figure 2 and Figure 3. The uncertainty 

associated with transition temperatures obtained from derivative analyses is estimated 

to be ±2-5 °C, while the uncertainty in O/M calculations is within the experimental 

precision of the thermobalance.  

Composition ppm 

Cr2O3 

Dry Route 

O/M 

f 

Tmax (inflection point) / °C Max 

rate / 

mg/min 

T  

ONSET / °C 

UO2 0 2.66 504.57 0.8873 467.99 

U0.9998Cr0.0002O2 600 2.68 501.407 0.7419 428.27 

U0.9996Cr0.0004O2 1000 2.66 508.11 0.44478 479.75 

U0.9979Cr0.0021O2 6000 2.68 515.33 0.10343 479.06 

  Wet route   

  O/M 

f 

Tmax1 (inflection 

point 1) / °C 

Tmax2 (inflection 

point 2) / °C 

Max 

rate / 

mg/min 

T ONSET 

1 / °C 

T ONSET 

2 / °C 

UO2 0 2.64 301.68 448.18 0.06066 254.18 422.51 

U0.9998Cr0.0002O2 600 2.66 302.1 451.07 0.12132 243.85 430.41 

U0.9996Cr0.0004O2 1000 2.67 326.04 453.6 0.06066 274.84 425.81 

U0.9989Cr0.0011O2 3000 2.65 333.91 452.12 0.06066 274.92 437.96 

As mentioned, oxidation with dry-route samples occurs essentially through a single 

main event (Figure 2A). Tmax values also seem to be slightly affected by the Cr content, since 

a ~10ºC delay is detected for the sample with the highest content (6000 ppm Cr2O3) 

compared with the lowest content samples (0 and 600 ppm Cr2O3) (Table II), suggesting that 

Cr mainly affects reaction kinetics rather than the oxidation mechanism. The maximum 

oxidation rate decreases with increasing Cr content, nearly 50% for the 1000 ppm sample, 

indicating slower oxidation kinetics and enhanced oxidation resistance. This is in good 

agreement with the fact that dry route usually leads to less homogeneous Cr distribution with 

local chromia-rich areas, higher heterogeneity between grains and possible residual porosity. 

In addition, the higher onset temperatures observed for the samples with 1000 and 6000 ppm 

Cr2O3 also indicate greater oxidation resistance. 

On the contrary, oxidation of wet-route samples starts much earlier (Table II) and 

involves at least two main events. Onset temperatures of the first step are around 244-275°C. 

The co-precipitated samples containing 1000 and 3000 ppm Cr2O3 exhibited the highest 

onset temperatures (~275 °C), suggesting a delay in oxidation initiation compared with 

undoped UO2. Derivative analysis (not shown) reveals two oxidation stages instead of a 

single dominant event, the first with Tmax1 shifts from 302 °C to 334 °C as Cr content 

increases; and the second with Tmax2 that remains nearly constant at 448-454°C. These results 

indicate a more complex oxidation mechanism, probably associated with the more 

homogeneous microstructure produced by co-precipitation. This route usually gives atomic-
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scale mixing of U and Cr with more homogeneous dopant distribution, more uniform grain 

growth and fewer compositional gradients. In this case, the best oxidation resistance is 

observed for the samples with 1000 and 3000 ppm Cr2O3, which exhibit the highest onset 

temperatures and the highest Tmax1 values. 

Consequently, observed oxidation resistance differences are most likely 

microstructural rather than compositional. 

3.3. DSC CURVES 

In order to clarify the oxidation sequence of co-precipitation samples, DSC curves 

were acquired at 21% O2 and up to 550 ºC (Figure 4). DSC results suggest the presence of 

more than one thermal contribution during oxidation, consistent with a multistep oxidation 

process. 
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Figure 4 DSC curves of the ATFs studied from RT to 550 ºC in air (21% O2) for undoped 

and Cr-doped UO2 obtained by co-precipitation route. 
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Table III gathers all the values calculated from the DSC curves in Figure 4. The first 

exothermic contribution (ΔH1) decreases strongly from the undoped material to the 1000 

ppm sample and then increases again for 3000 ppm. This trend agrees with the TGA results, 

where the 1000 ppm sample showed the greatest delay of the first oxidation stage (higher 

onset and higher Tmax1). Therefore, the reduction of ΔH1 together with the shift of Tmax1 

towards higher temperatures suggests that Cr additions, particularly at 1000 ppm, inhibit or 

delay the initial oxidation step. This behavior is consistent with improved oxidation 

resistance during the early stages of oxygen incorporation. 

Table III Calculated values from DSC curves of co-precipitated undoped and Cr-doped UO2 

during oxidation in air (21% O₂) shown in Figure 4. Uncertainty for each parameter lies 

around 1%, taking into account the precision of the instrument. 

Composition ppm 

Cr2O3 

ΔH1 / J/g ΔH2 / J/g T2.1, max / °C ΔH2.1/ J/g T2.2, max / °C ΔH2.2/ J/g 

UO2 0 24.282 293.19 391.55 23.201 447.3 316.06 

U0.9998Cr0.0002O2 600 15.68 330.92 390.95 20.421 452.65 363.92 

U0.9996Cr0.0004O2 1000 11.754 265.34 390.89 12.79 455.33 241.22 

U0.9989Cr0.0011O2 3000 24.542 274.38 394.06 17.947 452.29 274.7 

DSC measurements reveal a broad asymmetric exothermic feature in the second 

exothermic contribution (ΔH2), which is consistent with a two-step oxidation process. 

Nevertheless, the associated enthalpy values obtained from the peak integration do not show 

a systematic trend with chromium concentration. Therefore, although the DSC results 

support the existence of different oxidation stages, a detailed interpretation of the heat 

released during each individual step would require further analysis and should be considered 

preliminary in the present work. 
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4. SUMMARY OF RESULTS 

A set of Cr-doped UO2 pellets obtained by two different methods (dry route and wet 

co-precipitation) were oxidized in air, and the results compared as a function of the 

fabrication route. 

For the dry-route samples, the derivative curves exhibited a single oxidation step with 

only slight kinetic variations as a function of Cr concentration. In contrast, the co-

precipitated samples showed two distinguishable peaks, consistent with a two-step oxidation 

process. The clearest influence of Cr addition is observed in the co-precipitated materials, 

where the first oxidation stage is shifted towards higher temperatures, i.e., a delay effect is 

detected. Anyhow, comparison of the outcomes obtained for the two sets of samples 

indicates that the fabrication route exerts a stronger influence on oxidation behavior than 

chromium concentration itself, suggesting that oxidation resistance is primarily controlled 

by microstructural characteristics such as grain structure, pore distribution and dopant 

homogeneity rather than by the final chemical composition.  

Therefore, it is shown that fabrication route affects oxidation kinetics. Additional 

characterization would be needed to isolate the separate roles of porosity, grain size, and Cr 

distribution, using for example XRD or Raman spectroscopy techniques to obtain the phase 

sequence after oxidation. 
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