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Oxidation of Accident-Tolerant Fuels (ATF) is important from the nuclear safety point of view because it could
provoke the release of radioactive material. Despite of the use of ATFs in current nuclear reactors, no studies
regarding their oxidation are available. Thus, we propose here an experimental study on CryOs-doped UOy
samples, which were subjected to a thermal treatment ranging from room temperature up to 973 K in oxidant
conditions. The aim is to assess the potential oxidation resistance of Cr-doped UO5 based model systems. Next,
the effect of oxygen partial pressure and the influence of Cry03 dopant concentration concentrations on fresh
UO; fuel oxidation were evaluated. Two oxygen compositions (1% and 21%0;) were used to further evaluate the
impact of CrpO3 concentrations on UO; oxidation. The results show that, despite no effect of the dopant is found
in air (21% Oo), there is a clear decrease in the oxidation degree at 1%0;. These results are intended to provide a
fundamental reference for future investigations of Cr,Os-doped UO; corrosion behavior and performance to be

accounted in new designs of storage facilities.

1. Introduction

The near-term target challenges associated with nuclear energy
technology include increasing burnup beyond typically designed limits
of around ~50 GWd/tU in operating Light Water Reactors (LWR) to
expand fuel cycle economy, while not sacrificing the safety margins
under normal operating conditions and beyond design basis accident
conditions [1-4]. At high burnups, some undesirable processes that
could compromise the safety of the fuel, both during irradiation and
storage, could take place such as fission gas release enhancement during
power transients, fission products (FPs) accumulation and
irradiation-induced defects which affects the thermal conductivity of
fuel pellets, the occurrence of fuel-clad bonding or clad creep-out [5].
This, added to the events at the Fukushima-Daiichi plant in Japan in
2011, revealed the susceptibility of UO, fuel pellets within a zirconium
(Zr) alloy cladding to a station blackout during long-time. This has
brought nuclear industry and researchers to come together efforts on
improving the resilience response of fuels in severe accident scenarios
[6,7].

A new set of High-Burnup Fuels with enhanced safety margins in the
event of an accident (referred as “Accident-Tolerant Fuels, ATFs) are
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arising as a near-term suitable fuel choice. ATF concept provides
enhanced fuel pellet properties to better performance during normal or
ab-normal operation and to enable higher burnups and then, extending
reactor cycles. A number of ATF designs to direct replacement for the
current standard UO5 fuel/ Zr alloy system have been proposed: for
fuels, it includes advanced UOy formulations (via additives) and high
density uranium fuels (nitride and silicide concepts); and in terms of
claddings, developments are focused on innovative alloys or coatings,
such as FeCrAl cladding or chromium-coated cladding [6-8].

As the properties of UO; are key issues for safe and effective reactor
operation, the addition of dopants (metallic or ceramic dopants) in
standard UO; fuel is used to improve its microstructure during sintering
[9,10]. In UOo—doped fuels, the additive in the form of an oxide, acts
enlarging fuel grain size, increasing fuel density, providing better fission
gas retention and plasticity [9-12]. In particular, these characteristics
are well-reached by doping the UO; matrix with chromia (Crz03).
Especially important is the enlargement of grain size, which provides
improved fission gas retention (by increasing the diffusion path), and
reduces fuel swelling. This implies a better resistance upon the inter-
action of the nuclear fuel pellet to the cladding [7,13-19]. An antici-
pated benefit of large grains could also be an enhanced corrosion
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resistance in the presence of air and water compared to the standard UO,
[15,20]. However, testing and data are needed so far to confirm this
hypothesis, especially that affecting its thermal oxidation behavior as a
result of thermal cycling during both normal operation and during dry
interim storage.

The incorporation of Cr atoms into the UO, fluorite structure in-
volves charge-compensation to achieve lattice electro-neutrality by
positive defect formation, i.e. the presence of defect clusters as anion
vacancies or the formation of U°* [21,22]. It is expected that the Cr,O3
doping-induced oxygen vacancies [19] would prevent the oxidation of
UO3 compared to the undoped UO, samples, which may have positive
effects on fuel corrosion. In fact, the oxidation of undoped UO; is
described as a two-step reaction UO, (cub.)—U40g(cub.)/U30O; (tet-
rag.)—»Us3Og (orth.) [23-25], which is dependent on temperature, time,
physical properties of the material, etc. In any case, the formation of
U3Og involves a volume expansion of about 36% [23], which leads to
spallation of this phase from the grain surfaces and pulverization of the
samples [23,26]. This may entail a nuclear safety problem for Spent
Nuclear Fuel (SNF) management as radionuclides could be released
within the environment in case of a confinement failure [27,28].
Therefore, understanding the role of Cr in the UO, matrix against
oxidation is of paramount importance. Although previously several
studies were devoted to understand the effects of Cr,O3 in UOj fuels,
with respect to the local structure, thermodynamic solubility,
manufacturing conditions, and gas release diffusion issues [10,12,
15-19,22,29], a conclusive understanding and its implications of the dry
oxidation behavior of Cr-doped UO, has not been established yet. Be-
sides the dopant effect, most of the studies regarding the oxidation of
UOg2-based nuclear fuels have been performed in air, probably following
a worst-case scenario. However, new dry storage facilities for storing
SNF foresee the possibility of partially inert the loading cell where the
fuel is expected to be handled [30], thus bringing to light other alter-
natives to air that might delay or even prevent this oxidation.

Given the lack of experimental information in the literature on the
potential oxidation resistance of ATF, and in particular under modern
dry storage conditions, in this work thermal induced oxidation mea-
surements are performed to assess how Cr,O3 content and oxygen con-
centration (21 or 1% O,) affect corrosion resistance of UO, to U3Og, as
measured using thermogravimetric analysis. Also, analyses of oxidized
products by X-Ray Diffractometry (XRD) and Rietveld Refinement are
used to elucidate the U oxidized phases and the fraction of each one,
formed as a consequence of the solid/gas reaction of undoped UO5 and
UOg-based model materials (as Cr-doped UO;3) with oxygen. To the
extent of our knowledge, this fundamental and systematic study is the
first analyzing the multiple effects (Cr content correlated with micro-
structure, oxygen concentration and temperature) on the oxidation
behavior of UO,. These results are envisioned to provide insights
regarding the degradation behavior of modern doped fuels in the
handling, transportation and interim storage of SNF, under both, oper-
ational and accidental scenarios.

2. Materials and methods
2.1. Sample preparation

The ATFs analogues studied in this work have been prepared
following a conventional metallurgical procedure, starting from raw
UO7 and Crp03 powders provided by ENUSA and Alfa Aesar, respec-
tively; who were mixed in the desired proportions. The fabrication route
and an exhaustive characterization of these samples were published in a
previous work, where all the details of the monoliths are given [21].

From this procedure, a set of CryO3-doped UO; solid solution was
obtained. The doping levels (600, 1000 and 6000 ppm of Cr,O3) have
been selected in order to cover all possible solubility scenarios. Thus,
this results in a pellet with a Cr content which is below this solubility
limit (600 ppm of Cry03), another one with a content around the limit
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(1000 ppm of Cry03), and finally a monolith with a Cr amount that is
beyond the solubility limit of Cr in the UO matrix.

In fact, according to our previous study where these samples were
characterized in detail, this limit corresponds to approximately 1094
+23 ppm of Cry03 in these particular sintering conditions [21]. An
undoped UO; sample was also fabricated by applying the same
methodology.

2.2. Oxidation experiments at different oxygen concentrations

Two different gas mixtures (O2/N2) were used during the experi-
ments. For low oxygen availability, a mixture of oxygen and nitrogen in
the proportion 1% 02-99% N (from now on refereed as 1% O3) was
supplied by Air Liquide. In addition, synthetic air was also provided by
Air Liquide, with a licensed composition of 20+1% O, being the rest N,
(named as 21% O in the rest of the document). A certified purity higher
than 99.999% is guaranteed for all the gasses.

The oxidation experiments were carried out by thermogravimetric
analyses, using a TGA Q50 thermobalance (TA Instruments). The re-
actions were done using a gaseous oxidant (21 or 1% O3) flow at a
constant rate of 60 mL min~'. The instrument was calibrated in both,
temperature of magnetic standards (Curie point, ASTM E-1582) with
Alumel, Ni and Nig 3C0y 37 alloy standards (427.16+0.31, 631+1.1 and
1037.4 + 1.6 K, respectively), and weight (200 mg to 1 g calibration
weight range). The oxidation of the pellets were conducted by heating
the samples from room temperature up to 973 K with a linear heating
rate of 10 K min . Three replicas for each curve have been performed,
leading to the uncertainties calculated for the kinetic parameters
analyzed. The mass gain curves have been analyzed with the software
Universal Analysis (TA Instruments).

2.3. XRD

X-Ray Diffraction (XRD) of the oxidized samples was carried out by
means of a Bruker D8 Advance Eco diffractometer using Cu Ko radiation
(A=1.54056 A). The instrument was configured with Bragg-Brentano
geometry, and operation parameters of 40 kV and 25 mA. The dif-
fractograms were acquired in the 10-120° 20 range, with 0.01° scanning
steps and a primary slit of 0.5°. A 1D Lynx Eye Position Sensitive De-
tector (PSD) was used as the detection system, with an angular aperture
of 2.9°. The instrument is daily calibrated by measuring a certified
pattern of AlyOs.

The phase composition, quantification and structural analyses in the
oxidized samples have been obtained by using the HighScore Plus 4.8
software (Malvern-Panalytical) [31]. Phase composition was performed
applying Rietveld Quantitative Phase Analysis (RQPA) [32]. Identifi-
cation of the oxidized compounds of uranium was carried out by using
the information available at the Crystallography Open Database (COD)
[33]. Peak profile refinement was performed by using Pseudo-Voigt
function.

3. Results
3.1. Oxidation of raw materials

In order to assess the oxidation of starting UO; and CroO3 powders,
both have been subjected to a thermal treatment consisting of heating up
to 973 K under a continuous airflow. The weight change curves as a
function of temperature are presented in Fig. 1A, together with the first
derivative of the mass gain curves (Fig. 1B).

The oxidation behavior of powdered UO; is a well-known reaction
[23,34-36]. As previously explained, and as shown in Fig. 1, it consists
of a two-step process involving the oxidized phases of uranium that are
of interest in this study, i.e. (i) UO2—U30y; and (ii) U3O;—U30g. This
reaction is the most usual oxidation for this nuclear material which is in
powdered form, and follows an oxygen diffusion mechanism for the first
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Fig. 1. (A) Weight gain curves and (B) first derivative of the mass gain curves
of starting UO, (black) and Cr,03 (red) powders.

step and nucleation and growth for the second [37-40]. This was veri-
fied by the presence of two peaks in the derivative of the TGA (Fig. 1B).
Regarding CryOs, no significant mass changes have been observed
during the thermal treatment applied, proving its thermodynamic sta-
bility in these conditions [41]. This fact makes possible to calculate the
oxidation of Cr-doped UO, pellets as weight gain by UO, and its asso-
ciated oxidized phases, not including mass changes of CryOs3.

3.2. In-situ oxidation of as-prepared ATFs under different oxygen
concentrations

In the case of sintered pellets, the oxidation mechanism in air (21%
0O) of UO, proceeds in a different way. In this case, the formation of
U307 and U3Og emerges at the same time, giving place to oxidation
curves with only one, well discernable step, while oxygen is diffusing
into the UO, lattice [23,26,42]. The reason relies on the oxidation
mechanism itself, as here the first step of the reaction is a surface re-
action along the grain boundaries found in the surface of pellets. At the
same time that this diffusion is taking place, the grain surface is being
cracked, exposing more UO; to the oxygen [35,43]. When UsOg is
formed, it spalls from the sample surface as a fine powder [23,26,44],
another reason why it is important to study the formation of this phase
from a nuclear safety perspective [27,28]. This pulverization effect has
been confirmed in our samples, as can be seen in Fig. 2.
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Fig. 2. Visual pulverization of the undoped UO, pellet after being oxidized up
to 973 K at 21% O.

This reaction has been studied by means of TGA, using as a charac-
terization parameter the oxygen-to-metal ratio (O/M). This value is
widely used to follow the oxidation reaction of UO5; and for undoped,
stoichiometric uranium dioxide, it is usually expressed as O/U and it
ranges from O/U=2 (UOy) to O/U=2.67 (U30g). In a more generic way,
especially when talking about SNF or doped fuel, it is displayed as O/M,
where M refers to a specific metal or element that wants to be also
analyzed. For this reason, in this work we use the O/(U+Cr) ratio to
follow the reaction of the different ATFs studied.

The O/(U+Cr) ratio is calculated from the weight gain data. For this
purpose, we use the method proposed by Kim et al. for Gd-doped UO,
samples [45]. It has been also applied in other similar fuels, such as in
the work of Olds et al. [46]. We first define the oxygen mass gain, G,, due
to the oxidation in Eq. (1).

Go = My — mi 6))
m;

Being mT the mass of the sample at a given temperature, and m; is the
initial mass. Using this value, the O/(U+Cr) ratio is calculated following
Eq. (2).

0/(U+Cr) =2+ Go(Wy / 16) (2)

where, Wy is the molecular weight of the compound (U;.yCry)O>. As
stated before, different Cr concentrations have been used to obtain the
set of UOy-doped pellets, according to the possible solubility scenarios
(Table 1). In order to calculate the values of y in (U1yCry)O> for each
sample and knowing that the solubility limit of CroO3 in UO; in these
sintering conditions corresponds to approximately 1094+23 ppm of
Cry03 [21], we assume that, for pellets UO2 600Cr,0Os and
UO05_1000Cr303 (Table 1), all the amount of dopant has entered in the
UO; matrix (i.e. 600 and 1000 ppm of CryOs, respectively). Accordingly,
in the case of the sample UO,_6000Cr,03, with Cr content higher than
the solubility limit, we assume that the quantity of dopant here is pre-
cisely 1094 ppm of Cry0s. It has been proved that not all the Cr enters in
the lattice [47,48], nevertheless the impact on the calculation of
0O/(U+Cr) is negligible, given the low solubility of Cr when forms a solid
solution with UOs.

Taking into account these considerations, the oxidation curves of the
UOs-based model samples studied in this work vs temperature are pre-
sented in Figs. 3 and 4, depending on the oxygen concentration used
during the experiments. In both cases, they are plotted as O/(U+Cr) vs
temperature. For each oxidation curve, the first derivative is also

Table 1
Definition of samples, stoichiometry of the solid solution and molecular weight
for the materials studied in this work.

Labeled Material ~ Cr,O; added (ppm)  (Uy,4Cr,)O- Wy (g-mol~1)?
U0, 0 U0, 270.0277
U0,_600Cr,05 600 (Ur4.3310Cr53310)02  269.9006
U0,_1000Cr,03 1000 (Ur%8010Cr5.8010)02  269.8615
U0, 6000Cr,05 6000 (Ur%.9210Cr58210)02  269.8609

# Values calculated from atomic weights of the IUPAC Periodic Table of the
Elements [49].
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Fig. 3. (A) Oxidation curves of the ATFs studied from RT to 973 K in air (21%
05). (B) Normalized first derivative of the mass gain curves.

included, in order to obtain the transition temperatures in all the studied
conditions.

Our results evidenced very different weight gain curves as a function
of the Cr content values and oxygen concentration in gas phase. On the
one hand, regarding oxidation of the samples in air (Fig. 3A and B), the
0O/(U+Cr) values found are around 2.67 in all cases, meaning total
conversion to U3Og. Table 2 shows these ratios. In addition, and also
from these figures, it can be seen that in this case the reaction proceeds
in one single step, as proved by the first derivative curve of the mass
gain. This derivative has been used to calculate the Maximum Reaction
Temperature (MRT), which is the temperature corresponding to the
maximum of this derivative, and it is interpreted as a transition tem-
perature. MRTs are also displayed in Table 2. At 21% O, this parameter
is around 773 K in all cases, a typical value when this thermal procedure
is applied to sintered UO5 samples (see for example MRT for sample F in
Ref. [25] or Fig. 3 in Ref. [46]). A detailed analysis of these values
displays a slightly growth of MRTs with Cr,O3 concentration. However,
the increase in MRT in air is almost negligible, being of around 20 K in
almost the 973 K range covered.

On the other hand, thermogravimetric curves carried out by applying
the same thermal treatment but with only 1% O, present are shown in
Fig. 4A and B. The samples oxidized in these conditions present much
lower O/(U+Cr) values, as none of them reach the aforementioned 2.67,
meaning no complete conversion to U3Og. From the first derivative of
each curve (Fig. 4B), it seems that the single-step reaction is maintained,
in particular for the samples UO, 600Cro03 and UO,_1000Cr203.
However, a local maximum becomes visible for the samples UO5 and
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Fig. 4. (A) Oxidation curves of the ATFs studied from RT to 973 K in 1% O-. (B)
Normalized first derivative of the mass gain curves.

Table 2
Maximum Reaction Temperatures (MRT) and final values of O/(U+Cr) for the
samples studied in the different experimental conditions.

Sample 21% O, 1% O,

(0/(U+Cr))¢ MRT (K) (0/(U+Cr))¢ MRT (K)
U0, 2.66+0.02 768+2 2.59+0.02 823+3
U0,_600Cr,03 2.68+0.02 77442 2.34+0.02 954+4
U0,_1000Cr,03 2.68+0.02 78143 2.35+0.02 943+4
U0, _6000Cr,03 2.67+0.02 789+3 2.53+0.02 898+4

U0O4_6000Cry03, which could be an indicator of the reactions deceler-
ation in these conditions. In fact, numerical data confirms this idea. By
performing the same analysis of the previous case, MRTs are also
calculated from the maximums of the derivative. For the sake of com-
parison, they are included in Table 2. From the results, it can be seen that
the undoped UO; pellet and the one doped with the highest concen-
tration (UO2_6000Cry03) present a maximum temperature between 50
and 120 K lower than the MRTs of the UO5 600Cr,0O3 and
UO,_1000Cro03 samples. The followed trend is consistent with the O/
(U+Cr) values: UO2 < UO0O,.6000Cr03 < U0,.1000Cr,03 ~
U02_600CI‘203.

3.3. XRD analysis of the oxidized pellets

XRD analysis was used to know the amount of U3Og formed in the
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oxidized samples after the thermal treatment at the different experi-
mental conditions. The changes in the composition of oxidized phases in
each of the studied ATFs as a function of the % O could be followed by
applying the RQPA [32]. The different phases of uranium oxides have
been refined considering the next structures and spatial groups: (1) UO,
structure has been taken from the Fm-3 m group (COD database code
1541665); (2) U307 from the spatial group P4mmm (COD 1524454); and
finally, (3) U3Og has been refined according to the C222 group (COD
2310519). The diffraction patterns of these spatial groups are widely
known and have been used previously in the identification of different
oxidation states of uranium [21,40,50-54].

Fig. 5 shows diffraction patterns acquired for the CroO3-doped UO2
samples oxidized up to 973 K. Samples oxidized at 21% Oy (Fig. 5A)
show very similar diffraction patterns, corresponding to U3Og, regard-
less of the Crp,03 doping concentration. A more detailed analysis reveals
that the sample UO3 600Cry03 oxidized in air exhibits a slightly
different profile of diffractogram, since the proportion of UO5 and U307

I UO2 I U307| U3O8

i)

I I \ U0, 1000Cr,0, ]
-\J UO, 600Cr,0, |
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Fig. 5. XRD patterns recorded in the scan range 20-80° of the ATFs after
oxidation of the samples in (A) 21% O, and (B) 1% O,. Pattern B of UO, doped
with 600, 1000 and 6000 ppm of Cr,O3 shows that the oxidation to U3Og has
not been completed and peaks associated with UO, at 32.7° (20), and U305 at
33.1° (20) are present in the pattern.
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after oxidation is slightly higher in this sample (Fig. 6).

On the contrary, the diffraction patterns corresponding to the sam-
ples oxidized at lower oxygen partial pressure (1% O, Fig. 5B), are
dissimilar. For the samples corresponding to 600 and 1000 ppm of
Cry03, the diffraction patterns show the presence of U30; and UsOg,
while the difractograms of samples corresponding to 0 and 60,000 ppm
of Cry03 are consistent with U3Og.

The composition and amount of the oxidized samples studied in this
work is shown in Fig. 6. Regarding the post-oxidation examination of
ATFs oxidized in air (Fig. 6A), almost complete conversion to U3Og is
observed in all the cases, especially in the undoped and in the
U0 6000Cry03 samples, where the transformation is quantitative. In
the rest of the Cr-doped UO, samples, which are those whose Cr content
is below the stoichiometric limit, the amount of UO3 and U3Oy is slightly
higher than the limits of the compositional range in Cr. In fact, in the
UO4_600Cr,03 sample the compositions of U0y and U3Oy are 3.7 and
11.5%, respectively. In the case of the UO,_1000Cry03 sample, these
percentages are 1.9% of UO5 and 2.9% of U3O;. These XRD analyses are
consistent with the thermal results i.e. U3Og formation is practically
quantitative for all cases.

The results of the Rietveld refinement carried out in those samples
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100 .
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Fig. 6. Composition (in percentage) of the crystalline phases quantified by
using the Rietveld refinement method of the samples oxidized at 21% O, (top)
and 1% O, (bottom).
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oxidized following the same thermal treatment but with only 1% O,
present are shown in Fig. 6B. In this case, it is worth highlighting that the
UO, and U30; phases are clearly distinguishable in all the oxidized
samples, i.e. the conversion to UsOg is not complete when the oxygen
content is as low as 1% O,. Analogously to the previous case, here the
undoped and the UO3_6000Cr,03 samples are those in which the pro-
portion of U3Og is the highest, being even higher in the undoped UO,
oxidized pellet. In addition, the samples doped with an amount of Cr
below the solubility limit (UO5_600Cr,03 and UO5_1000Cry03) present
a remarkably greater proportion of the intermediate products UO, and
U30y. It was indeed found that the UO,_600Cr203 sample is composed of
a 34.3% of U307 and a 20.9% of UQ». In the case of the UO5_1000Cr,03
sample, the percentages of these phases are 27.7 and 8.1% of U3O; and
UOy, respectively.

In both cases, the results obtained by applying the RQPA on the
experimental diffraction patterns of the oxidized samples are in agree-
ment with the oxidation curves observed by TGA. Concerning the oxi-
dations carried out in air, the huge majority of U3Og obtained are
consistent with the results obtained by TGA curves (Fig. 3A), as well as
for the experiments performed at 1% O, (Fig. 3B) agree well with the
calculated percentages of each phase. Also in both cases, those samples
doped with Cr below the solubility limit present the highest proportions
of the phases UO and U3Oy. This effect is particularly highlighted in the
case of thermal oxidations at 1% O, which brings to light the contri-
bution of the dopant. This indicates that an optimized composition of Cr
as a dopant in UO;, lattice will slow down the complete conversion from
UO3 to U3Og and the least amount of oxidation will take place lowering
the oxygen content.

4. Discussion

The oxidation behavior of doped UO; nuclear fuels have been pre-
viously studied with other elements, demonstrating the effect of dopants
delaying the formation of U3Og in air, for example Nd and Yb [46], Ce
[55], Th [56], Gd [45,57] and SIMFUEL [58]. On the contrary, our re-
sults show that, in the case of doping with Cr, even the highest dopant
concentration do not mean the highest resistance to the oxidation. It
should be noted that lanthanides and actinides elements have in general
a higher solubility limit than Cr in the UOy matrix, thus allowing a
higher amount of dopant to stabilize intermedium oxides of UO, and
limiting the formation of U3Og [58]. Nevertheless, is of great interest
that even with low quantities of Cr, the effect on increasing grain size of
the pellets is obtained. The microstructural characteristics in UO5 fuel
such as grain sizes, grain boundaries or exposed surface area are known
to influence oxygen diffusion. It was reported in literature that the
oxidation rate shows great dependence on grain size [35,59,60] but does
not necessarily implies that grain size would be the only explanation to
the slowdown of the UO, oxidation. The evidences found here for
samples obtained from the same fabrication process and analyzed under
the same conditions, suggest that over a certain grain size threshold
(affected by Cr levels), the oxidation degree depends strongly on oxygen
pressure, whereas there is little pressure dependence at atmospheric
pressure [23]. Here we study ATFs oxidation in air for the first time,
obtaining that the limited quantity of Cr entering the UO3 matrix has a
negligible effect on the oxidation in air, in spite of the grain size increase
[21].

It is known that the UO; oxidation is a temperature-dependent re-
action and ensuring an inert atmosphere discards any effect during SNF
dry management. However, at what extent temperature and oxygen
concentration would have an impact on the U3Og formation is not
established, being the available experimental data very scarce for the
undoped UO; and inexistent for doped UO,. Our results regarding the
ATFs oxidation at only 1% O are performed in order to provide new
insights in these regard.

The first outstanding result from the oxidation curves at these con-
ditions (Fig. 4A) and the data extracted from the derivative curves
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(Table 2), is that a limited oxygen availability makes the overall reaction
to proceed slower, making possible that the two theoretical steps of the
oxidation of UO, become discernible. This feature has been previously
reported in isothermal oxidations of fuel pellets [61,62], being the first
time that this effect is noticed in thermal treatments as the applied here
(heating from room temperature to 973 K). In fact, and from the best of
our knowledge, no data has been published regarding thermal oxidation
of doped UO; in lower oxygen concentrations than air. With the ATFs
studied here, the maximum quantity of Cr is very limited; even so the
effect of a delayed oxidation is obtained.

From the perspective of the overall reaction, a graphical comparison
between both atmospheres used during the oxidation experiments can
be seen in Fig. 7. In the figure, the extent of the reaction is represented
by the final values of the average O/(U+Cr) ratio, calculated from the
mass gain reached by the oxidized samples [45]. The variation of this
parameter is plotted vs the CryO3 doping concentration. As previously
discussed, the values of O/(U+Cr) in air clearly indicate total conversion
to U3Og, being around 2.67 in all cases. For the sake of comparison,
grain size is added to this plot.

At 1%05 the tendency found in the O/(U+Cr) ratio is the same that
the aforementioned for MRTs, i.e. UO; presents the highest one (2.59
+0.02), UO2_6000Cr203 slightly lower (2.534+0.02), and much lower for
U042 600Cry03 (2.34+0.02) and UO5 1000Cry03 (2.35+0.02). Taking
into account the characteristics of these samples, studied in our previous
work [21], which is the increase in grain size with doping Cr concen-
tration up to the solubility limit (Fig. 7), leads us to think that the effect
of the grain size at low oxygen concentrations (such as 1%0,) could be
significant in the slowdown of the reaction. The tendency found is
analogous for the O/(U+Cr) values obtained when oxidizing the sam-
ples at 1% O, that is the highest ratio is linked to the lowest grain size,
corresponding to the UO2 undoped pellet. The grain size increases with
Cr concentration until a maximum is reached for the sample
UO2_1000Cr203. Grain size here is not too far away from the sample
UO04_600Cr,03, taking into account the uncertainty margins, leading to
similar O/(U+Cr)¢ ratios. Finally, for the sample UO, 6000Cr,03, a
decrease in the grain size is observed, due to the segregation of Cr in
grain boundaries [21]. Accordingly, O/(U+Cr)s ratio increases again.

5. Conclusions

Accident-Tolerant Fuels (ATFs) are a concept that comprises a set of
new technologies of nuclear fuels (including the fuel itself, cladding,
etc.) which provides with increased safety margins during operation,
allowing increasing burnup in the reactor and improving the
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Fig. 7. Final value of O/(U+Cr), calculated from mass gain data, and grain size
of the oxidized pellets versus CroO3 concentration at the different oxygen con-
ditions studied.
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performance of the fuel. One of the shortest-term ATF concepts is doping
standard UO; fuel with elements such as Cr, increasing grain size and
delaying the occurrence of some undesirable processes. Given that these
new fuels are being currently used in some commercial nuclear plants,
its stability at interim storage conditions must be assessed, especially
regarding its oxidation behavior.

It is well-known that lanthanides and actinides doped UO;, fuels are
more resistant to oxidation in air because they provide enhanced sta-
bility to the intermediate oxides. However, the experimental results
presented in this paper indicate that, when the oxidation of a kind of
ATF such as Cr-doped UO;, pellets is performed in air, the transformation
to U3Og is quantitative and no great effect of the dopant is observed, in
spite of the measured grain size, which increases with the doping con-
centration. This is probably due to the low solubility limit of Cr in the
UO, matrix, compared to the quantities of other dopants traditionally
used, such as Th, Ce, La, or SIMFUEL.

This surprising outcome lies in front of the conclusions obtained
when lowering the oxygen concentration. When performing the same
thermal treatment but with only 1% O, present, there is a decrease in the
oxidation degree at the same experimental time, demonstrated in: (1) no
sample reaches total conversion to U3Og for the oxidation time studied
in this work (about 60 min), and (2) this slowdown of the reaction is
more marked in those samples doped with an amount of Cr below the
solubility limit. In this case, this behavior could be related to grain size,
which follows the same tendency that the observed oxidation degree. All
in all, when the oxygen availability is low, the dopant effect, even at very
low concentrations, in the order of ppm, is very marked, conversely to
the previous case.

This fact has direct implications of the storage of this kind of nuclear
fuels after irradiation. In fact, from the results of this study it can be
derived that combining the use of ATFs with a less oxidant atmosphere
during storage (as low as 1% O3) delays the formation of U3Og. This is
the first-of-a-kind study, and these conclusions could be extrapolated to
other dopants.
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