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Increasing the average grain size of fuel pellets by doping them with chromium oxide is one strategy to improve 
oxide nuclear fuels performance. The promoted fission gas retention is thought to improve the performance of the 
fuel at high burnup. In this work, we review models for the solubility of chromium in UO2, and the evolution of 
the chromium phases in the fuel matrix during irradiation. These models are implemented in SCIANTIX, an open-

source mesoscale code describing inert gas behaviour in nuclear fuel. We adjusted the chromium solubility model 
keeping each parameter within its range of compatibility with experimental data, targeting a better representation 
of available electron probe microanalysis data of chromium content in fuel after irradiation. As for fission gas 
behaviour, we considered a physics-based description of the chromium impact on the fission gas diffusivity in 
fuel grains. The expression for the fission gas diffusivity in standard non-doped uranium oxide has been extended 
by introducing the impact of the concentration of defects introduced by interstitial oxygen excess representing 
the effect of chromium content in the fuel itself. A preliminary integral assessment of the proposed models has 
been carried out against the available experimental data.
1. Introduction

Accumulation of fission products, particularly fission gases, is among 
the primary causes limiting the performance of the UO2 fuels due to 
deteriorating safety and operational margins at high burnup [1]. Dur-

ing the reactor operation, fission gases (mainly Xenon and Krypton) are 
generated in the fuel pellets and partly released into the free volume 
of the fuel rod. The accumulation of the released fission gases in the 
rod free volume leads to an increase in the rod internal pressure [2,3]. 
Meanwhile, the gap conductance lowers due to the poor conductivity 
of the gaseous fission products in comparison to the initial helium fill 
gas. This leads to higher fuel temperature and, consequently, higher 
Fission Gas Release (FGR), creating a feedback loop. Thus, FGR is a 
life-limiting factor for the fuel rod and is enhanced at extended bur-

nup and during power ramps [3–7]. A possible solution for controlling 
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the rising FGR with burnup consists in modifying the initial fuel mi-

crostructure during the manufacturing process by using some additives 
that promote the crystalline growth of the fuel grains during sintering 
[2]. Such alteration of the initial fuel microstructure modifies the diffu-

sion phenomena inside the fuel pellets, leading to an increased effective 
retention of the fission gas.1 Among the numerous additives considered 
[8], chromium oxide appears as one of the most promising, since most 
of the thermal-mechanical properties of the unirradiated Cr2O3-doped 
fuel are fundamentally the same as the UO2 fuels, such as thermal dif-

fusivity and melting temperature [9].

Besides the enhanced fission gas retention, the increased average 
grain size, which was detected up to 7 times greater than the undoped 
fuel one [10], i.e. up to 50 μm of grain radius, also leads to a reduction in 
the strength of the fuel, increasing the pellet-cladding mechanical inter-
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retention, as the reduction of grain boundaries prevails the effect on intragranular g
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Fig. 1. Backscattering electron micrographs of the 1000 wppm Cr2O3-doped UO2 samples heated at 1465 ◦C (f), and 1655 ◦C (g) temperatures for 10 h. The right 
figure shows the typical large grains that characterize chromium-doped fuels. Figure taken from the work by Silva et al. [10].
action (PCMI) margins [11]. An example of this modified microstructure 
is shown in Fig. 1.

During fabrication, chromium oxide is typically added, as a powder, 
to UO2 powder in quantities of around ∼1000 wt. ppm, which is then 
sintered at high temperature (1600–1800 ◦C) under a controlled atmo-

sphere [12]. It is convenient to limit dopant content to the solubility 
limit to minimize the potential impact on other materials and neutronic 
fuel properties while maintaining the benefits of large grains. In fact, 
Chromium is a neutronic absorber, hence it could be combined with 
Aluminium, during the sintering process, to reduce this effect [13]. In 
this way, in the final product, chromium can be found mostly in a solu-

ble fraction in the solid solution in UO2 and, minimally, in an insoluble 
fraction as separate Cr oxide precipitates [14].

In this work, we review the chromium solubility model proposed 
by Riglet-Martial et al. [15], optimizing it to better reproduce available 
Electron Probe Microanalysis (EPMA) data [16], together with simple 
modelling of chromium phase evolution during irradiation based on the 
work by Curti and Kulik [17]. Then, a new description of the fission gas 
diffusion coefficient is derived, based on defect concentration induced 
by doping, consistent with the recent work by Murphy et al. [18].

All models are implemented in SCIANTIX, a meso scale 0D code [19]

dedicated to a mechanistic description of fission gas behaviour. Lastly, 
a separate-effect comparison with experimental data is performed, for 
all models proposed. An integral assessment is discussed, considering 
results obtained with the Fuel Performance Code (FPC) TRANSURANUS 
[20] coupled with SCIANTIX [21].

2. Methods

2.1. Solubility and phase evolution models

A solubility model for Chromium in UO2 was proposed by Riglet-

Martial [15]. Due to the lack of experimental information in the liter-

ature in some key areas of the Cr - O phase diagram [22], additional 
measurements were collected by authors to obtain a full description of 
the system in the whole range of temperature and oxygen partial pres-

sure PO2
relevant to nuclear fuels. Four phases are highlighted in the 

phase diagram:

• Cr2O3(s)

• Cr3O4(s)

• CrO(l)
2

• Cr(s)
The phase Cr3O4(s) is neglected since it is characterized by a small area in 
the phase diagram. In addition, authors also report that the CrO(l) phase 
(oxidation state +2) is still hardly evidenced, due to its narrow stability 
area only at high temperature. Moreover, experimental synthesis of pure 
CrO(l) phase encounters difficulties when trying to accurately adjust and 
maintain the sintering parameters during the whole process [15]. For 
these reasons, and since the stability region of CrO(l) is defined by con-

ditions of oxygen potentials and temperature far from typical reactor 
operating conditions, this phase was neglected in the implementation 
of the solubility model in the SCIANTIX code.

As a result, a simplified solubility thermodynamic model has been 
developed combining all the relevant experimental data. The solubil-

ity law was obtained by thermodynamics considerations, leading to the 
following formula:

log10(yCr) = q log10(PO2
) + V + U

T
(1)

where yCr is the chromium solubility, PO2
is the oxygen partial pressure, 

T is the temperature, V and U are coefficients coming from the lineariza-

tion of the Gibbs’ free energy and q is a function of the stoichiometry of 
the soluble species. Coefficients were determined by fitting the exper-

imental data, leading to solubility laws for oxide and metal phases as 
shown in Fig. 2.

The oxygen potential has a primary role in determining the stable 
chromium phase at a certain temperature. Few studies have been carried 
out to model from a thermo-chemical perspective and accounting for the 
FP evolution in the LWR fuel behaviour to determine oxygen potentials 
and its variation during irradiation [24] [25] [17]. In the last work, 
Curti and coauthors focus on the accurate thermodynamic description 
of chromium-doped fuel systems. The final model calculates complete 
thermodynamic equilibrium in a conventional or Cr-doped UO2 fuel rod 
irradiated in a PWR, using detailed model inventories with a defined 
average burnup. It includes, besides stoichiometric solids and ideal gas, 
a complex UO2 solution with U5+, Cr3+, Pu, minor actinides and lan-

thanides as minor solutes, a quinary (Mo, Pd, Rh, Ru, Tc) solid solution 
representing 𝜖-particles, a binary (Ba, Sr)ZrO3 solid solution represent-

ing a very simplified “grey phase” [17]. The main results of this work 
are the thermodynamic equilibrium calculations for PWR Cr-doped UO2
fuel with 60 GWd/tHM burnup.

Curti and coauthors found that, between 400 ◦C and 1400 ◦C, the 
speciation of chromium is dominated by a separate pure Cr2O3(cr) phase. 
While, for higher temperatures, a phase transition between the oxide 
phase and the metal one is observed. The phase exchange between Cr -

Cr2O3 was modelled with the following function
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Fig. 2. Variation in the solubility of chromium in UO2 as a function of the temperature: insoluble phase Cr2O3(sc), in blue, and insoluble phase Cr(sc), in red. 
Experimental values, taken from the work of Riglet-Martial et al. [15], are reported in green for the Cr2O3(sc) phase and in black for the Cr(sc) phase. Note that the 
highest value for the Cr(sc) solubility in UO2 is reported without the error bars since it is old data by Une et al. [23]. The data point is reported for completeness, 
but the discrepancy from the larger data set from Riglet-Martial is obvious and might be considered an outlier. (For interpretation of the colours in the figure(s), the 
reader is referred to the web version of this article.)

Fig. 3. Radial temperature profiles and concentration profiles of chromium measured by EPMA for the two ramp tests. On the left, sample one, undergoing a lower 
temperature ramp (up to ∼ 2000 ◦C) and, on the right, sample two, undergoing the higher temperature ramp (up to ∼ 2200 ◦C). Figure taken from the work by 

Riglet-Martial and coauthors [16].

f(T) = 1 − exp(C1(T - C2)) (2)

where C1 and C2 are appropriate coefficients, and f(T) describes the 
molar fraction of Cr; then the molar fraction of Cr2O3 is obtained by 
subtracting f(T) from 1. The effect of the burnup is taken into account 
considering that:

• An higher burnup and, thus, a higher production of FPs, would 
make the phase transition faster

• At the beginning of the irradiation life, the function should be a 
horizontal straight line since no phase transition is in place

In this way, it is possible to take into consideration how the presence 
of FPs can remove oxygen from chromium oxide molecules [26]. This is 
done by weighting the end-point of the function, represented by C2 , by 
the burnup. Thus Eq. (2) becomes:{

f(T,B) = 1 − exp(C1 T - (C2 - 400 (B-60)/60) C1) B > 60
f(T,B) = 1 − exp(C1 T - (C2 - 1000 (B-60)/60) C1) B < 60

(3)

where B is the burnup GWd/tHM. The value of 60 GWd/tHM is the same 
3

as reported by Curti and coauthors [17] in their equilibrium calculation 
and indicates how we vary the phase exchange function with respect to 
their calculations.

The chromium content in the UO2 lattice depends on both phase 
distribution and solubility laws To increase the fidelity of the above-

proposed models an optimization process was performed against exper-

imental data by Riglet-Martial et al., [16], that are shown in Fig. 3. 
Only the solubility law of Cr(sc) was optimized, together with the phase-

change function, since this law was obtained by less experimental data 
concentrated in a small temperature region. On the other hand, the solu-

bility law for the oxide phase was considered reliable, given the greater 
availability of experimental data [12]. This optimization process aims 
to properly describe the amount of chromium in the lattice for different 
temperatures and burnup conditions. In addition, acting only on the U, 
and V parameters is possible to account for different fabrications that in-

fluence the oxygen partial pressure. From these results some conclusions 
can be drawn:

• In the low-temperature range of the pellet, between the periphery 
and the radial position that reached approximately a temperature 
value of 1400 ◦C, the soluble fraction of chromium in the UO2 ma-
trix is measured around a constant value of 0.1 wt% Cr, independent 
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ratu
Fig. 4. Comparison between the solubility model from lite

Table 1

Parameters value obtained from the optimization pro-

cess compared with nominal ones. The U and V coeffi-

cients refer to the solubility law for the Cr metal phase.

Quantity Nominal values Optimized values

U (J/mol) 28160 22989.0

V (J/K mol) -6.0760 -5.9483

C1 (-) 0.0050 0.0017

C2 (-) 1800 1502

of temperature. The chromium fraction in excess is found as precipi-

tate in UO2 as an oxide secondary phase. The chromium speciation 
(both soluble and insoluble forms) in the cold section of the rod 
is comparable to the one recorded on a pre-irradiated rod of the 
same type under nominal operating conditions (with temperatures 
between 500 ◦C and 1000 ◦C).

• In the intermediate-temperature range of the pellet, between the 
radial position that reached 1500 ◦C and the one that reached 
1620 ◦C in sample 1 and 1790 ◦C in sample 2, the soluble fraction 
of chromium in UO2 decreases significantly down to the range of 
0.04 wt% - 0.06 wt% and, thus, abundant precipitation of metallic 
chromium is found as a secondary phase

• In the high-temperature range of the pellet, between the radial po-

sition that reached 1620 ◦C in sample 1 and 1790 ◦C in sample 2 
and the centre of the pellet, the soluble fraction increases up to val-

ues in the range of 0.06 wt% - 0.09 wt%. Abundant precipitates are 
still observed.

It should be emphasized that the data are highly dispersed, and the con-

siderations made about the average trend must take this uncertainty 
into account. This uncertainty is probably related to the experimental 
technique used for the experiment (EPMA), considering that the dopant 
concentration is quite low.

The aim was to reproduce the sudden decrease in the chromium con-

tent above ∼1450 ◦C. Optimization was carried out only on the Cr phase, 
as this is the one for which less experimental data are available and 
about which there is therefore more uncertainty. Results are shown in 
Fig. 4.

The results obtained downstream of the optimization process sug-

gest a faster transition between Cr2O3(sc) and Cr(sc) and lower solubility 
of the Cr(sc) phase. Parameters of the optimized models are shown in 
Table 1.

2.2. Fission gas diffusivity model

FGR is a complex multi-step process [27] [28] [29] [30]:

1. FG is produced by fissions in the bulk UO2 lattice, where unper-
4

turbed diffusion occurs.
re [15] and the optimized one against experimental data.

2. trapping of the insoluble gas in intragranular bubbles and its resolu-

tion back into the lattice by irradiation occurs and can be assumed 
to rapidly reach equilibrium under most conditions of practical in-

terest.

3. the resultant concentration of gas in the bulk diffuses to the grain 
boundaries (with the diffusion rate during equilibrium trapping and 
resolution captured by an effective diffusion coefficient) and forms 
inter-granular bubbles.

4. growth of the inter-granular bubbles leads to fuel swelling, bubble 
interconnection, and gas release upon the formation of percolating 
pathways to a free surface.

Due to considerations about chromium precipitates at the grain bound-

ary, and considering that the probable chromium concentrations of 
commercial interest are rather low (∼1000 - 1200 ppm) [10], the ef-

fect of precipitates on intragranular diffusion was neglected. It may be 
relevant only in the case of doping with large concentrations [31], con-

sequently, the only effect related to grain boundaries is their reduction, 
since the doped fuel has larger grains. In this work the focus is on the 
intra-granular gas behaviour, which is controlled, among other factors, 
by the grain size and the gas diffusivity. The fission gas diffusivity for 
undoped UO2 is given by the Turnbull model [32]:

D = D1 + D2 + D3 (4)

𝐷1 = 7.6 ⋅ 10−10 ⋅ exp(−4.86 ⋅ 10−19∕(𝑘𝐵𝑇 )) (5)

𝐷2 = 5.64 ⋅ 10−25
√
�̇� ⋅ exp(−1.91 ⋅ 10−19∕(𝑘𝐵𝑇 )) (6)

𝐷3 = 8 ⋅ 10−40�̇� (7)

where D1, D2, and D3 represent the intrinsic, irradiation-enhanced, and 
athermal contributions to fission gas diffusivity, respectively [33]. Ac-

cording to the fact that the equilibrium between Cr2O3 and Cr occurs 
at an oxygen potential that is commensurate to a hyperstoichiometric 
UO2+x fuel, as found in the work by Cooper [27], this formula was modi-

fied by adding a term accounting for uranium vacancy excess, retrieving 
a formulation discussed in many works, e.g. [32] [34]:

D4 = h2 jV VU (8)

where h is the interatomic jump distance (m), jV the vacancy jump rate 
(-), and VU the vacancy induced by doping.2 Assuming that Cr atoms 
enter interstitial sites in the UO2 lattice and are ionized to a trivalency 
of +3, the lattice defect equilibrium is expressed by

2 This is also how the stoichiometry deviation is treated in SCIANTIX, starting 
from the model from Carter and Lay [35] and Massih [36]. Thus, in this work, 
we neglect the effect of non-stoichiometry, which may be relevant if samples are 
non-perfectly stoichiometric because even very small deviations in stoichiome-

try can significantly impact uranium vacancy stability. This may also be related 

to the exact oxygen partial pressure during fabrication.
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Fig. 5. Diffusion coefficients from this work, compared to the standard undoped one and the one derived by Cooper and coauthors [27]. It is highlighted the amount 
of chromium oxide, in wt ppm, used to dope the UO fuel.
2

2Cri + 3/2O2 (gas) ⟷ 2 Cri
3+ + 3Oi

2− (9)

Thus the concentration of Oi
2− interstitials is approximated by3

[Oi
2−] = 3

2
[Cri

3+] (10)

When considering the Frenkel and Schottky equilibria, the following 
equations hold in the three kinds of defects of Oi, VO and VU:

[Oi][Vo] = K1 (Frenkel defects) (11)

[Vo]2[Vu] = K2 (Schottky defects) (12)

where K1 and K2 are the equilibrium constants for the reactions of the 
defects. Hence, the uranium vacancy concentration is expressed by

[VU] =
(
3
2

)2(
K2

K1
2

)
[Cr3+]

2
(13)

In which it is assumed that all the oxygen introduced as chromium-oxide 
in the fuel is retained in interstitial positions, leading to the formation of 
an equal number of oxygen vacancies. Another possibility, according to 
the work by Murphy et al. [18], is to consider one single oxygen vacancy 
per chromium atom in the lattice, leading to the following expression

[VU] =
(

K2

K1
2

)
[Cr3+]

2
(14)

The results of calculations are shown in Fig. 5. It must be stated 
that the uncertainty associated with the intra-granular (lattice) gas atom 
diffusion coefficient appearing plays an important role in limiting the ac-

curacy of Fission Gas behaviour (FGB) predictions. White and Tucker [7]

postulated that the main cause of the observed discrepancies between 
the model and experiment in terms of FGR lay in the uncertainties in 
the lattice diffusion coefficients. Matzke [37] demonstrated a scatter 
of about two orders of magnitude, depending on the considered tem-

perature, between different experimental data sets. In fact, a factor of 
100 was considered also by Pastore and coauthors [38] to make a sen-

sitivity analysis on FGR. Therefore, the comparison presented must be 

3 Given that the system is near-stoichiometric and the electron-hole formation 
energy is much smaller than the oxygen Frenkel energy, the formation of couples 
[e−]=[h+] should be the major charge balance mechanism. However, due to the 
high temperature regime considered, the formation of Frenkel defects still has 
an impact on diffusion mechanisms and, in this approximation, it is considered 
5

as the main mechanism.
considered qualitatively, noting that the correction is considerable at in-

termediate temperatures and that it is associated with a physical process 
of creating uranium vacancies.

2.3. TRANSURANUS-SCIANTIX fuel performance simulations

Due to the relatively small concentration of chromium in UO2
(∼1000 wt. ppm), many standard undoped UO2 properties are expected 
to remain similar in the doped UO2. Arborelius et al. found that ther-

mal properties are comparable to ones of undoped UO2 [9]. Therefore 
standard TRANSURANUS model for thermal conductivity is considered 
[3]. Authors also note that Cr + Al-doped UO2 has the same thermal 
expansion as UO2 [9]. Therefore, the standard TRANSURANUS UO2
thermal strain model [39] was adopted for Cr-doped UO2. On the other 
hand, dedicated routines implemented in TRANSURANUS for Cr-doped 
UO2 were selected concerning the fuel cracking [40] and the thermal 
creep [41] [42]. In SCIANTIX, the grain growth of standard UO2 due 
to the high temperatures can be characterised by selecting the grain 
growth model by Ainscough et al. [43] or the one by Van Uffelen et 
al. [44]. Moreover, these models contain parameters calibrated for non-

doped small-grain fuel and, in addition, both models would not lead 
to significant grain growth due to the large initial grain size of doped 
UO2 (∼40–70 μm). This behaviour is expected due to the stability of 
large grains. For this reason, it was decided to not consider them. Thus, 
the simulation considered constant-size fuel grains, neglecting the grain 
growth.

As for the other SCIANTIX settings, the standard ones are used, ex-

cept for the chromium solubility and the fission gas diffusion coefficient, 
for which the models developed in this work are considered.

3. Results

3.1. Separate-effect experiments

In this section, results are compared with two separate-effect exper-

iments. The comparison between results obtained with the Cr-solubility 
model implemented in SCIANTIX and experimental data by Riglet-

Martial et al. is presented in Fig. 6. The added value of the optimized 
model compared to the standard one is the capability of reproducing the 
rapid decrease in chromium content. In contrast, the calculated results 
have a different trend in the high-temperature region (purple colour in 
Fig. 6); this can be attributed to the fact that the optimized laws have a 

monotonic trend in temperature.
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Fig. 6. Comparison between the experimental data from the work by Riglet-Martial and coauthors [16], in blue, results obtained with the optimized model, in red and 
results obtained from the model with nominal parameters, in green. Three regions are highlighted: the green one, representing the area in which chromium solubility 
is independent of the temperature, the yellow one, in which a sudden decrease of the chromium in the lattice is observed, and the violet one, where an increase in 
the chromium content is observed. The grey area represents the uncertainty related to the dispersed experimental data. Note that data related to experiment 1 stops 

at a lower temperature, due to different experimental conditions.

In addition, results obtained with the new model for the diffusion 
coefficient implemented in SCIANTIX are compared with FGR experi-

mental data by Killeen [31].

The author considered six small cylindrical samples, 2.1 mm diam-

eter by 10 mm long, prepared with 2% enriched UO2 pellets by cutting 
and centreless grinding. Three of the samples were undoped and the 
other three were prepared from material that had been sintered using 
0.5 wt% (5000 ppm) of Cr2O3 as a dopant. Both sets of samples were 
prepared from the same original batch of UO2 powder, the dopant being 
added only to one portion of this material.

The grain size obtained at the end of the process was 6 μm for the 
undoped sample while for the doped one is in the interval 50 - 55 μm. 
Samples were electrically heated at a nominal temperature of 1460 ◦C 
and irradiated in a neutron flux of 3.3 ⋅1017 n m−2 s−1. The samples 
were irradiated in pairs, with a reference sample and one doped sample 
in each pair, to three differing burnups, 0.14% FIMA, 0.30% FIMA, and 
0.45% FIMA. After irradiation, the quantity of 85Kr released into the 
capsules from each specimen was measured.

The comparison between the results obtained with the new diffusion 
coefficient and the experimental data is shown in Fig. 7, showing good 
agreement in the results. It should be understood in a purely qualitative 
sense because of the limited experimental data and the high uncertainty 
of the diffusion coefficient.

In addition, it may be noticed that the FGR calculated in SCIANTIX 
6

is zero up to a certain threshold. This behaviour is related to the inter-
Fig. 7. Comparison of FGR values obtained with the diffusion coefficient derived 
in this work, in red, experimental values, represented with black dots, and their 
interpolation, in blue [31].

granular fission gas model implemented in SCIANTIX, which causes the 
gas arriving from the grains to accumulate at the grain boundary un-

til a threshold value of fractional coverage is reached [30]. A further 
improvement may come from the implementation of a model for the 
athermal release, accounting for a partial release before saturation in 

grain boundary [45].
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Fig. 8. Comparison between FGR as a function of rod irradiation time for IFA-677.1 Rod 1: in blue the experimental data, in black results obtained in this work with 
TRANSURANUS coupled with SCIANTIX considering the new diffusion coefficient for gas diffusion, in yellow results obtained with TRANSURANUS coupled with 
SCIANTIX using the diffusion coefficient by Turnbull [33], in green results obtained with TRANSURANUS stand-alone, and in purple results obtained with BISON 
from the work by Cooper and coauthors [27]. The Linear Heat Rate values are also reported, in light grey, in the background.
Table 2

Fabrication characteristics of IFA-677.1 Rod 1.

IFA-677.1 Rod 1

Cladding material Zircaloy-4

Fuel material UO2 with additives

Fill gas He

Total rod length (mm) 456.0

Total active fuel stack length (mm) 398.6

Drilled active section length, top (mm) 109.2

Drilled active section length, bottom (mm) 109.7

Pellet inner diameter, drilled sections (mm) 1.8

Pellet outer diameter (mm) 9.13

Diametral gap (μ) 170

Cladding thickness (mm) 0.725

Cladding outer diameter (mm) 10.75

Free volume (cm3) 5.34

Fill gas pressure (MPa) 1.35

Fuel Cr2O3 content (ppm) 900

Fuel Al2O3 content (ppm) 200

Fuel U-235 enrichment (%) 4.94

Initial fuel density (kg/m3) 10690

Fuel average grain radius (μm) 28

3.2. Integral assessment

Few experimental data regarding chromium-doped fuel are available 
in the literature. In the following it is presented the description of Rod 
1 from the Instrumented Fuel Assembly (IFA) 677 that was irradiated in 
the OECD Halden Boiling Water Reactor (HBWR) [46].

The High Initial Rating Test IFA-677.1 was performed with the aim of 
investigating the performance of modern fuels subjected to high initial 
rating with respect to thermal behaviour, dimensional changes (densifi-

cation and swelling), FGR, and PCMI. All rods were instrumented with 
pressure transducers and fuel centreline thermocouples on both ends. 
The test was loaded in the HBWR in December 2004 and completed six 
cycles of irradiation under HBWR conditions in September 2007, achiev-

ing a rig average burnup of ∼ 26.3 MWd/kgUO2.

IFA-677.1 Rod 1 contains UO2 doped with 900 ppm of Cr2O3 and 
200 ppm of Al2O3. Fabrication characteristics of the rod considered in 
this work are illustrated in Table 2 [47] [48].

The new model for the gas diffusion coefficient has been fully im-

plemented in SCIANTIX [19]. SCIANTIX receives input temperature 
7

history, fission rate, fuel hydrostatic stress, and fabrication data, then 
performs a 0D simulation of the fuel behaviour. The comparison of the 
predicted gas releases with the experimental results is crucial to assess 
the accuracy of the model. Results obtained with TRANSURANUS stand-

alone and TRANSURANUS coupled with SCIANTIX are also shown, high-

lighting the added value of SCIANTIX models.

The calculated FGR as a function of rod irradiation time is shown in 
Fig. 8 along with the measured data (which are inferred from the inner 
rod pressure on-line measurement) and with BISON prediction [49], that 
are present as a comparison.

One can clearly see the contribution of SCIANTIX models, which al-

low for a more physical description of FGB, with sudden increases in 
conjunction with power ramps. This is possible through different models 
for intra-granular gas diffusion, with different trapping, resolution rates 
[50], and intra-granular bubble evolution [51] and grain boundary mi-

crocracking [52]. Thus, results obtained with TRANSURANUS coupled 
with SCIANTIX are considered as references and are described in the 
following.

FGR is well predicted during the first 300 days, which corresponds 
to a burnup of ∼17 MWd/KgU. After that, FGR is underpredicted, with 
the calculated value at the end of life being 10.3% and the experimental 
value being 22%.

As a comparison, BISON underpredicts less during irradiation but 
reaches a similar value after the last cycle. Two main spikes in the FGR 
behaviour are identified in correspondence of the two power ramps, in 
the simulation they are present qualitatively but there is a discrepancy of 
up to a factor 2, which can be considered acceptable, given the inherent 
modelling uncertainties for FGR [38].

4. Discussion

The previous section showcased simulations of separate-effect ex-

periments and an integral case. The results obtained through EPMA in 
the work by Riglet-Martial at al. [16], which are used to optimize the 
Cr-solubility and phase evolution models, can be well reproduced by 
the new model. However, this approach is limited and does not allow a 
proper understanding and description of the behaviour of chromium in 
the UO2 lattice during irradiation.

To address these limitations, the implementation of a surrogate 
model for describing the Cr-U-O phase diagram, obtained through CAL-

PHAD calculations [53], is a future development of potential interest for 

the SCIANTIX code.
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Fig. 9. Comparison between FGR as a function of rod irradiation time for IFA-677.1 Rod 1: in blue the experimental data, in black results obtained in this work with 
TRANSURANUS coupled with SCIANTIX considering the new diffusion coefficient for gas diffusion, in red results obtained increasing the LHR by 5%. The Linear 
Heat Rate values are also reported, in light grey, in the background.
Regarding the experimental results obtained by Killeen [31], since 
the sample considered in this experiment was doped with a large amount 
of chromium (5000 ppm), well above the solubility limit, there might be 
an effect of reduced intergranular diffusion, due to chromium precipita-

tions at grain boundaries. This could explain why the model predictions 
are slightly higher than the experimental data.

The key aspect that one is able to capture, going from a simulation 
with standard-size fuel grains (∼ 5 −7 μm) to one with bigger-size grains 
(∼ 50 μm), is that the FGR begins later and continues more gently during 
the irradiation time. This is explained by the lower surface-to-volume 
ratio S

V
: saturation at grain boundaries occurs earlier, due to the pres-

ence of fewer grain boundaries, as a direct result of larger grains. Thus, 
grain boundaries are less able to store FGs in fuel with bigger grains.

At the same time, this is counterbalanced by the greater distance to 
travel for each gas atom, which causes the release to proceed at a slower 
rate, ultimately leading to greater retention of FGs, resulting in reduced 
pressure in the fissure/plenum but greater gaseous swelling.

For what concerns the integral assessment, it can be seen that the 
impact of the new model is limited on the overall fuel performance anal-

ysis,4 but it paves the way for a more refined analysis of the diffusivity 
variation (e.g., by using defect balance equation or through an evalu-

ation of the microstructure of the doped fuel from the complete phase 
diagram analysis).

In addition, downstream of a sensitivity analysis, the discrepancy in 
the FGR results can not be explained by uncertainty on input quantities. 
As an example, a typical factor of uncertainty in power in the Halden 
reactor was considered (5%) and results obtained are shown in Fig. 9. 
One can clearly see that this uncertainty factor for the power is not 
sufficient to influence FGR results. The explanation for this discrepancy 
is to be found in the physical models describing the behaviour of gas 
in the fuel, in the uncertainty about the diffusion coefficient, and in the 
possible decreased capability of grain boundaries to store fission gas due 
to the presence of chromium precipitates at grain boundaries.

4 Note that only the diffusion coefficient that considers one oxygen atom in 
interstitial position per Chromium atom in the lattice is plotted, as more con-

sistent with the results obtained in the experimental work by Murphy et al., 
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[18].
5. Conclusions

Chromium-doped fuels are among the most promising innovative 
nuclear fuels under investigation. As proven by the most recent devel-

opments, their main advantage is that they allow higher burnups to be 
achieved, due to higher fission gas retention, thanks to larger grains. 
Another potential advantage, which is still being investigated, includes 
the possible delay in developing the High Burnup Structure [54].

The current work aims to properly describe the chromium-UO2 sys-

tem relying on physics-based modelling of chromium solubility and 
diffusion coefficient, with a specific focus on Fission Gas Release.

An analytic formulation has been derived for the solubility of 
chromium in the UO2 and a simple formulation to account for the phase 
evolution during irradiation. The solubility model was then optimized 
to reproduce the few experimental data available better, targeting the 
decrease in chromium content in the lattice at intermediate tempera-

ture. It should be emphasized that further developments are needed to 
correctly describe the behaviour of chromium in the UO2 lattice at high 
temperatures.

Concerning the gas diffusivity, the standard diffusion coefficient has 
been modified in order to consider the effects of chromium in the lattice. 
An approach based on defect concentration was developed. All proposed 
models were implemented in the mesoscale code SCIANTIX.

The consistency of each model has been verified separately with ex-

perimental data, and a preliminary integral assessment has been carried 
out. The results of the comparison with experimental data highlight the 
fundamental behaviour of a fuel with large grains: an earlier release 
is observed, due to faster grain-boundary saturation, despite the lower 
overall release values, consistent with the longer gas diffusion distance.

The FGR results show a discrepancy with respect to experimental 
data comparable with the typical uncertainties associated with FGR, 
which is the combination of different phenomena. Further work is 
needed, for example to examine in more detail the potential changes 
at the grain boundaries or the grain growth and restructuring in high 
burnup fuel doped with Cr. Moreover, a lack of knowledge about some 
specific behaviours of the dopants may be overcome through new ex-

periments to evaluate the dopant effect on fuel property.
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Appendix A. Optimization of Cr-solubility model

The optimization process carried out for the solubility model and 
Cr phase evolution during irradiation refers to 5 parameters. Since 
chromium solubility in the lattice was derived to be

log10(yCr) = q log10(PO2
) + V + U

T
(A.1)

and experimentally it was found that solubility is a fixed quantity be-
9

low a certain temperature. Thus the parameters selected are U, V, and 
Table A.3

Parameters value obtained from the optimization 
process compared with nominal ones.

Quantity Nominal values Optimized values

U (J/mol) 28160 22989.0

V (J/K mol) -6.0760 -5.9483

Tmax (◦C) 1500 1448

C1 (-) 0.0050 0.0017

C2 (-) 1800 1502

Tmax, representing the temperature beyond which the solubility starts 
to behave according to Eq. (A.1). Regarding the evolution of the phases 
during irradiation, it was described according to the following formula

f(T) = 1 − exp(C1(T − C2)) (A.2)

Hence, the other two parameters selected are C1 and C2. The optimiza-

tion process is performed by random sampling values of the parameters 
in ranges centred around their nominal value. The number of trials is 
10000 in order to have good statistics. The results in terms of chromium 
content in the lattice are compared with experimental data, considering 
the difference normalized by the nominal value, and the best coefficients 
are chosen. Representative maps are shown in Fig. A.10, Fig. A.11, and 
Fig. A.12. Local minimum can be identified for the first two maps, ev-

idencing the fact that there are specific parameters that minimize the 
error with respect to the experimental data, while in Fig. A.12 it can 
be seen that the results are not influenced by the values of Tmax. This 
is reasonable since this parameter simply shifts the point at which the 
solubility model itself starts acting.

The final values used in the model implemented in SCIANTIX, com-

pared with nominal values, are reported in Table A.3. Note that only one 
nominal value is given in the table, although in reality, there would be 
two since there are two phases. However, for simplicity, the optimiza-
tion was done considering only one phase.
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Fig. A.11. Map of U and V coefficients with respect to the residual.
10

Fig. A.12. Map of Tmax coefficient with respect to the residual.
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