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Oxidation behavior of Ce and Gd doped (U,Zr)O2

Yifan Sun1,2 ∗, Shiho Watanabe2, Hiroaki Muta2, Yuji Ohishi2 and Ken Kurosaki1,3 †

1 Institute for Integrated Radiation and Nuclear Science, Kyoto University, Japan;

2Graduate School of Engineering, Osaka University, Japan;

3Research Institute of Nuclear Engineering, University of Fukui, Japan;

Re-criticality analysis of the fuel debris at the Fukushima Dai-ichi Nuclear Power Plant is

the key step to ensure the safe retrieval and storage of the fuel debris. Knowledge on the

amount and distribution of Pu and Gd within the fuel debris greatly contributes to such

analysis as they directly affect the fission chain-reaction. However, not much is known

about how Pu and Gd doped (U,Zr)O2 solid solutions oxidizes and whether a Pu/Gd-

concentrated phase will form. In this study, CeO2 was used as a surrogate material for

PuO2. We fabricated (U,Zr,Ce)O2 and (U,Zr,Gd)O2 solid solutions and heated these sam-

ples in air at 1073 K for two hours. Samples doped with 5 mol% Ce and Gd only showed

a single orthorhombic-U3O8 phase after oxidation, and the XRD peak intensity of the or-

thorhombic phase decreased with the amount of dopant added. For (U,Zr,Gd)O2, its phase

transformation with further oxidation is found to be cubic-(U,Zr,Gd)4O9 → orthorhombic-

(U,Zr,Gd)3O7 → orthorhombic-(U,Zr,Gd)3O8. Based on SEM/EDS images, we concluded

that Ce (Pu’s surrogate) and Gd are uniformly distributed in the (U,Zr,RE)O2 (RE=Ce,

Gd) samples after oxidation.

Keywords: Severe accident; Fuel debris; (U,Zr)O2; CeO2; Gd2O3; Re-critically analysis
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1. Introduction

On March 11th, 2011, the Tsunami following the Tohoku earthquake led to a power

loss at the Fukushima Dai-ichi Nuclear Power Plant (1F), causing Units 1-3’s reactor pres-

sure vessels (RPV) to overheat due to the loss of coolants. As temperature elevates, UO2

fuel pellets, Zircolay fuel claddings, control materials, as well as other metallic compo-

nents melted, penetrated the bottom of the RPV, and reacted with the concrete pedestal

supporting the RPV[1,2]. The retrieval of these solidified fuel debris is an important step

for decommissioning 1F.

Before debris retrieval takes place, it is necessary to understand the composition

and thermophysical/mechanical properties of the fuel debris. Studies from the TMI-2

accident[3, 4] and molten core concrete interaction (MCCI) simulations[5, 6] found that

(U,Zr)O2 solid solution is the major oxide component of the fuel debris. The physical

properties of the (U,Zr)O2 solid solution, various Fe/Zr containing alloys, and MCCI

products have been clarified in recent years[7–18]. On the other hand, re-criticality due

to the presence of Pu/Gd and the sudden fragmentation or relocation of the fuel debris

during retrieval is a major concern during decommissioning[19, 20]. Pu and Gd are two

of the crucial elements within the 1F fuel debris that affects the fission chain reaction.

Pu isotopes are formed from U238 neutron captures, and Gd is added to nuclear fuels as

a burnable poison because of its large neutron absorption cross-section. Because the 1F

fuel debris could become oxidized from water radiolysis[21–23], it is necessary to clarify

the oxidation behavior of fuel debris for re-criticality analysis.

The oxidation of UO2 and rare earth elements (REs) doped-UO2 has been extensively

investigated for the safe handling and storage of nuclear fuels. At low temperatures,

UO2 oxidizes to U3O8 in two steps: UO2 → U4O9/U3O7 → U3O8[24, 25]. U3O7 → U3O8

is observed in the oxidation of non-irradiated UO2 or slightly doped-UO2[26, 27], while

∗Corresponding author. Email: sun.yifan.7r@kyoto-u.ac.jp

†Corresponding author. Email: kurosaki.ken.6n@kyoto-u.ac.jp
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U4O9 → U3O8 is found in spent nuclear fuel during oxidation[28]. Structural and thermal

analysis studies have found that adding dopants such as Pu[29,30], La[31,32], Nd[33,34],

Ce[34–37], Gd[28,38–40], or Zr[41] can hinder the oxidation of UO2 into U3O8 by keeping

the cubic fluorite structure stable at higher temperatures, and this oxidation resistance

increases with increasing dopant amount. However, it is unclear how the oxidation of

UO2 proceeds with multiple dopants, as in the case of the fuel debris. For fuel debris re-

criticality analysis, we still lack information on the phase states and element distribution

of Pu or Gd doped-(U,Zr)O2 after oxidation.

Therefore, in this work, we focused on investigating the oxidation behavior of Pu and

Gd doped-(U,Zr)O2 to fill the gap in the existing literature. CeO2 is used in this study as

a surrogate material for PuO2 because of the similarities in their crystal structures[42,43].

(U,Zr,Ce)O2 and (U,Zr,Gd)O2 samples were prepared using spark plasma sintering (SPS)

and heated in air. The phase states of the oxidized samples, which allows us to understand

the sample’s oxidation pathways, were characterized using X-ray diffraction (XRD). The

distribution of Ce and Gd in oxidized-(U,Zr,Ce/Gd)O2 is observed with scanning electron

microscopy/energy dispersive spectroscopy (SEM/EDS).

2. Experimental Methods

2.1. Sample Preparation

To evaluate the distribution of Ce and Gd within (U,Zr)O2 after oxidation, we fab-

ricated (U0.9-xZr0.1REx)O2 (RE=Ce, Gd) (x=0, 0.05) solid solution samples. 10 mol%

ZrO2 was selected based on its solubility in UO2 at 1773 K, as shown in the UO2-ZrO2

phase diagram in Fig.1. Generally, around 1 at% Pu is found in spent nuclear fuel[44],

and the amount increases with increasing burn-up or if mixed oxide (MOX) fuel is used

instead[45]. The amount of Gd2O3 burnable poison added to UO2 is generally less than 8

wt%[28, 46], but additional (U0.9-xZr0.1Gdx)O2 (x=0.1, 0.15, 0.2, 0.25) samples were pre-
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pared to investigate the effect of the amount of doped Gd on the phases formed after

oxidation.

[Figure 1 about here.]

Stoichiometric amount of UO2, ZrO2 (4N, Furuuchi Chemical), CeO2 (4N, Furuuchi

Chemical), and Gd2O3 (3N, Furuuchi Chemical) powders were first mixed and cold-pressed

at a pressure of 200 MPa and held for 10 minutes. The prepared green pellets were then

sintered in an argon atmosphere for 10 hours at 1773 K. Finally, to oxidize the (U, Zr,

RE)O2 samples, we heated them at 1073 K for 2 hours in air.

2.2. Characterization methods

To clarify the phase states of the sintered and oxidized samples, we performed XRD

from 2θ = 20o to 90o (CuKα radiation, Rigaku Ultima-IV). The lattice parameters were

calculated using the least squares method. SEM/EDS analysis (JSM-6500F, JEOL) was

then conducted to investigate the element distribution within the fabricated samples.

3. Results and Discussion

3.1. Effect of Ce doping on (U0.9Zr0.1)O2

3.1.1. Sintered (U0.9-xZr0.1Cex)O2 (x=0, 0.05)

The XRD patterns of the sintered (U,Zr,Ce)O2 samples are shown in Fig. 2, and the

cubic phase’s lattice parameters are shown in Table 1. Only cubic structure peaks were

observed in the XRD patterns, suggesting that (U,Zr,Ce)O2 solid solution samples were

successfully fabricated. The SEM/EDS images of the sintered samples in Fig. 3 also show

that the constituent elements are uniformly distributed.

[Figure 2 about here.]

[Table 1 about here.]

[Figure 3 about here.]
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Although there are no previous reports on (U,Zr,Ce)O2, the published lattice pa-

rameters of Zr doped UO2 are larger than the one reported in this study. For example,

both Kulkarni et al.[41] and Sali et al.[47] reported a lattice parameter of 0.5440 nm for

(U0.9Zr0.1)O2 sintered under a slightly reducing atmosphere (Ar+8%H2). In the same stud-

ies[41, 47], it was shown that sintering with pure commercial argon gas is not enough to

prevent the oxidation of cubic-(U,Zr)O2 into cubic-(U,Zr)O2+x, which results in a smaller

lattice parameter as shown in Table.2. This reduction is expected because the cubic-UO2+x

lattice has been shown to contract as uranium is oxidized[48–50]. This suggests that the

(U,Zr,Ce)O2 and (U,Zr,Gd)O2 samples prepared under argon atmosphere in this work

should be hyperstoichiometric oxides (U,Zr,RE)O2+x.

As mentioned in the introduction, the purpose of the current study is not to report

the structure of doped stoichiometric uranium dioxides but to investigate the distribution

of Ce and Gd within the fuel debris after oxidization. In this case, hyperstoichiometric

starting materials do not affect the outcome of the experiment because we are interested

in the final oxidized products. For simplicity, the sintered samples are referred to as

(U0.9-xZr0.1REx)O2, and the samples after oxidation in air are referred to as oxidized

(U0.9-xZr0.1REx)O2 in this study.

[Table 2 about here.]

3.1.2. Oxidized (U0.9-xZr0.1Cex)O2 (x=0, 0.05)

From the XRD patterns shown in Fig. 4, we can see that (U0.9Zr0.1)O2 transforms from

cubic-(U0.9Zr0.1)O2 to orthorhombic-(U0.9Zr0.1)3O8 upon oxidation. The lattice parame-

ters of the orthorhombic phases are calculated and listed in Table 3. This phase transfor-

mation of (U0.9Zr0.1)O2 accompanying oxidation is consistent with the results from the

thermogravimetric study done by Kulkarni et al.[41], which showed that the solubility of

Zr in orthorhombic-U3O8 at 1073 K to be around 20 mol%. Above the solubility limit, a
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mixture of tetragonal-ZrO2 and orthorhombic-(U,Zr)3O8 is obtained after oxidation[41].

[Figure 4 about here.]

[Table 3 about here.]

For Ce-doped UO2, Olds et al.[34] found that the formation of the orthorhombic-

U3O8 phase was delayed by roughly 50 K with the addition of 5 mol% CeO2. Although

its formation is retarded, orthorhombic-U3O8 still becomes the dominant phase, and the

cubic phase eventually disappears in oxidized (U,Ce)O2 samples with increasing temper-

ature[34, 37]. Similarly, for (U0.85Zr0.1Ce0.05)O2, the added 5 mol% CeO2 did not prevent

(U0.85Zr0.1Ce0.05)O2 from completely oxidizing into orthorhombic-(U0.85Zr0.1Ce0.05)3O8

when heated at 1073 K. Furthermore, from the SEM/EDS images in Fig. 5, we can see

that U, Zr, and Ce are uniformly distributed within the oxidized samples. Brett & Fox[52]

have reported that the solubility of Pu in U3O8 is 10 mol% at 1023 K. Therefore, based

on our results for (U,Zr,Ce)O2, we can extrapolate that cubic-(U0.85Zr0.1Pu0.05)O2 will

most likely transform into single-phase orthorhombic-(U0.85Zr0.1Pu0.05)3O8 when oxidized

at 1073 K, with Pu evenly distributed.

[Figure 5 about here.]

3.2. Effect of Gd doping on (U0.9Zr0.1)O2

3.2.1. Sintered (U0.9-xZr0.1Gdx)O2 (x=0.05 to 0.25)

The XRD patterns and the SEM/EDS images of the sintered (U0.9-xZr0.1Gdx)O2

(x=0.05 to 0.25) are shown in Figs.6-7. Although Zr-rich regions can be observed in

the EDS images of samples (U0.75Zr0.1Gd0.15)O2 and (U0.65Zr0.1Gd0.25)O2, only a single

cubic phase was detected in the corresponding XRD patterns. Therefore, the fabricated

samples are considered as overall homogeneous single-phase cubic-(U,Zr,Gd)O2 solid so-

lutions. It has been shown that the addition of Gd to UO2 or the formation of oxygen

vacancies results in a variation in the cubic phase’s lattice parameter[53–55]. No definite
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pattern can be found in the lattice parameters of the sintered (U,Zr,Gd)O2 samples listed

in Table 4 because these samples were fabricated under a pure argon atmosphere and are

likely to be hyperstoichimetric, as mentioned in section.3.1.1..

[Figure 6 about here.]

[Table 4 about here.]

[Figure 7 about here.]

3.2.2. Oxidized (U0.9-xZr0.1Gdx)O2 (x=0.05 to 0.25)

The XRD patterns and the calculated lattice parameters of the oxidized

(U0.9-xZr0.1Gdx)O2 samples are shown in Fig. 8 and Table 5. By comparing Table 4

and 5, we can see that the cubic phase’s lattice parameter decreased after oxidation

at each Gd concentration, which is expected considering the cubic-UO2+x lattice con-

tracts upon oxidation[48–50]. Again, Zr-rich regions were observed in the EDS images of

(U0.75Zr0.1Gd0.15)O2 and (U0.65Zr0.1Gd0.25)O2 but not detected in the XRD measurements.

Since the solubility of Zr in UO2 is close to negligible at 1073 K[57], the temperature of

the oxidation experiments, it is reasonable that Zr-rich regions still remain after heating

in air.

To understand the phases present in the oxidized (U,Zr,Gd)O2 samples, we first take

a look at the oxidation pathway of UO2 in air, which has been shown to be a two-step

process of UO2 → U4O9/U3O7 → U3O8[24, 25, 35, 39]. Experimental studies using ther-

mogravimetric analysis (TGA) and differential scanning calorimetry (DSC) have shown

that doping UO2 with Gd3+ enhances its oxidation resistance[39,40] and slows down the

oxidation kinetics in both steps. Kim et al.[39] reasoned from a charge balance point of

view that this retardation is caused by the reduction in the amount of U4+ that can be

oxidized with increasing Gd3+. Recently, results from density-functional theory (DFT)

studies by Hong et al.[58] showed that Gd-doped UO2’s oxidation resistance is the com-
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bined effect of reduced active oxygen adsorption energy, adsorption sites, and driving force

for subsurface oxygen diffusion.

[Figure 8 about here.]

[Table 5 about here.]

With the knowledge that Gd doping in UO2 decelerates its oxidation, we can expect

the orthorhombic-(U,Zr,Gd)3O8 diffraction peak’s intensity to decrease and the appear-

ance of cubic-(U,Zr,Gd)4O9 peaks with increasing Gd, which agrees with the XRD pat-

terns shown in Fig. 8. 5 mol% Gd was unable to prevent the (U0.85Zr0.1Gd0.05)O2 sample

from fully oxidizing into orthorhombic-(U0.85Zr0.1Gd0.05)3O8. Starting from 10 mol% Gd,

the cubic phase can be observed in the oxidized sample as Gd noticeably hindered the

formation of (U,Zr,Gd)3O8. Similar behavior was observed for Gd doped UO2 by Kim

et al.[39]. However, for (U0.75Zr0.1Gd0.15)O2 and (U0.70Zr0.1Gd0.2)O2, the orthorhombic-

(U,Zr,Gd)3O8 phase is replaced with the less oxygen-rich orthorhombic-(U,Zr,Gd)3O7

(Cmcm, 63), which has not been previously observed in oxidized (U,Gd)O2 solid solu-

tions[38, 39]. The formation of an orthorhombic-(U,Zr)3O7 phase was originally reported

after heating (U0.7Zr0.3)O2 in air up to 873 K by Sali et al.[47], who suggested its forma-

tion is the result of an excess amount of anions in the cubic-U4O9 lattice. Simply put, the

orthorhombic-(U,Zr,Gd)3O7 structure results from a distorted cubic-(U,Zr,Gd)4O9 lattice.

By comparing the lattice parameters of the cubic-(U,Zr,Gd)4O9 and the orthorhombic-

(U,Zr,Gd)3O7 phases in Table 5, we can notice they indeed resemble each other.

Based on the phases present in the oxidized (U,Zr,Gd)O2 samples, we conclude that

the phase transformation as cubic-(U,Zr,Gd)O2 oxides is as follows: cubic-(U,Zr,Gd)O2 →

cubic-(U,Zr,Gd)4O9 → orthorhombic-(U,Zr,Gd)3O7 → orthorhombic-(U,Zr,Gd)3O8. With

increasing Gd concentration, the proportion of the cubic-(U,Zr,Gd)4O9 phase formed after

oxidation increases, while orthorhombic-(U,Zr,Gd)3O8 is gradually replaced with the less

oxygen-rich orthorhombic-(U,Zr,Gd)3O7. Furthermore, Gd is a neutron absorber, and
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knowledge of its distribution in 1F’s fuel debris is essential from the point of re-criticality

analysis. From the SEM/EDS results shown in Fig. 9, we can confirm that Gd is uniformly

distributed within the oxidized (U,Zr,Gd)O2 samples and not concentrated in either of

the phases.

[Figure 9 about here.]

4. Conclusion

To ensure decommissioning proceeds safely at 1F, we need information on the phase

states and distribution of Pu and Gd in the oxidized fuel debris for re-criticality analysis.

In this work, single-phase Ce and Gd doped (U,Zr,RE)O2+x solid solution were heated in

air at 1073 K for two hours to clarify their oxidation behaviors.

The substitution of U with 5 mol% Ce or Gd in (U0.9Zr0.1)O2 was unable to prevent

to the sample from transforming completely into orthorhombic-(U,Zr,Ce/Gd)3O8. As the

amount of doped-Gd increases, (U,Zr,Gd)O2 sample’s oxidation, especially the formation

of (U,Zr,Gd)3O8, was inhibited. For (U0.75Zr0.1Gd0.15)O2 and (U0.70Zr0.1Gd0.2)O2, a less

oxygen-rich orthorhombic-(U,Zr,Gd)3O7 phase was formed along with cubic-(U,Zr,Gd)4O9

after oxidation. Ce (Pu’s surrogate) and Gd (neutron absorber) are found to be evenly

distributed after oxidation, suggesting re-criticality analysis should be performed on the

oxidized fuel debris as a whole as there are no phases especially concentrated with Pu or

Gd.
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The data that support the findings of this study are available from the corresponding
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Table 1 Lattice parameters of the (U,Zr,Ce)O2 samples sintered under Ar

Sample Lattice parameter, nm

(U0.9Zr0.1)O2 0.5406
(U0.85Zr0.1Ce0.05)O2 0.5418
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Table 2 Lattice parameters of (U0.9Zr0.1)O2 samples sintered under different conditions

Sample Lattice parameter, nm Comments

(U0.9Zr0.1)O2

0.5440 1673 K, Ar/8%H2[47]
0.5440 1673 K, Ar then Ar/8%H2[41]
0.5406 This study

(U0.9Zr0.1)O2+x

0.5385 1673 K, Ar[47]
0.5385 1673 K, Ar[41]
0.5405 773 K, air[41]
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Table 3 Lattice parameters of the oxidized (U,Zr,Ce)O2 samples

Sample
Lattice parameters, nm
a b c

Oxidized (U0.9Zr0.1)O2 0.679 1.1704 0.4131
Oxidized (U0.85Zr0.1Ce0.05)O2 0.667 1.1717 0.4135
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Table 4 Lattice parameters of the (U1-xZr0.1Gdx)O2 samples sintered under Ar

Sample Lattice parameter, nm

(U0.85Zr0.1Gd0.05)O2 0.5414
(U0.80Zr0.1Gd0.1)O2 0.5411
(U0.75Zr0.1Gd0.15)O2 0.5410
(U0.70Zr0.1Gd0.2)O2 0.5416
(U0.65Zr0.1Gd0.25)O2 0.5411
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Table 5 Lattice parameters of the oxidized (U1-xZr0.1Gdx)O2 samples

Sample
Cubic, (nm) Orthorhombic, (nm) Orthorhombic

a a b c space group

Oxidized (U0.85Zr0.1Gd0.05)O2 - 0.656 1.174 0.4139 Cmmm, 65
Oxidized (U0.80Zr0.1Gd0.1)O2 0.5403 0.664 1.190 0.4131 Cmmm, 65
Oxidized (U0.75Zr0.1Gd0.15)O2 0.5402 0.523 0.5479 0.561 Cmcm, 63
Oxidized (U0.70Zr0.1Gd0.2)O2 0.5403 0.521 0.551 0.553 Cmcm, 63
Oxidized (U0.65Zr0.1Gd0.25)O2 0.5410 - -
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Figure Captions

Figure 1 UO2-ZrO2 phase diagram[57]

Figure 2 XRD patterns of the (U,Zr,Ce)O2 samples sintered under Ar with reference[56]

Figure 3 SEM/EDS images of the (U,Zr,Ce)O2 samples sintered under Ar.

Figure 4 XRD patterns of the oxidized (U,Zr,Ce)O2 samples with reference[51].

Figure 5 SEM/EDS images of the oxidized (U,Zr,Ce)O2 samples

Figure 6 XRD patterns of the (U1-xZr0.1Gdx)O2 samples sintered under Ar with

reference[56]

Figure 7 SEM/EDS images of the (U1-xZr0.1Gdx)O2 samples sintered under Ar.

Figure 8 XRD patterns of the oxidized (U1-xZr0.1Gdx)O2 samples with refer-

ences[47,51,56].

Figure 9 SEM/EDS images of the oxidized (U,Zr,Gd)O2 samples

21

Page 21 of 30

URL: http://mc.manuscriptcentral.com/tnst E-mail: hensyu@aesj.or.jp

Journal of Nuclear Science and Technology
A Self-archived copy in

Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp



For Peer Review Only

J. Nucl. Sci. & Technol. Article

Figure 1 UO2-ZrO2 phase diagram[57]
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Figure 2 XRD patterns of the (U,Zr,Ce)O2 samples sintered under Ar with reference[56]

.
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Figure 3 SEM/EDS images of the (U,Zr,Ce)O2 samples sintered under Ar.
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Figure 4 XRD patterns of the oxidized (U,Zr,Ce)O2 samples with reference[51].
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Figure 5 SEM/EDS images of the oxidized (U,Zr,Ce)O2 samples
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Figure 6 XRD patterns of the (U1-xZr0.1Gdx)O2 samples sintered under Ar with reference[56]
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Figure 7 SEM/EDS images of the (U1-xZr0.1Gdx)O2 samples sintered under Ar.
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Figure 8 XRD patterns of the oxidized (U1-xZr0.1Gdx)O2 samples with references[47,51,56].
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Figure 9 SEM/EDS images of the oxidized (U,Zr,Gd)O2 samples
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