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a b s t r a c t

In this work, the dissolution of helium in La-doped UO2 samples was studied by helium infusion in an au-

toclave followed by thermal desorption (laser heating) coupled to mass spectrometer systems for the deter-

mination of helium release rate and the total helium quantity. Lanthanum was chosen as a dopant in UO2 to

study the effect of hypo-stoichiometry on helium solubility together with the impurity effect. Comparison of

the dissolved He quantity from the samples with different La content showed that the dissolved He quantity

slightly increases with increasing oxygen vacancy concentration in the samples.

© 2015 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Formation of a large quantity of helium by α-decay is one of the

main consequences arising from the presence of actinides in nuclear

fuel [1,2]. Due to its low solubility [3–8], helium can precipitate in the

spent fuel matrix and induce swelling which in turn could affect the

mechanical properties of the spent fuel during long-term storage and

final disposal [9]. Theoretical studies of the He behavior in UO2 have

shown that non-stoichiometry has an impact on He diffusion and

that increasing the non-stoichiometry of the sample dramatically in-

creases helium diffusion [10,11]. During irradiation in a nuclear re-

actor, UO2 is progressively doped with fission products (FPs), more

specifically with rare earths and it is expected to remain stoichiomet-

ric or slightly hypo-stoichiometric in standard fuels [12,13]. However,

Spino et al. recently reported that at burn-up around 80 GWd/tM, the

fuels tend to become progressively slightly hyper-stoichiometric due

to the stagnation of the oxygen up-take by the cladding and in the

oxidation of the fission product Mo [14]. The spent fuel is in turn a

complex system with different defect structures (vacancies, intersti-

tial oxygens, inter- and intragranular bubbles, and dislocation loops),

which in turn could create local non-stoichiometric domains in the

matrix. Therefore, experimental studies on the stoichiometry effect

on helium solubility and diffusion have a great value, in order to shed

light on this open question.
∗ Corresponding author at: Present address: Laboratory for Radio and Environmen-
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In a previous work, we have studied helium dissolution and diffu-

ion in UO2, UO2+ x, and U3O8 samples [15]. To have a comprehensive

icture on the helium behavior in non-stoichiometric UO2 sys-

ems, this work is aimed at studying the helium behavior in hypo-

toichiometric UO2. Experimental studies on hypo-stoichiometric

rania are complicated because this defective structure is stable only

t high temperatures and samples which need to be prepared by spe-

ial treatments (reducing conditions, high temperature) are then un-

table at room temperature [17–21]. Baichi et al. recently reviewed

he experimental results for the phase diagram data of the U–O sys-

em in U–UO2 composition range [16]. Oxygen vacancies are pre-

umed to be the predominant defects at x < 0. At temperatures below

he phase transition temperature, the presence of highly energetic

xygen vacancy defects makes hypo-stoichiometric urania unstable

ith respect to the dissociation into metallic uranium and stoichio-

etric UO2 and absorption of oxygen from atmosphere [17–21].

The yield of fission product lanthanum in the fission of uranium

s relatively high, and it forms solid solutions with UO2 over a wide

ange of compositions [22–25]. Doping UO2 with a trivalent solute

uch as lanthanum can create an oxygen vacancy environment that is

imilar to the one in the hypo-stoichiometric UO2 configuration. La3+

nters the host lattice as substitution on the U4+ sites of the cation

ublattice with charge-compensation taking place by creation of va-

ancies on the anion sublattice.

The issue of helium generation in fuels for the transmutation of

inor actinides such as (U1-yAmy)O2 − x is an even greater issue than

or conventional spent fuel. The quantities of helium produced can

e a factor 10 higher than the inert gases Xe and Kr. Furthermore,

U1-yAmy)O2 − x must be prepared in the hypo-stoichiometric regime

o ensure no deleterious interaction with the cladding (oxidation
r the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. SEM image of U0.94La0.06O1.97 (I), U0.89La0.11O1.95 (II), U0.78La0.22O1.89 (III) samples before infusion (a), after infusion (b), and after thermal desorption measurements (c).
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Table 1

Measured grain diameter of the samples before and after thermal des-

orption measurements.

Before TDS After TDS Final annealing

(μm) (μm) temperature (K)

(U0.94La0.06)O1.97 3 13 2300

(U0.89La0.11)O1.95 4 9 2100

(U0.78La0.22)O1.89 7 17 2150
hereof). Thus La-based analogs provide an ideal source to perform

edicated separate effects studies on helium behavior in these trans-

utation fuels [26–29].

The aim of this study is to understand the helium behavior in

ypo-stoichiometric UO2, and the use of lanthanum, a fission prod-

ct and a proxy for trivalent americium, will also help to understand

he effect of cation substitution on helium dissolution on nuclear

uel. Three different UO2 samples, containing 6, 11, and 22 mol% lan-

hanum, respectively, were examined. Helium was introduced in the

amples by the infusion technique, and its release rate as a function

f annealing temperature and quantitative measurements were per-

ormed by Laser Knudsen Cell and Quantitative Gas Measurement

ystems, respectively [30,31]. Characterization of the samples was

erformed by scanning electron microscopy (SEM) and transmission

lectron microscopy (TEM).

. Experimental

La-doped UO2 samples with three different compositions were

repared by the sol-gel technique [32]. Powders were pressed at

10 MPa into disks that were subsequently sintered at 1923 K under

educing atmosphere (6% H2, 94% Ar atmosphere) for 6 hours. In or-

er to verify the formation of U1-yLayO2-y/2 solid solutions and the

resence of oxygen vacancies in the structure, X-ray diffraction (XRD)

nd Raman spectroscopy analyses of the samples were performed

nd discussed elsewhere [33]. The existence of oxygen vacancies in
a-doped UO2 samples was demonstrated by the presence of a band

t ˜ 540 cm−1 in their Raman spectra. The thickness and the weight of

he samples used for the helium infusion experiments were ˜0.4 mm

nd ˜40 mg, respectively.

Microstructural characterizations of the samples were performed,

sing a scanning electron microscope (SEM) Vega Tescan TS5130LSH

perating at 30 KeV. The average grain size (mean linear intercept) of

he samples was measured with ImageJ [34] and a conversion fac-

or considering grains have equivalent sphere diameter [35]. Con-

entration mapping and measurements of uranium and lanthanum

nd samples were performed by energy-disperse X-ray spectroscopy

OXFORD-INCA).

Transmission electron microscopy (TEM) investigations were per-

ormed with a FEI Tecnai G2 F20 XT specially modified for the anal-

ses of radioactive materials [36]. The TEM operates at 200 kV and
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Fig. 2. Bright field TEM image of U0.94La0.06O1.97 (a), U0.89La0.11O1.95 (b), U0.78La0.22O1.89

(c) samples.

Fig. 3. Comparison of helium release rates as a function of temperature from La-doped

UO2 samples (infusion conditions: 987 atm, 1300 K, 2 hours).
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Table 2

Comparison of the calculated He incorporation energies for UO2 in literature.

Incorporation energy (eV)

Uranium Oxygen Interstitial

vacancy vacancy site

Grimes, 1991[49] −0.05 −0.12 −0.13

Crocombette et al., 2002 [46] 0.2 1.8 1.3

Petit et al., 2003 [47] −7.4 2.2 1.3

Freyss et al., 2006 [48] 0.4 2.4 −0.1

Yakub et al., 2010 [11] −0.02 0.3 0.45
is equipped with a Gatan GIF Tridiem camera, an additional Gatan

slow scan camera, and an EDAX EDS Genesis System. The samples

for the TEM observations were prepared by crushing fragments in

methanol. The suspension was left for decanting, and a droplet was

subsequently placed on a copper grid.
The experimental configuration applied for studying helium be-

avior in the La-doped UO2 materials consists of three steps. Firstly,

elium Infusion Device (HEIDI) [7] was used to incorporate helium

n the different La-doped UO2 disks by heating them with a laser

continuous wave 5 kW Nd: YAG laser at 1064 nm) at 1300 K for

20 minutes and under 987 atm helium pressure (He 6.0 impurities:

2 < 100 ppb, H2O < 500 ppb, CO + CO2 < 100 ppb, THC < 100 ppb,

2 < 100 ppb). Subsequently, the helium infused La-doped UO2 sam-

les were annealed in a laser-heated Knudsen cell (LKC) to desorb

he helium while its release rate as a function of annealing temper-

ture was measured by a mass spectrometer (Pfeiffer-vacuum qma

00 quadrupole mass spectrometer) and the temperature by a py-

ometer, respectively. The released He gas was collected and quanti-

atively measured by Quantitative Gas Measurement System with its

wn mass spectrometer (Pfeiffer-vacuum qma 400 quadrupole mass

pectrometer) by spiking a known quantity of helium gas. The details

f the set-ups used can be found in ref [30,31].

. Results and discussion

.1. Electron microscopy observations

The microstructure of the UO2 samples, especially their grain size,

as a strong influence on helium diffusion [37]. Pore migration is ex-

ected to control the grain growth kinetics for undoped UO2 [38].

owever, it was reported that the residual pore volume has very

ittle effect on the final grain size of Cr-doped UO2 samples [39].

icrostructural characterization of the samples was performed to

valuate the effects of the La-content and annealing temperature on

ample grain size before infusion, after infusion, and after thermal

esorption measurements (Fig. 1). Note that the analysis of grain

rowth kinetics of La-doped UO2 samples is out of the scope of the

resent study.
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Table 3

Theoretically calculated helium migration energies in literature.

Energy barriers for He migration (eV)

Initial He

Position

Yakub et al.

2010 [11]

Grimes et al.

1990 [50]

Govers et al.

2009 [10]

Yun et al.

2009 [51]

OIS OIS 2.56 3.8 2.3 2.97

OIS VO OIS 0.54 0.38 0.5 0.41

OIS VU OIS 0.43 0.24 0.2 0.79

OIS: octahedral interstitial site, VO: oxygen vacancy, VU: uranium vacancy.
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The SEM analyses showed that increasing the La-content in UO2

amples results in a grain size increase from 3 to 7 μm for the

–22 mol% La samples. While infusion (at 1300 K for 2 hours) did

ot have any significant impact on the grain size variation, after

hermal desorption grain growth was evident (Table 1). The higher

rain growth of the (U0.94La0.06)O1.97 sample after thermal desorp-

ion can be explained by the higher final annealing temperature

2300 K) of this sample compared to (U0.89La0.11)O1.95 (2100 K) and

U0.78La0.22)O1.89 (2150 K) samples.

Additional analyses have also been performed by TEM. TEM obser-

ations of several grains of La-doped UO2 samples showed that all the

amples have homogeneous compositions and no La or U precipitates

ere present in the samples (Fig. 2).

.2. Helium thermal desorption

The main conclusion related to helium solubility in UO2 is its low

alue. However, the available helium solubility data in UO2 show a

ide scattering [3–8]. In our previous study, we have observed that

he dissolved helium quantity is lower in the presence of interstitial

xygen in hyper-stoichiometric UO2 compared to stoichiometric UO2

15]. However, a markedly increase of the dissolved helium quan-

ity was observed in the U3O8 samples which has a different crystal

tructure than UO2. Comparison of the helium release as a func-

ion of temperature from the stoichiometric and hyper-stoichiometric

O2 samples suggests that thermal helium diffusion (under vac-

um) increases with increasing oxygen content of the samples. In

he present study, we avoid direct comparison of the dissolved He

uantities in La-doped UO2 samples and stoichiometric UO2 and

yper-stoichiometric UO2 samples [15]. Hyper-stoichiometric UO2

amples were prepared by treating of stoichiometric commercial UO2

pecimens in a suitable oxygen potential and temperature. However

a-doped UO2 samples were prepared by sol-gel technique and mi-

rostructure and density (presence of pores, intrinsic defects) of the

amples which have strong impacts on He diffusion, are different

han UO2 and UO2+ x samples.

Fig. 3 shows the He-thermal desorption profiles (the helium re-

ease plotted as a function of temperature during a temperature

amp) of the La-doped UO2 − x samples as a function of temperature.

he maximum of the first release peaks for the three samples were

bserved between 1300 and 1400 K. The two samples with the higher

a-content have released most of the helium during the first step,

hile there is clearly a second released fraction at higher tempera-

ure for the (U0.94La0.06)O1.97 sample, similar to the one previously

bserved for pure stoichiometric UO2 sample [15].
able 4

omparison of the helium diffusion coefficient and activation energies for UO2± x at

800 K as calculated by Yakub et al. [11].

O/U Apparent arrhenius Diffusion Contribution of the vacancy

Activation energy (eV) Coefficient Assisted mechanism

UO2 1 ˜2.7 D _

UO2+ x 2.09 ˜1.3 40D 35%

UO2 − x 1.91 <1 300D 60%

B

l

c
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c
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As it was shown in the previous section, grain size of the La-

oped UO2 samples increase with increasing La content. Considering

rain boundaries are perfect sink for the diffusing helium, the aver-

ge diffusion distance for helium to reach the grain boundaries in-

reases with increasing grain size [37]. In contrast, faster He release

as observed with increasing grain sizes of the samples. In hypo-

toichiometric UO2, helium diffusion is considered to occur via oxy-

en vacancies [10] and is thus influenced by the oxygen diffusion.

he oxygen diffusion coefficients for hypo-stoichiometric UO2 were

eported almost two orders of magnitude higher than those of stoi-

hiometric UO2 [40]. Differences between the three He-release pro-

les could thus be due to the acceleration of oxygen diffusion rather

han grain size effect and its effect on helium diffusion when the con-

ent of dopant increases, hence when the content of oxygen vacancies

s higher [33].

According to our knowledge, there are no experimental studies on

elium solubility and diffusion in hypo-stoichiometric UO2, and so

ar only a few experimental studies of release of fission gasses from

O2 − x were reported [41–43]. Felix and Miekeley reported that the

iffusion coefficient for Xe is lower in UO2 − x and higher in UO2+ x

amples compared to stoichiometric UO2 [41]. Killen tried to simulate

his effect by using NbO2 and La2O3-doped UO2 samples as UO2+ x

nd UO2 − x, respectively [42]. However, a clear relation was not ob-

ained between doping, gas release, and irradiation behavior. Catlow

redicted different trapping sites for Kr and Xe, and he considered a

ery fast mobility of Kr in hypo-stoichiometric oxides [43].

Experimentally, it was shown that the majority of helium atoms,

f they are incorporated at low concentration in the stoichiometric

O2 structure, occupy the interstitial octahedral sites [44]. Recently

akub has performed a theoretical study of helium solubility in hypo-

toichiometric UO2 by molecular dynamic (MD) simulation technique

45]. Yakub reported that the increase of the He solubility in case of

ypo-stoichiometry is due to the lower He incorporation energy into

n oxygen vacancy compared to the interstitial site. His conclusion is

n contrast to all the previously published theoretical studies [46–48]

Table 2) but confirmed by the studies of Grimes [49]. In the present

tudy, after infusion (under the same conditions), dissolved He quan-

ities in (U0.94La0.06)O1.97, (U0.89La0.11)O1.95, and (U0.78La0.22)O1.89

amples were measured as 4.05 × 10−7, 4.32 × 10−7, and 5.13 × 10−7

mol g−1, respectively with ±2.4% relative standard deviation. It

hould be realized that the higher La-concentration in UO2 intro-

uces higher concentration of oxygen vacancies in the lattice [33]

hich means dissolved helium quantities were slightly increased by

ncreasing oxygen vacancy concentration in the samples. Therefore,

ur experimental results support the conclusion of Yakub’s theoreti-

al study.

As mentioned above, the helium diffusion mechanism in hypo-

toichiometric regions was reported as oxygen vacancy assisted and

he rate-determining step of this mechanism was the jump of helium

toms between oxygen vacancies [10]. Table 3 shows the calculated

igration energy of helium atoms for different paths (octahedral in-

erstitial site, OIS, oxygen vacancy, VO, and uranium vacancy, VU) by

ifferent authors [10,11,50,51]. Energy barriers for He-migration from

xygen vacancies are much lower than interstitial sites which are

onsidered to be a preferential migration path in stoichiometric UO2.

oth Govers and Yakub have performed theoretical studies of the he-

ium diffusion in non-stoichiometric UO2 [10,11]. According to their

alculations, the increase of helium diffusion with deviation from

toichiometry is more pronounced in the case of hypo-stoichiometry

ompared to hyper-stoichiometry. The effect of non-stoichiometry on

e diffusion is, however, remarkably smaller in Govers’ study than in

akub’s one. Table 4 shows the comparison of the calculated helium

iffusion coefficients and apparent activation energies by Yakub et

l. for UO2, UO2-.09, and UO1.91. As it can be seen, helium diffusion

oefficient is 300 times higher in hypo-stoichiometric UO2 than in

toichiometric UO2. The apparent Arrhenius activation energy in
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[

stoichiometric UO2 is about 2.7 eV, and in hypo-stoichiometric UO2

(O/U = 1.91), it becomes less than 1.0 eV. These values could be the

explanation of the higher He release from the higher content La-

doped UO2 sample (Fig. 3).

4. Conclusions

In this study, La-doped UO2 samples with various La-content

were used to simulate hypo-stoichiometric UO2. Comparison of the

dissolved helium quantities between 6, 11, 22% mol La-doped UO2

samples showed that the dissolved He quantities slightly increase

with increasing oxygen vacancy concentration in the samples. This

could be the result of the lower He incorporation energy into oxy-

gen vacancies compared to the interstitial site as it was reported in

the theoretical study of Yakub for the hypo-stoichiometric UO2 [11].

However, even with the apparent increase of the He solubility with

increasing oxygen vacancy concentration in UO2, it should be noted

that the absolute solubility remains very low and that helium pre-

cipitation can be expected for low content. In addition, it has been

considered that oxygen diffusion enhances the helium diffusion in

hypo-stoichiometric UO2. However, further experiments need to be

better assessed in order to quantitatively verify the oxygen diffusion

effect on helium diffusion.
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