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A B S T R A C T

The interactions of iodine and caesium in UO2 have been investigated. For this purpose, implanted UO2 samples 
were thermally treated (4h at 900◦C or 1h at 1200◦C) under controlled atmosphere (0.03% H2O/H2) and then 
characterized by several experimental techniques for their structural and chemical studies. Thermodynamic 
calculations were also performed in order to optimize heat treatment conditions before performing tests, and to 
help in the interpretation of results afterwards. The sample characterizations after thermal treatments reveal the 
presence of bubbles and precipitates (mean diameter around 10 - 20 nm) and have allowed to clearly identify the 
presence of CsI in these bubbles which is in agreement with the calculations. The chemical form of the observed 
precipitates is not well defined yet, due to the lack of experimental reference spectra, but they consist very likely 
of caesium uranates, as predicted by the thermodynamic calculations.   

1. Introduction

A major phenomenon to be considered during the transient operation
of a Pressurized Water Reactor (PWR) is Iodine induced Stress Corrosion 
Cracking (I-SCC) [1]. Indeed, when a significant increase in power oc-
curs, the temperature in the center of the pellet rises up. This increase of 
temperature favours the release of some Fission Products (FPs), 
including iodine, which migrate through fuel cracks toward the clad-
ding. At the same time, the stress level in the cladding also increases. The 
combination of these three phenomena can lead to I-SCC and may cause 
cladding failure. Thus, integrity of the first containment barrier can be 
questioned. Research and development programs are devoted to I-SCC in 
order to improve the understanding of the mechanisms leading to 
cladding failures and to help optimize plant operational procedures and 

fuel management schemes. 
One of the key parameters of the I-SCC is iodine speciation. The 

chemical form of iodine affects its corrosiveness with respect to the 
material of the cladding (Zircaloy). Various parameters may affect 
iodine speciation, such as temperature (T), oxygen partial pressure 
(pO2) and the presence of other chemical elements. Previous thermo-
dynamical studies have determined that the chemical model system to 
take into account is I-Cs-Te-Mo in UO2 [2]. Iodine can interact with both 
Cs, to form CsI, and Te to form compounds such as TeIx (x = 2 or 4) 
which are highly corrosive for Zr, unlike CsI. Moreover, Cs, Te and I 
were detected simultaneously at a fuel pellet periphery, in the vicinity of 
the cladding, of a power-ramped UO2 irradiated fuel [3]. In turn, Mo is 
an abundant FP likely to interact with Cs to form very stable compounds 
and consequently affects the chemical equilibria involving I. Some 

Abbreviations: dpa, displacement per atom; EDX, energy dispersive X-Ray analysis; EELS, electron energy loss spectroscopy; FP, fission product; HAADF, high 
angle annular dark field; HC, high concentration; IC, intermediate concentration; I-SCC, iodine induced stress corrosion cracking; LC, low concentration; pO2, oxygen 
partial pressure; PWR, pressurized water reactor; SEM, scanning electron microscopy; SIMS, secondary ion mass spectrometry; STEM, scanning transmission electron 
microscopy; T, temperature; TEM, transmission electron microscopy; v, version; XANES, X-ray absorption near edge spectroscopy; XAS, X-ray absorption 
spectroscopy. 
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previous studies have investigated the diffusion mechanisms of these 
elements in UO2, as well as some microstructural evolutions, as a 
function of temperature and controlled atmosphere [4–9]. However, few 
experimental data are available as to the chemical form of these FPs in 
UO2 and as a function of temperature and pO2. 

As stated before, Cs and I can form CsI which is a stable compound. 
This compound was observed on the inner surface of the cladding of a 
fuel that had undergone a power ramp [10]. However, Shann and 
Olander [11] showed by means of mechanical tests that CsI cannot cause 
cracks by I-SCC. Indeed, the reaction of CsI with zirconium is not 
favourable from a thermodynamic point of view. Different mechanisms 
have been suggested to explain the corrosive environment caused by 
iodine. It was mentioned that iodine could be transported toward the 
gap or to the pellet - cladding interface under the stable form CsI, and 
then the latter could be decomposed by radiolysis, releasing aggressive 
iodine that could react with Zr [12]. Wood [13] proposed a mechanism 
of iodine adsorption on the cladding surface causing a decrease in the 
surface energy and an embrittlement of Zr-Zr bonds. Cox and Haddad 
[14] suggested that the adsorbed species is a zirconium iodide, ZrI4(g), 
which is formed before adsorbing on the surface of Zircaloy. Another 
proposed mechanism involves the decomposition of CsI and the forma-
tion of caesium oxides or other more complex compounds at higher 
oxygen partial pressure [15]. For example, one of the reactions proposed 
to generate iodine with CsI is the following [16]: 

CsI(s) +
1
2
O2(g) +

1
2

UO2(s) =
1
2

Cs2UO4(s) + I(g)

This mechanism suggests that CsI could dissociate under specific 
conditions of temperature (T) and oxygen partial pressure (pO2). 

This paper presents a separate-effects approach whose objective is to 
study the chemical interaction between I and Cs in UO2 under controlled 
T and pO2 conditions. For that purpose, I and Cs were ion-implanted into 
UO2 samples. The implanted samples were subsequently annealed. The 
heat treatment conditions were chosen to be representative of the 
temperature at the center of a pellet during irradiation under normal 
PWR conditions (between 900 and 1200◦C), and the pO2 was fixed in 
order to be representative of stoichiometric UO2. The originality of this 
work relies on its methodology coupling an experimental approach with 
thermodynamic modelling. Thermodynamic calculations aim at both 
dimensioning the heat treatment conditions before the experiment, and 
helping in the interpretation of the characterization results afterwards. 
The experimental work is based on a cross-analysis of information ac-
quired by several complementary experimental characterization tech-
niques: Scanning Electron Microscopy (SEM), Transmission Electron 
Microscopy (TEM) in conventional or scanning mode coupled with En-
ergy Dispersive X-ray (EDX) and Electron Energy Loss Spectroscopy 
(EELS), Secondary Ion Mass Spectrometry (SIMS) and X-ray Absorption 
Spectroscopy (XAS). These techniques allowed determining as precisely 
as possible the microstructural evolution as well as the chemical forms of 
caesium and iodine. 

2. Material and methods 

2.1. Sample preparation 

2.1.1. UO2 samples 
A 16 mm thick and 8 mm diameter depleted UO2 pellet (0.3 at.% of 

235U) was prepared in the UO2 Laboratory (CEA Cadarache, France) 
using a UO2 powder metallurgy process. The powder was uniaxally cold 
pressed under 400 MPa and then sintered at 1950 K for 4 h under Ar +
5% H2 atmosphere leading to a stoichiometric material. Then, discs with 
a thickness around 1 mm were cut from the central part of the pellet and 
underwent a mechanical polishing with a final step performed with a 
0.02 µm colloidal silica suspension in order to minimize the polishing 
superficial impact. The polished specimens were finally annealed at 
1400◦C during 4 h under Ar + 5 % H2, this latter thermal treatment 

aiming at removing the stress and defects induced by the polishing step. 

2.1.2. Cs and I implantations 
The samples were implanted at room temperature with 800 keV 

133Cs ions and 800 keV 127I ions at IP2I (Institut de Physique des 2 Infinis 
in Lyon, France) using the IMIO400 accelerator facility. Preliminary 
simulations of Cs and I implantation profiles were performed using the 
mode “Full Damage Cascades” of SRIM 2013 software [17]. A density of 
10.7 g/cm3 was considered for UO2 and displacement energies were set 
to 40 eV for uranium atoms and 20 eV for oxygen atoms [18]. The 
calculated depth profiles of Cs and I are similar. They show Gaussian 
concentration distributions with a maximum at a projected range (Rp) of 
140 nm and with a maximum implantation depth around 300 - 350 nm 
(Fig. 1). Table 1 summarizes the different fluences used in this study and 
the atomic concentrations, determined from SRIM calculations. 
Different fluences were adjusted to reach different concentration orders: 
(i) high fluences corresponding to two ([Cs], [I]) couples (HC: High 
Concentrations and IC: Intermediate Concentrations), in order to ensure 
the feasibility of the analyses; (ii) low fluences corresponding to one 
([Cs], [I]) couple (LC: Low Concentrations), to be more representative of 
FP concentrations in a spent fuel at a burnup close to 7 at.%. The cor-
responding concentrations of I and Cs for LC were estimated using the 
following empirical formula from [2], giving the typical composition of 
an irradiated UO2 fuel:  

• [I] (mol/mol UO2) = 1.31⋅10− 4⋅τc;  
• [Cs] (mol/mol UO2) = 1.7⋅10− 3⋅τc where τc is the burnup in at.%. 

2.1.3. Thermal treatment 
Thermal treatments were performed in a sintering furnace (internal 

structure made of tungsten, maximal temperature of 1700◦C). Oxygen 
partial pressure (pO2) was adjusted by using a (H2O, H2) mixture with a 
H2O/H2 molar ratio of 0.03%. This gas composition has been chosen to 
ensure a UO2 stoichiometry close to 2.000. Two thermal treatment 
conditions were studied: 4 h at 900◦C with pO2=7⋅10− 24 atm and 1h at 
1200◦C with pO2=2⋅10− 19 atm. 

This furnace allows to quickly set up the heat treatments, however 
the cooling rate cannot be controlled and is quite slow (approx. -6◦C/ 
min), which may lead to phase transformations during the return to 
ambient temperature if some species still have sufficient mobility. 

2.2. Computational methods 

Thermodynamic calculations aim both at dimensioning and opti-
mizing the thermal treatment conditions before the experiment, and at 

Fig. 1. Concentration depth profiles (in red) and displacements per atom (dpa) 
as a function of the implantation depth (in black), as calculated by SRIM for 
sample IC. 
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helping the interpretation of the characterization results. 
Two databases were used for thermodynamic calculations: TAF-ID 

version 11 and SGPS version 13.1. The TAF-ID database [19] devel-
oped by the Nuclear Energy Agency (NEA) of the Organisation for 
Economic Co-operation and Development (OECD) is the result of an 
international collaboration, and is currently the most comprehensive 
database on fuel thermochemistry. It can be used with Thermo-Calc 
software. Calculations with FactSage were carried out with one of its 
associated databases, the pure substances database (SGPS) maintained 
by the Scientific Group Thermodata Europe (SGTE) [20]. These two 
databases were used to keep a critical eye on the calculation results. 
Indeed, we noted discrepancies between these two databases: on the one 
hand, compounds of potential interest for our study were sometimes 
missing, as the development of these databases is still in progress, and on 
the other hand, these databases sometimes refer to different sources 
from literature, with slightly different expressions of thermodynamic 
functions. 

For all the calculations, only T and pO2 were varied. The total gas 
pressure was taken equal to 1 bar and the concentrations of the elements 
(for this study: Cs and I) corresponded to the implanted concentrations 
at Rp (Table 1). 

2.3. Characterizations 

Table 2 summarizes the various characterizations performed on the 
resulting samples, according to their Cs and I concentrations. 

2.3.1. Scanning Electron Microscopy (SEM) 
Observations and analyses were performed using a SEM FEG (Field 

Emission Gun) of type Nova Nanosem 450. They were carried out with a 
working distance between 4.7 mm and 5.1 mm, an acceleration voltage 
of 15 kV and using the CBS (Circular Back Scattering) detector: sec-
ondary and backscattered electrons were detected simultaneously. 

In addition to studying the implanted surface, cross sections (normal 
to the implanted surface) of selected samples were made to study the 
microstructure evolution as a function of depth. These cross-sections 
were prepared by first cutting the samples perpendicularly to their 
implanted surfaces. Each part was then glued along the implanted faces 
to a non-implanted UO2 sample. Next, the resulting samples were 
embedded into resin. The whole system was finally polished and then 
observed by SEM. 

2.3.2. Transmission Electron Microscopy (TEM) 
Lamellae of implanted samples were prepared by means of a Focused 

Ion Beam (FIB). These preparations were done by using a dual-beam FIB 

Helios 600 NanoLab device at the Centre Pluridisciplinaire de Micros-
copies et Microanalyses (CP2M in Marseille, France). In order to obtain 
lamellae that can be analyzed by TEM, several steps were necessary. A 
layer of Pt was first deposited on the area of interest on the sample 
surface in order to protect the implanted area during FIB operations. 
Two trenches were then dug with a Ga+ ion beam, on each side of the 
lamella. Then the lamella was cut off and removed from the sample, and 
finally thinned and cleaned with the Ga+ ion beam using decreasing 
currents and energies. The thickness of each lamella was determined 
using Energy filtered transmission electron microscopy (EFTEM) maps, 
resulting in an average of 50 nm in the observation area. 

The observations and analyses of the obtained lamellae were per-
formed in the LECA STAR facility (CEA Cadarache, France) on a FEI 
TALOS FEG TEM in conventional and in STEM (Scanning Transmission 
Electron Microscopy) modes. HAADF (High Angle Annular Dark Field) 
detector was also used. Additional EDX and EELS analyses have been 
carried out in order to get information on the speciation of the chemical 
elements. The data processing for EDX and for EELS was performed with 
the Velox software (Thermo Fisher Scientific) and the GMS software 
(Gatan), respectively. 

TEM images provide information on objects (bubbles, cavities, pre-
cipitates…) which are present in the implanted part of the lamella. The 
cavities and bubbles in conventional TEM mode are revealed by 
changing the focus conditions of the objective lens: they appear as white 
spots in underfocused conditions and as black spots in overfocused 
conditions. It should be noticed that the bubbles or cavities are not 
perceptible in the focusing condition [21]. The precipitates were high-
lighted by diffraction contrast. Unlike bubbles, precipitates are visible in 
focus and sometimes, depending on the diffraction conditions, Moiré 
fringes can be observed. 

FIB preparation leads to the formation of additional sub-nanometric 
vacancy type objects and small dislocation loops (around 2 nm in 
diameter). The vacancy type objects are present in our samples at about 
1024 m-3 and measure about 0.4 nm in diameter. For nanometric or sub- 
nanometric objects (such as those induced by the FIB), the measured size 
strongly depends on the level of defocusing applied, which in turn is 
linked to the observation conditions (electron source, magnification...) 
[22–24]. For all samples, object sizes were measured for focusing con-
ditions of ±200 - 300 nm. 

2.3.3. Secondary Ion Mass Spectrometry (SIMS) 
The SIMS analysis were performed with dynamic magnetic sector 

SIMS, on a shielded IMS6f-CAMECA instrument at LECA STAR facility, 
in order to measure the depth profiles of Cs and I in as-implanted and 
annealed samples. In routine analysis, the raster size was 120×120 µm2 

for Cs and 150×150 µm2 for I and the analyzed zone was restricted to a 
diameter of 60 µm in order to avoid crater sidewall effects. The depth of 
the resulting SIMS crater, Pcrater, was measured by a confocal chromatic 
type profilometer, MICROMESURE 2 from STIL. 

The analysis chamber was kept under high vacuum (~10− 8 mbar). 
As the SIMS technique is mostly used to detect impurities, measurements 
were performed with parameters allowing high sensitivities. Namely, 
low mass resolution (LMR) settings were used together with Cs+/M− and 
O2
+/M+ configurations: positive primary ions with Cs+ or O2

+ source and 
detection of negative or positive secondary ions, respectively. Therefore, 
the measurements were carried out in two stages: negatively charged 
ions, 127I− for iodine and 16O2

− for the matrix reference, were collected 
by sputtering with Cs+ ions, 133Cs+ for caesium and 238U16O2

+ for the 
matrix reference, were collected by sputtering O2

+ ions. The impact en-
ergy of the Cs+ and O2

+ primary ions was of 15 keV and 10 keV, 
respectively. Secondary ions were detected in the positive/negative 
mode by biasing the sample to -5 kV for the measurement of negative 
secondary ions and +5 kV for the measurement of positive secondary 
ions. By using a primary intensity of 30 and 40 nA for Cs+ and O2

+ pri-
mary beam, sputtering rates of around 0.8 nm/s and 0.3 nm/s in UO2 
matrix were obtained, respectively. For each sample and element of 

Table 1 
Fluences of caesium and iodine implanted in UO2 samples and corresponding 
calculated concentration at Rp – HC, IC and LC refer to high, intermediate and 
low concentration.   

Cs fluence (at/ 
cm2) 

[Cs] at Rp (at. 
%) 

I fluence (at/ 
cm2) 

[I] at Rp (at. 
%) 

HC 2.5 ⋅ 1016 2 1.3 ⋅ 1016 1 
IC 1.3 ⋅ 1016 1 6.0 ⋅ 1015 0.5 
LC 5.0 ⋅ 1015 0.4 2.5 ⋅ 1014 0.02  

Table 2 
Summary of the characterizations performed on 
each type of Cs and I concentration – HC, IC and 
LC refer to high, intermediate and low 
concentration.   

Characterizations 

HC XAS, SEM, TEM 
IC SIMS 
LC XAS, SEM  
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interest (iodine and caesium), two replicate analyses were performed 
with these optimized experimental conditions. Error on depth mea-
surements can be estimated to ± 20 nm, and the relative error on con-
centrations to 25%. 

The chronograms of each element of interest, X (iodine and caesium 
in our case), were registered in intensity (count per second) over time. 
To convert them into depth profiles (element concentration over depth), 
the time was firstly converted into depth by applying the factor Pcrater/ 
ttotal, where ttotal is the total acquisition time. Then, we used the RSF 
method (Relative Sensitivity Factors) to convert intensities into con-
centrations as described hereafter. The RSF of the element of interest, X, 
is deriveded from the analysis of the as-implanted samples with a known 
implantation dose φ of X thanks to Eq. (1) [25]: 

RSF(X) =
φ × Imat × nc

[
∑

IX − (Ib × nc)]Pcrater

(
at
/

cm3) (1) 

With 
φ : implantation fluence of X (ions/cm2); 
Imat : average signal value of the matrix element (16O or 238U16O in 

our case); 
IX : signal value of the element of interest, X (127I− or 133Cs+ in 

our case); 
Ib : background intensity (estimated using the last analysis 

points); 
nc : number of cycles; 
Pcrater : depth of the SIMS crater (cm). 

From our work, the RSF values of iodine and caesium in UO2 are (2.1 

± 0.4) x 1022 and (9.1 ± 2.3) x 1022 at/cm3, respectively. The intensity 
signal of the element of interest, X, was converted into concentration 
thanks to the RSF value and the normalized intensity of the element of 
interest with Eq. (2): 

[X] =
Inorm(X) × RSF(X)

x × NA ×
ρ
M

(at.%) (2)  

with 
Inorm(X) : normalized intensity of the element of interest X (= IX/Imat); 
x : number of atoms per formula unit (= 3 for UO2); 
NA : Avogadro number = 6.02×1023 /mol; 
ρ : density of UO2 = 10.7 g/cm3; 
M : molar mass of UO2 = 270.03 g/mol. 

2.3.4. XANES spectroscopy 
XANES experiments were performed at room temperature on the 

ID26 beamline at ESRF (Grenoble, France) at the L3 edges of Cs 
(E0=5012 eV) and I (E0=4556 eV) on the HC samples. Measurements 
were carried out on half disks confined in Kapton. HERFD-XANES 
spectra were collected using five Si (311) bent crystals (bending radius 
of 1000 mm) mounted on the emission spectrometer available on ID26 
beamline. This method provides highly accurate XANES data on these 
very diluted elements within a highly absorbing UO2 matrix and mini-
mizes the influence of other absorption cross sections in the considered 
energy ranges (mainly U M edges). The emission spectrometer was 
tuned to the Lα1 emission line of iodine (3942 eV) or caesium (4290 eV). 
Spectra were recorded in a continuous quick scan mode of both mono-
chromator and undulator gap over the request energy ranges. A helium 
bag was inserted between the sample, the crystals and the detector to 
avoid beam absorption by air. 

The caesium iodine, CsI, was also measured as a reference com-
pound. Since no pure Cs2UO4 reference sample was available for mea-
surements, a Cs L3 reference spectrum for Cs2UO4 was simulated from its 
reported crystal data [26] using the FDMNES code [27], applying the 
finite difference method to solve the Schrödinger equation in the local 
density approximation, and considering spin-orbit coupling. 

Athena software [28] was used to normalize the XANES spectra. 

3. Results 

3.1. Thermodynamic calculations 

Fig. 2 shows the predominance diagrams calculated with FactSage 
and the SGPS v13.1 database (a) and with Thermo-Calc and TAF-ID v11 
database (b). The calculations were performed for the HC concentrations 
of elements (Table 1). No significant difference could be deduced be-
tween the predominance diagrams obtained for LC samples and those 
obtained for HC, as long as temperatures lower than 1200◦C were 
considered. The red dotted line represents the pO2 evolution with T of 
the gas mixture H2 + 300 vol ppm H2O and the red spots correspond to 
the experimental thermal treatment conditions. 

According to these calculations, caesium uranate, Cs2UOx (with x=4 
from SGPS database and x=3.5 from TAF-ID database), and CsI should 
form during a heat treatment at 900◦C. At this temperature, CsI would 
be either under liquid form in equilibrium with its gaseous form or under 
its gaseous form only depending on total pressure and composition in 
the bubbles. In fact, as any liquid-gas equilibrium, increase in local total 
pressure and/or increase in iodine content in a bubble stabilizes the 
liquid phase whereas decrease in local total pressure and /or decrease in 
iodine content in the bubbles stabilizes the gas phase. The calculations 
predict the formation of a gas phase mainly composed of Cs, Cs2 and CsI 
during a heat treatment at 1200◦C. Therefore, if a sufficiently fast 
cooling down to room temperature can be carried out so that the system 
does not have enough time to evolve during cooling, we expect to 
observe Cs2UOx and CsI after the thermal treatment at 900◦C, and CsI 
and condensed (metallic) Cs after the treatment at 1200◦C. 

3.2. Evolution of UO2 microstructure with I and Cs implantation 

3.2.1. SEM observations 
Fig. 3 shows the surface of HC samples before (b) and after thermal 

treatments (900◦C (c) and 1200◦C (d)). After implantation (Fig. 3 (b)), 
the surface exhibits hollowed grain boundaries and many micron-sized 
pores (which appear as large black dots on Fig. 3 (a)–(d)). These ob-
servations are similar to that on the surface of a pristine (non-implanted) 
UO2 reference sample (Fig. 3 (a)). Therefore, no evolution of the 
microstructure due to the implantation process can be observed at this 
scale. After thermal treatments, little black dots appear at the surface, 
inside grains (Fig. 3 (b) and (c)), which are identified as open bubbles 
(white arrows). Their presence seems to indicate a significant gas release 
during the thermal treatments. It should be noticed that such open 
bubbles are also observed for the heat treated LC samples, but with a 
lower density. 

Cross-section of samples annealed at 1200◦C were prepared for the 
two types of concentration. Only the image of the HC sample is shown 
here (Fig. 3 (e)). It shows the presence of many other bubbles (diameter: 
30 – 100 nm) located down to 250 nm beneath the surface. 

3.2.2. TEM characterization 
Following these observations, TEM analyses were performed in order 

to study the microstructural features at a finer scale and the bubbles 
shown previously. Figs. 4–6 present bright field images obtained on the 
as-implanted HC sample, after an annealing at 900◦C and after an 
annealing at 1200◦C respectively. 

As-implanted sample. 
The as-implanted sample shows a defect-rich zone (mainly disloca-

tion loops up to a size of 10 nm in diameter) between 250 and 400 nm in 
depth (Fig. 4). The FIB preparation induced also many small dislocation 
loops (density equal to (5.3 ± 0.8)⋅1022 m− 3 with a diffraction vector 
along the <111> direction and an average diameter of 1.8 nm; data 
obtained in a fresh sample), but no dislocation line or loop larger than 5 
nm. The defects observed in this sample are therefore mainly due to the 
implantation process of iodine and caesium ions in UO2. Sub-nanometric 
vacancy type objects (density: (1.8±0.3)⋅1024 m− 3, average diameter: 
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0.4±0.2 nm) are present in the implanted part but also in the non- 
implanted part due to the FIB process. Their size and density are close 
to those of the defects produced by FIB (in a fresh sample). It is therefore 
not possible to discriminate between the FIB-induced vacancy type de-
fects and those generated by the implantation process of I and Cs ions in 
this case. But, some published studies [29,30,24] show that nanoscale 
cavities or sub-nanoscale vacancy type objects can be evidenced after 
ion implantation (lamella prepared by other techniques or different FIB 
protocols). It is therefore likely that some sub-nanometric vacancy type 
objects such as those observed here were also induced by the I and Cs 
implantation but they may be not numerous enough compared to FIB 
induced defects to be clearly identified and discriminated from these 

latter. 
Sample heat treated at 900◦C. 
After heat treatment at 900◦C for 4 h (Fig. 5), substantially different 

defects have been observed and their distribution within the implanted 
layer is very inhomogeneous:  

- precipitates: between 20 and 250 nm deep with a density of (4±1)⋅ 
1021 m− 3 and diameters between 5 and 15 nm (average diameter: 7 
±2 nm);  

- bubbles/cavities:  
• nanometric (~ 1 nm diameter): near the surface (0 - 15 nm deep), 

probably due to a surface effect or to the migration of iodine and 

Fig. 2. Predominance diagrams of the system Cs-I-UO2 for HC sample calculated by FactSage with the SGPS database (a) and Thermo-Calc with the TAF-ID database 
(b). The total pressure is 1 bar. The red dots represent the experimental conditions. The MoO2/Mo and UO2 equilibria lines are only indicated for positioning the 
evolution of the oxygen potential in the fuel under normal conditions. 
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caesium towards the surface, and at the end of the implantation 
zone (350 - 400 nm deep) probably due to the annealing and/or 
clustering of a part of the implantation defects; 

• clusters of nanometric bubbles (diameter < 2 nm) (blue rectan-
gles): between 20 and 200 nm deep with an average density in the 
clusters of (4±1)⋅1024 m− 3 and an average diameter of 0.5±0.3 
nm;  

• "large" bubbles: located between 5 and 200 nm below the surface 
with a density of (5±1)⋅1021 m− 3 and a diameter between 5 and 
50 nm (average diameter: 12±4 nm). Many bubbles exhibit a non- 
homogeneous contrast (different shades of grey). This contrast 
may be explained by the deposition of a condensed phase on the 
inner surface of these bubbles, or by the puncture of some bubbles 
during the preparation by FIB: indeed, the large bubbles seem 
partially punctured as if there were actually several bubbles 
stacked on top of each other (perpendicularly to the lamella sur-
face) and only the one closest to the surface was punctured. Some 
of these bubbles are open at the implantation surface of the 

sample, thus confirming the SEM observations, whereas some 
others within the implanted layer are often anchored on disloca-
tion lines;  

- dislocations: between 50 and 300 nm depth, some dislocation lines 
can be observed, mostly anchoring bubbles, and between 250 and 
400 nm a few large diameter (≤ 10 nm) loops are also present. By 
comparing with the loops observed in the as-implanted sample, we 
can notice qualitatively that the loops seem to have grown and their 
density should have decreased. These dislocations correspond to 
implantation defects which remain after the heat treatment. 

Sample heat treated at 1200◦C. 
After the heat treatment at 1200◦C for 1 h (Fig. 6), we can observe 

the presence of:  

- precipitates: between 250 and 350 nm deep, some precipitates are 
attached to dislocation lines (density: (3±1)⋅1021 m− 3; average 
diameter: 10±3 nm);  

- bubbles/cavities: 

Fig. 3. SEM images of the HC sample: UO2 before implantation (a), as-implanted (b), after annealing at 900◦C (c) and after annealing at 1200◦C (d). SEM image of 
the cross section of HC sample annealed at 1200◦C (e). White arrows point on some open bubbles. 
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• nanometric (~ 1 nm diameter): as for the other annealed sample, 
near the surface (0 - 15 nm deep) and at the end of the implanta-
tion zone (350 - 400 nm deep). An annealing and/or a clustering of 
implantation defects may have caused these nanometric bubbles/ 
cavities;  

• “large” bubbles: between 20 and 100 nm deep with an average 
density of (8±2)⋅1021 m− 3 and diameters between 15 and 50 nm 
(average diameter: 24±6 nm). Some of these bubbles are open at 
the surface of the sample (confirming the SEM observations). 
Bubbles with a non-homogeneous contrast, similar to those present 
in the 900◦C annealed sample, are also visible. A few bubbles and 
bubble stacks with diameters between 5 and 30 nm are observed 
between 200 and 350 nm depth, but anchored on dislocation lines;  

- dislocations: some lines anchoring bubbles between 200 and 350 nm 
in depth. As for the 900◦C annealed sample, these dislocations are 
the implantation defects residues after the heat treatment. 

To summarize, our TEM study has evidenced important microstruc-
ture evolutions. Indeed, we observed:  

- nanometric cavities/bubbles on the surface and at the end of the 
implanted zone (300 – 400 nm) for all the annealed samples. This 
type of objects are probably the results of annealing and/or clus-
tering of implantation defects;  

- partial annealing of dislocation-type defects (loop growth and 
interaction to form lines);  

- an evolution of the size and distribution of the bubbles within the 
implanted zone : at 900◦C cluster of nanometric bubbles are 
observed in addition to large bubbles, whereas at 1200◦C only large 
bubbles remain. Moreover, after the heat treatment at 1200◦C, the 
bubbles are located closer to the surface than those observed after the 
annealing at 900◦C;  

- the formation of precipitates, particularly during annealing at 900◦C. 
Very few precipitates are visible after annealing at 1200◦C. 

3.3. Localization of implanted I and Cs in UO2 

Fig. 7 displays the evolution of I and Cs depth concentration profiles 
in UO2 after implantation and after thermal treatments at 900◦C and at 

1200◦C under controlled atmospheres, as deduced from SIMS analysis. It 
should be noticed that 5-7 profiles were acquired for each sample. Only 
the 2 profiles corresponding to the optimal conditions (described in 
§2.3.3.) are presented here. For each sample, all the profiles exhibited 
the same trends. 

As-implanted profiles. 
Firstly, depth profiles for as-implanted samples are consistent with 

SRIM calculations (Fig. 1) for the two elements with semi-Gaussian 
distributions. Nevertheless slight shifts of the concentration maxima 
towards shallower depths are observed (for I at 130 nm vs. 141 nm 
according to SRIM and, for Cs at 123 or 138 nm vs. 141 nm according to 
SRIM), as well as slightly lower concentrations at the maxima and also 
slight spreading of experimental profile with respect to SRIM calcula-
tions. These deviations can be explained by the dependence of the 
sputtering yield with the UO2 crystal orientation: our UO2 samples being 
polycrystalline, it results in a distribution of depths for a given abrasion 
time. The use of an eucentric rotating sample stage may help preventing 
this effect in future studies [31]. Moreover, it is to note that sample 
abrasion is slower using O2

+ ions (to analyse Cs) than using Cs+ (to 
analyse I), resulting in less reproducible measurements, and explaining 
the observed shift between the two Cs profiles. 

Iodine depth profiles after thermal treatments. 
The I profiles show a concentration maximum at 75 nm after 4h at 

900◦C and at 50 nm after 1h at 1200◦C (Fig. 7 (a)). The profiles obtained 
after 4h at 900◦C also exhibit a concentration plateau between 120 nm 
and 200 nm: iodine thus seems homogeneously distributed in this area. 
The profile 2 for the sample annealed at 1200◦C also presents a small 
concentration plateau between 145 and 160 nm. Moreover, on the two 
profiles obtained on this sample, small fluctuations can be seen between 
50 and 160 nm. These are probably due to an inhomogeneous sputtering 
of the grains, which is more visible in this sample whose iodine con-
centration is the lowest. Therefore, these results evidence a shift of the 
iodine concentration maximum with temperature, and more generally of 
the whole iodine profile, towards the surface with temperature and an 
absence of diffusion beyond the implanted zone. 

Integrals of the I concentration profiles decrease significantly after 
the heat treatments. Calculations of release rates show a decrease of the 
iodine concentration of almost 35 % after 4h at 900◦C and almost 74 % 
after 1h at 1200◦C. 

Fig. 4. Bright field TEM image of the HC sample after implantation ( g→ = 〈111〉).  
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Caesium depth profiles after thermal treatments. 
The Cs profiles show a concentration maximum at around 75 nm 

after 4h at 900◦C and at around 50 nm after 1h at 1200◦C (Fig. 7 (b)). 
The profiles of the sample annealed at 1200◦C exhibit a shoulder for 
profile 1 around 140 nm and a maximum of profile 2 around 180 nm. As 
for iodine, these results evidence a shift of the concentration maximum, 
and more generally of the whole caesium concentration profiles, to-
wards the surface and an absence of diffusion beyond the implanted 
region. We can thus conclude that caesium migrates towards the surface 
under the effect of temperature. 

The integrals of the Cs concentration profiles decreased significantly 
after the heat treatments. Calculations of the Cs release rates shows a 
decrease in total caesium concentration of nearly 50 % after 4h at 900◦C 
and nearly 80 % after 1h at 1200◦C. 

Comparison of I and Cs concentration profiles. 
The observations of I and Cs profiles after annealing show that the 

maximum concentrations of I and Cs are always located at the same 
depths for a given temperature. The I and Cs concentration profiles thus 
tend to overlap, which may traduce some interactions between the two 
elements. 

Furthermore, no diffusion, neither of iodine nor of caesium, beyond 

the implanted region of the sample can be evidenced. It can be supposed 
that the irradiation-induced defects favour the diffusion of Cs and I in 
the implanted region UO2, so that under the effect of temperature, 
caesium and iodine are able to migrate globally towards the surface. 

It is interesting to note that, after 4h at 900◦C, despite important 
release rates, the caesium concentration remains approximately twice as 
that of iodine, whereas after 1h at 1200◦C, the iodine and caesium 
concentrations tend to almost equal values. This result is consistent with 
the possible formation of CsI at 1200◦C. However, additional longer heat 
treatments would be necessary to consolidate this observation. 

3.4. Speciation of Cs and I in UO2 

3.4.1. XANES results 
XAS analysis was conducted on the HC and LC samples. 
Iodine-L3 edge. 
Fig. 8 shows the I L3 spectra of the as-implanted samples and a 

reference CsI spectrum. The spectrum of the as-implanted HC sample 
mainly exhibit a shoulder at 4567 eV and a bump at 4575 eV. The 
shoulder is less marked for the as-implanted LC sample and the bump is 
at 4579 eV for this sample. Reference spectra for an iodine atom inserted 

Fig. 5. Bright field TEM images in over-focused conditions of the HC sample after a heat treatment at 900◦C during 4 h (f indicates focus).  
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in various sites of the UO2 fluorite structure (bound Schottky defects, U 
or O vacancies, interstitial) have been simulated with FDMNES code. 
Unfortunately, neither experimental nor simulated reference spectra 
could help yet successfully reproducing the as-implanted I L3 spectrum: 
theoretical investigations are underway to explain its spectral features. 

We observe significant differences between the spectra before and 
after thermal treatments, traducing an evolution of iodine speciation at 
high temperatures. The spectra for HC samples (Fig. 8(a)) after 4h at 
900◦C and 1h at 1200◦C are almost identical and clearly show the iodine 
signature in the CsI compound, in good accordance with thermodynamic 

Fig. 6. Bright field TEM images of the HC sample after a thermal treatment at 1200◦C during 1 h (f indicates focus).  

Fig. 7. Depth profiles obtained with SIMS on iodine (a) and on caesium (b) of IC samples as-implanted and annealed at 900◦C during 4 h or at 1200◦C during 1 h.  
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calculations. However, the pseudo-white line at 4562 eV is slightly more 
intense (and very slightly shifted, by about 1 eV, towards lower en-
ergies) in the co-implanted samples, probably reflecting the minor 
presence of iodine in another chemical form. 

Fig. 8 (b) shows the spectra of the heat treated LC samples. Despite 
their more noisy character (due to the lower iodine concentration) we 
can note that they are different from the as-implanted spectrum, thus 
also confirming an evolution of speciation with temperature. However 
the spectra of the heat treated LC samples are quite different from those 
of the HC samples. We can observe a tendency to resemble that of CsI, in 
particular after 1h at 1200◦C, with the appearance of an absorption peak 
at 4561 eV, the displacement of the maximum towards 4573 eV and the 
growth of a small bump around 4585 eV. The spectrum of the sample 
heat treated at 900◦C has more similarities with the spectrum of the as- 
implanted sample (bumps at 4563 eV and 4595 eV). These results show 
that during the thermal treatment of the LC samples, part of the iodine 
reacted with Cs to form CsI while another part probably still remained in 
its as-implanted form. We can assume that a longer annealing time 
would allow the iodine to be fully converted into CsI. 

Ceasium-L3 edge. 
Fig. 9 (a) shows the Cs L3 spectra for the as-implanted samples and 

for CsI reference sample, as well as the simulated spectra of Cs2UO4 and 
metallic Cs. The spectrum of the as-implanted sample is mainly 
composed of one broad intense absorbance peak (so-called white line) at 
5016 eV, and a small bump close to 5031 eV. The very similar spectral 
shapes of the LC and HC samples evidence the absence of significant Cs- 
Cs and Cs-I interactions during the implantation process. As for iodine L3 

edge, no matching reference spectrum could be found to help inferring 
the local environment of as-implanted Cs in UO2, and theoretical in-
vestigations are also underway. 

As for iodine, evolutions of the spectra are observed after thermal 
treatments. Similarities between the spectra of the samples heat treated 
at 900◦C and at 1200◦C can be seen: a white line at 5015 eV and bumps 
at 5020 eV and 5032 eV. Nevertheless, some differences are also 
noticeable: after 4h at 900◦C, the white line at 5015 eV is less intense 
and the dip at 5018 eV is less marked if compared to the spectrum of the 
sample heat treated 1h at 1200◦C. These differences evidence an evo-
lution of Cs speciation at high temperature. The spectrum obtained with 
the sample heat treated at 1200◦C overlaps almost perfectly with the 
reference spectrum of CsI: this unambiguously shows that most caesium 
forms CsI at 1200◦C, in good accordance with thermodynamic calcula-
tions. For the sample heat treated at 900◦C, the agreement is less perfect, 
but characteristic features (a white line at 5015eV, a bump at 5020 eV 
and a slight bump at 5033 eV) also clearly indicate the presence of CsI. 
The differences indicate the presence of at least another Cs-bearing 
phase. This observation is consistent with the SIMS results which still 
show twice as much caesium as iodine after 4h at 900◦C, and is 
confirmed by thermodynamic calculations, which predict the formation 
of a caesium uranate (Cs2UO4 or Cs2UO3.5 depending on the database). 
Unfortunately, no experimental Cs L3 XAS spectrum for such uranates is 
reported in literature. Thus, we have no way of verifying if our Cs2UO4 
XANES simulation is correct. Moreover, no structural data to be used for 
XANES simulation can be found concerning Cs2UO3.5. The simulated 
spectrum of metallic Cs shows essentially a white line and no specific 

Fig. 8. I-L3 edge XANES spectra of UO2 implanted with Cs and I as-implanted and after 4h at 900◦C or after 1h at 1200◦C compared with reference spectrum of CsI: 
HC sample (a) and LC sample (b). 

Fig. 9. Cs-L3 edge XANES spectra of UO2 implanted with Cs and I as-implanted and after 4h at 900◦C or after 1h at 1200◦C compared with reference spectrum of CsI 
and simulated XANES spectra of Cs2UO4 and of Cs metal: HC sample (a) and LC sample (b). 
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signature at higher energies so we cannot conclude on the presence of 
metallic Cs (corresponding to the condensed form at room temperature 
of gaseous Cs or Cs2 whose formation at high temperature is predicted by 
the thermodynamic calculations). Finally, the Cs L3 spectra do not show 
a lot of differences between the considered compounds (metallic Cs, CsI 
and Cs2UO4), so it is difficult to make reliable linear combinations from 
quite similar reference spectra. 

Fig. 9 (b) shows the experimental spectra of the annealed LC samples 
compared with the experimental spectra of the as-implanted HC sample. 
In addition, the experimental CsI spectrum and the calculated spectra of 
Cs2UO4 and metallic Cs are shown. Firstly, we can notice that the spectra 
of the heat treated samples are also different from the spectrum obtained 
on the as-implanted sample, indicating again an evolution of Cs speci-
ation during the thermal treatments. The spectra of the heat treated LC 
samples show some similarities with the spectrum of the HC sample 
annealed at 900◦C, although broadened. These observations, coupled 
with those made at the I L3 edge, confirm the majority presence of CsI in 
all the heat-treated samples. However, as in the HC samples, Cs is also 
present in at least one other chemical form, which may be the same as in 
the HC sample annealed at 900◦C. Unfortunately, the present study does 
not allow us to conclude about their nature. 

To conclude, XANES results unambiguously show the formation of 
CsI during the thermal treatments, which is the predominant phase after 
the heat treatment at 1200◦C. The spectrum of the HC sample annealed 
at 900◦C indicates that Cs should be present in at least another chemical 
form. 

3.4.2. EDX results 
The EDX analyses were carried out on lamellae of thermally treated 

HC samples using STEM mode. The elemental maps of these samples are 
presented in Figs. 10 and 11. Some of the U emission lines are missing in 
the Velox database but the missing lines are presented in [32]. These are 

very close to some I and Cs emission lines which makes it difficult to 
separate and unambiguously identify them. To overcome this lack and to 
determine qualitatively if I or Cs are present at a given location (pre-
cipitates or bubbles), we compared the EDX spectra obtained in the area 
of interest with a reference spectrum measured on the UO2 matrix 
(Fig. 12 area 2). We considered the Lα (3.94 keV) emission line as the 
signature of the presence of iodine and Lβ1 (4.62 keV) and Lβ2 (4.93 keV) 
lines as signatures of caesium. The EDX spectra of the studied zones are 
presented in Fig. 12. Areas 1 and 3 for the sample heat-treated at 900◦C 
and area 1 for the sample heat-treated at 1200◦C correspond to bubbles. 
It was tricky to distinguish bubbles from precipitates in our samples with 
the HAADF detector. Thus, we identified the objects by means of con-
ventional TEM. 

After the heat treatments at 900◦C and 1200◦C, the TEM observa-
tions revealed bubbles and some precipitates. We can see in the EDX 
spectra of these objects the presence of a peak at 3.95 keV and of another 
one at 4.62 keV, corresponding to the Lα line of iodine and to the Lβ1 of 
caesium. We can also observe the presence of a shoulder at 4.25 keV on 
the broad peak coming from the uranium M3O3, M3O5, M3P1 and M1N2 
transitions, which also corresponds to the Lα line of caesium (Fig. 12). 
This observation evidences the co-localization of I and Cs within the 
bubbles, down to 300 nm depth for both heat treatments, and thus 
confirms the previous results. Noteworthy, we did not manage to detect I 
and Cs in the UO2 matrix, confirming the very low solubility of these 
elements. 

3.4.3. EELS results 
The EELS analysis was performed using STEM mode on the two heat- 

treated HC samples. This mode has been chosen in order to have a probe 
size at least equivalent to the radius of the objects of interest. Only the 
spectra obtained on the sample heat treated at 1200◦C are presented 
here (Fig. 13), those obtained on the sample heat-treated at 900◦C being 

Fig. 10. HAADF picture and EDX map of I, Cs, O and U of the HC sample heat treated during 4 h at 900◦C.  
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very similar. Due to the small difference in contrast between a bubble 
and a precipitate in the HAADF images, EELS spectra were first obtained 
on various objects, whose natures were identified afterwards in con-
ventional TEM mode. As a result, we analysed four bubbles on each 
sample and the obtained spectra are all similar. The analyses of the 
precipitates were more complex: due to their small size (5-15 nm) and 
the probed size used, the contribution of the UO2 matrix was larger than 
in the case of the bubbles for the obtained spectra. We could thus obtain 
no more pertinent information from this technique to determine the 
chemical nature(s) of these precipitates. 

On Fig. 13, the spectrum (a) corresponds to the UO2 matrix while the 
spectrum (b) corresponds to a bubble. We note the presence of the I and 
Cs edges, indicating their presence within the bubbles. In addition, the 
EELS spectrum obtained on the UO2 matrix shows the absence of dis-
solved I and Cs or that the quantity is so small that we would be at the 
limit of detection. Hence these results confirm well the previous 

observations. 

4. Discussion 

TEM observations have indicated an important evolution of the 
microstructure with temperature as summarized in Fig. 14. We observed 
annealing of the implantation defects with increasing temperature. 
Indeed, initially only small dislocation loops were observed and after 1h 
at 1200◦C, few dislocation lines are present and few larger loop 
remained, mostly anchored on bubbles and/or precipitates. In addition, 
large bubbles appear to grow during the heat treatments. Some of these 
bubbles have inhomogeneous contrasts with different shades of grey. 
These contrasts may suggest stacking of several bubbles (parallel to the 
observation direction) or a deposition of a condensed phase on the inner 
surface of the bubbles. Open bubbles at the sample surface are also 
visible, which are also observed by SEM. An evolution of the size of the 

Fig. 11. HAADF picture and EDX map of I, Cs, O and U of the HC sample heat treated during 1 h at 1200◦C.  

Fig. 12. EDX spectra obtained from the selected areas from Fig. 10 (a) and from Fig. 11 (b).  
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bubbles with the annealing temperature is also deduced. Indeed, after 
annealing at 900◦C, clusters of small (nanometric) bubbles are observed, 
whereas after annealing at 1200◦C, larger bubbles (50-100 nm in 
diameter) are mainly seen. Therefore, these clusters of small bubbles 
seem to be the intermediate stage between isolated small bubbles and 
larger bubbles. 

The SIMS results have shown changes in the concentration profiles 
with the heat treatment. We note that the concentration maxima of I and 
Cs migrate towards the surface and are always located at the same 
depths at a given temperature (Fig. 15). They did not diffuse beyond the 
implanted region, i.e. toward the bulk of the sample, due to the lack of 

solubility of these elements in the non-irradiated UO2 matrix [33]. 
Furthermore, the I and Cs concentration profiles tend to overlap and 
equalize, in agreement with the formation of a compound of stoichi-
ometry (CsI)x. 

The SIMS concentration profiles showed that some important 
gaseous releases occurred (nearly 50 % after 4h at 900◦C and 90 % of 
implanted elements are lost after 1h at 1200◦C) in agreement with the 
observations by SEM and TEM of open bubbles on the sample surface 
(Fig. 15). It should be noted that the release rate is higher for caesium 
than iodine. Additional thermal treatments would be required to 
determine the influence of the annealing time on the release rate, until 

Fig. 13. HAADF image and EELS spectra from sample HC heat treated at 1200◦C at different positions: (a) in the UO2 matrix and (b) in a bubble containing Cs and I.  

Fig. 14. Schematic illustration of the evolution of the microstructure of UO2 lamellae implanted with Cs and I before and after annealing at 900◦C and 1200◦C.  
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complete release is achieved (if possible). 
The XANES analysis shows that iodine is mostly in the form of CsI. 

Furthermore, the EDX and EELS analyses confirm the presence of iodine 
and caesium in the bubbles. Such results clearly confirm the presence of 
CsI in the bubbles at 900◦C. In addition, an in situ high temperature TEM 
and EELS analysis on the as-implanted sample revealed the presence of 
CsI in bubbles as early as 800◦C [34]. Sekiguchi et al. also detected CsI 
(g) as early as 630◦C in their tests to measure Cs and I partial pressures in 
fuels for molten salt reactors [35]. The occurrence of CsI in gas phase 
only at these temperatures is consistent with either a low total pressure 
in the bubbles (pressure local to a bubble) and/or a decrease of iodine 
content (loss during thermal treatment), which stabilizes gaseous form 
of CsI to the detriment of its condensed phase (cf. §. 3.1.). 

XANES shows that, after thermal treatment, caesium is not only in 
the form of CsI but also in one or more other minor forms that we are still 
unable to identify, and whose proportion decreases with the tempera-
ture of the thermal treatment. The Cs profiles obtained by SIMS tend to 
overlap with those of iodine as the thermal treatment temperature in-
creases. This confirms that, at equilibrium, part of Cs is fixed in the 
sample by I in the form of CsI. However, the question remains as to 
which other chemical forms Cs volatilizes. Observations tend to show 
that part of Cs released in the form of CsI, but the release rates of Cs are 
much higher than for I. As shown in Fig. 16, the condensed phases most 

likely to be formed in our experimental conditions (composition, pO2 
and temperature) are CsI(l) and Cs2UO4(s), in equilibrium with both CsI 
(g) and Cs(g) according to the following reactions: CsI(l) = CsI(g) and 
Cs2UO4(s) = 2Cs(g) +UO2 +O2. The equilibrium gas pressure of CsI(g) is 
a function of temperature only. That of Cs(g) depends on both temper-
ature and O2 partial pressure (cf. iso-pressure curves of Cs(g) in Fig. 16). 
According to thermodynamics, caesium is thus most likely to release as 
Csx(g), in addition to CsI(g), in our experimental conditions. Moreover, 
the amount of gaseous free caesium is predicted to decrease with tem-
perature, which is consistent with the XANES observations. 

In fact, the nature of the precipitates inside the samples may differ as 
a function of the cooling rate of the system until room temperature is 
reached and as said in § 2.1.3., the furnace used in this study did allow to 
have a precise control on the cooling. In that respect, two limiting cases 
are to be considered:  

1 The cooling was fast enough to prevent thermodynamic equilibrium of the 
sample: the "high temperature" phases were therefore frozen by 
quenching and, then, precipitates of solid CsI and metallic Cs should 
be observable in the final samples. In this case, metallic Cs would 
result from the condensation of Cs(g) in the bubbles and Cs(s) would 
be expected to be systematically associated to gas bubbles after 
returning to room temperature; 

Fig. 15. Overlay of SIMS concentration profiles on TEM images for samples implanted with I and Cs, as-implanted at room temperature (left) and annealed at 900◦C 
(middle) and 1200◦C (right). 

Fig. 16. Phase diagrams of the system Cs-I-UO2 for HC sample calculated by FactSage with the review SGPS database.  
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2 The cooling was slow enough for the sample to remain at the thermody-
namic equilibrium: then new phases may have formed at equilibrium 
at lower temperature. As a result, caesium uranate Cs2UO4 is likely to 
precipitate when temperature decreases together with solid CsI, ac-
cording to thermodynamic predictions. In this case, caesium uranate 
would result from the direct interaction of Cs(g) with the UO2 matrix 
and therefore precipitates should be found inside the sample matrix, 
close to bubbles, after returning to room temperature. 

Our two samples annealed at 900◦C and 1200◦C both show pre-
cipitates dispersed in the UO2 matrix with no apparent correlation with 
the gas bubbles. In addition, the XANES spectra both show some simi-
larities with that of the simulated Cs2UO4 spectrum. These observations 
tend to be more consistent with the formation of a compound of caesium 
uranate type rather than metallic caesium. Further investigation are 
needed to fully confirm that assumption. 

These results prove the great sensitivity of the studied systems to the 
heat treatment conditions, i.e. T and pO2, which results in a more or less 
controlled evolution of the microstructures and speciation of the 
implanted elements during the tests. Special care must therefore be 
taken to ensure that:  

- the thermodynamic equilibrium is effectively reached during 
annealing (longer annealing time);  

- the evolution of the system during cooling is limited (very fast 
cooling rates or quenching). 

5. Conclusion 

This study focused on the interaction of I with Cs in UO2. The 
coupling between an experimental approach and a modelling study 
allowed to highlight an evolution of the microstructure and speciation of 
caesium and iodine in UO2 with thermal treatments (4 h at 900◦C and 1 
h at 1200◦C with pO2 set by 0.03% H2O/H2 equilibrium):  

• microstructure: before heat treatment, the as- implanted sample had 
a high density of dislocation loops and sub-nanometric vacancy type 
objects. After heat treatment, these defects are still visible at lower 
densities. Moreover, we observed the formation of two types of 
bubbles: “large” bubbles (diameter between 5 and 100 nm) and 
clusters of small bubbles (diameter ~ 1nm). The cluster of small 
bubbles seems to be an intermediate stage between isolated small 
bubbles and “large” bubbles. Moreover, some open bubbles at the 
surface were visible, indicating gaseous releases during thermal 
treatments. Some small precipitates have been also observed 
(diameter between 5 and 15 nm); 

• depth profiles: concentration peaks of Cs and I move together to-
wards the surface with the temperature so there is co-localization of 
Cs and I. Furthermore, the concentration of the two elements 
decrease with the temperature of thermal treatment. This trend is 
more marked for Cs which indicated a higher release rate of this 
element;  

• speciation: EDX and EELS results show the co-localization of Cs and I 
in bubbles and their absence in the matrix. XANES results show the 
formation of CsI and tend to indicate the possible formation of 
Cs2UOx (with x = 3.5 or 4). 

The results confirmed the interaction of Cs and I at high temperature 
to form CsI mostly in the gas phase. The Cs in excess may be in the form 
of precipitates, probably Cs2UO4. However, according to calculations, 
Cs2UO4 should be stabilized only for the thermal treatment at 900◦C. 
The formation of such a compound after a heat treatment at 1200◦C 
would result from slow cooling rate allowing its stabilization at a lower 
temperature. Moreover, the concentration depth profiles showed a 
higher release rate in the case of Cs, which implies that an excess of Cs 
was released during thermal treatment, maybe partly in the form of Cs 

(g) or Cs2(g). 

CRediT authorship contribution statement 

M. Rochedy: Investigation, Methodology, Writing – original draft. 
V. Klosek: Conceptualization, Investigation, Methodology, Writing – 
review & editing. C. Riglet-Martial: Conceptualization, Investigation, 
Methodology, Writing – review & editing. C. Onofri-Marroncle: 
Investigation, Methodology, Writing – review & editing. D. Drouan: 
Investigation. D. Reyes: Investigation, Methodology, Writing – review 
& editing. P. Bienvenu: Investigation, Methodology, Writing – review & 
editing. I. Roure: Investigation. M. Cabié: Investigation. L. Amidani: 
Investigation. J. Léchelle: Conceptualization, Investigation, Methodol-
ogy, Writing – review & editing, Supervision. M-A. Pinault-Thaury: 
Supervision, Methodology. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

The authors would like to thank EDF and FRAMATOME for their 
technical and financial support. 

References 

[1] M.H.A. Piro, D. Sunderland, S. Livingstone, J. Sercombe, W. Revie, A. Quastel, 
K. Terrani, C. Judge, A review of Pellet–Clad interaction behavior in zirconium 
alloy fuel cladding. Reference Module in Materials Science and Materials 
Engineering, Elsevier, 2017, https://doi.org/10.1016/B978-0-12-803581-8.09799- 
X. 

[2] B. Baurens, Couplages thermochimie mécaniques dans le dioxyde d’uranium : 
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