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françaises y sont particulièrement soulignés. 
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l’Energie Atomique) since 1999 in the PRECCI project with the support of EDF (Electricité de France). These studies 
focused on the spent fuel behaviour under various conditions encountered in dry storage or in deep geological 
disposal. Three main types of conditions were discerned: 

- The evolution in a closed system which corresponds to the normal scenario in storage and to the first 
confinement phase in disposal;  

- The evolution in air which corresponds to an incidental loss of confinement during storage or to a rupture of 
the canister before the site re-saturation in geological disposal;  

- The evolution in water which corresponds to the normal scenario after the breaching of the canister in 
repository conditions. 
This document produced in the frame of the PRECCI project is an overview of the state of knowledge in 2004 
concerning the long-term behavior of spent fuel under these various conditions. The state of the art was derived from 
the results obtained under the PRECCI project as well as from a review of the literature and of data acquired under the 
European project on Spent Fuel Stability under Repository Conditions. The main results issued from the French 
research are underlined. 
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EXECUTIVE SUMMARY 
 
 

The French research on spent fuel long term evolution have been performed by CEA since 1999 
in the PRECCI project. These studies focus on the spent fuel behaviour under various conditions 
encountered in dry storage or in deep geological disposal. Three main types of conditions were 
discerned: 

- The evolution in a closed system which corresponds to the normal scenario in storage and to 
the first confinement phase in disposal; 

- The evolution in air which corresponds to an incidental loss of confinement during storage 
or to a rupture of the canister before the site re-saturation in geological disposal; 

- The evolution in water which corresponds to the normal scenario after the breaching of the 
canister in repository conditions. 

This document produced in the frame of the PRECCI project is an overview of the state of knowledge 
in 2004 concerning the long-term behavior of spent fuel under these various conditions. It provides 
partial answers to the operational questions of dry storage and deep geological disposal of spent fuel. 
The state of the art was derived from the results obtained under the PRECCI project as well as from a 
review of the literature and of data acquired under the European project on Spent Fuel Stability under 
Repository Conditions. The main results issued from the French research are summarized below. The 
remaining questions are also underlined. 

After removal from the reactor, the chemical and physical characteristics of spent fuel pellets could 
evolve under the effects of the radioactivity and residual temperature, even in a closed system. The 
studies performed in the PRECCI project lead to the following results: 

• The modified chemical composition and diminishing temperature do not appear to affect the 
oxidation state of spent fuel, in which the oxygen potential is controlled by the Mo/MoO2 couple. 

• Extrapolating the Arrhenius laws to lower temperatures for the diffusion coefficients of the most 
mobile elements such as iodine or cesium shows that the thermal diffusion process can be 
considered negligible or inexistent at the expected temperatures and within the time frame of 
interim storage (a hundred years) or disposal (> 10000 years). 

• Diffusion accelerated by the effects of fission reactions accounts for the mobility of the elements in 
UO2 at temperatures below about 1000°C. The similarity between the effects of fissions and those 
of alpha self-irradiation suggests that the value of the diffusion coefficient under α self-irradiation 
is approximately 10-25 m2·s-1 during the first hundred years after removal from the reactor, and 
diminishes with the α activity of the fuel; major uncertainties exist concerning the effectiveness 
of this mechanism, which must be validated by an experimental approach today in progress in 
CEA. 



Synthesis on the spent fuel long-term evolution 

3 

• The relative increase in the lattice parameter due to the accumulation of self-irradiation damage 
remains limited to a value corresponding to a volume increase of about 1%, and is reached rapidly 
after removal from the reactor. 

• Helium is produced in large quantities by decay of the actinides in the spent fuel, and particularly 
in MOX fuel; the mean concentration reached in a MOX fuel pellet with a burnup of 47.5 GWd·t-1 
is about 0.5 at%·atiHM

-1 after a hundred years of cooling. Thermal diffusion of helium largely 
exceeds that of fission gases in UO2, but remains low at temperatures below 400°C; The 
cumulative effects of self-irradiation damage and thermal diffusion are unknown, however; 
helium diffusion accelerated by α self-irradiation—which should exceed that of the fission 
gases—must still be evaluated. 

• The consequences of the formation of intra- and intragranular helium bubbles on the 
mechanical strength of the grain boundaries, embrittled by irradiation in the reactor, are 
currently unknown; pellet cracking in time cannot be excluded. 

As for the long term behavior of the irradiated cladding the main, the overriding phenomenon 
under dry conditions is cladding creep, for which strain laws (based on short-term tests) and a failure 
criterion have been proposed. Under water, the principal risk is cladding embrittlement following 
reorientation under load of the hydrides, which in turn depends on the temperature-stress history of the 
material. The short-term creep laws must still be consolidated over the long-term, and the evolution 
of the mechanical properties of the assembly structural materials is currently unknown. 

 

When exposed to air, the spent fuel rod alteration is governed either by the UO2 oxidation 
kinetics, or by the oxygen access through the cladding defect. Oxidation of UO2 is commonly broken 
down in the literature into two main steps for which the oxidation kinetics are based on the weight 
gain curves. Various observations performed at the microstructure scale are not in agreement with the 
simplified formalism applied in literature. Thus its extrapolation to other types of fuels such as MOX 
or to another temperature domain seems not to be appropriate. Investigating the oxidation mechanisms 
at smaller scale should diminish the uncertainties affecting the macroscopic approach proposed in 
literature. 

Oxidation is accelerated by the presence of water vapor when the relative humidity exceeds 
30%, especially at low temperatures, and by the presence of NO2 gas produced by radiolysis of the air 
near the spent fuel, even at low concentrations in air (< 0.1%). 

The rod alteration kinetics are limited by the availability of oxygen at the fuel surface, which 
depends on the characteristics of the breach and on the open porosity in the rod. Arrhenius laws 
proposed in literature to calculate the incubation time and the defect propagation rate must be verified 
at high burnup levels (> 40 GWd.t-1).  Moreover, the extent of radionuclide release due to oxidation 
is not known at this time. 

 

In water, various findings of PRECCI have shown that the UO2 dissolution rate increases with α 
and βγ radiolysis of water; In deaerated media the dissolution rate increases with the dose rate. βγ 
radiolysis, which enhances the formation of radical species, appears to be more oxidant under 
comparable irradiation conditions (dose rate, cover gas, etc). However, after a few hundred years only 
alpha radiolysis of water will persist at the fuel surface. 

The radionuclide release by the spent fuel rod depends on the surface area directly accessible to 
water. On removal from the reactor, the pellet is fragmented into about ten to fifteen pieces. The 
geometric characteristics of the pellet can then vary during the first phase of confinement. Helium 
produced by alpha decay could in particular lead to increased cracking. This process has not yet been 
evaluated. Similarly, exposure of the fuel to air, by oxidizing its surface and possibly opening the 
grain boundaries, would accelerate the matrix dissolution rate at the moment of water ingress. 

Finally, the formation of secondary phases and/or the presence of hydrogen on the fuel surface 
could offset the effects of radiolysis. The conditions under which secondary phases are formed and 
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their impact on the fuel alteration rate are unknown in deaerated media, and the mechanisms 
responsible for the inhibiting effect of hydrogen on the spent fuel dissolution rate have not been 
elucidated to date. 
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GENERAL INTRODUCTION 
The 1991 Radioactive Waste Management Act established a framework in France for research 

activities on long-lived high-level waste. Within this context, the Commissariat à l’Énergie Atomique 
(French Atomic Energy Commission) initiated a research program in 1999 to investigate the long-term 
behavior of spent nuclear fuel, under the PRECCI project (from the French acronym for Research 
Project on Long-Term Evolution of Spent Fuel Packages) supported by the French electrical utility 
EDF and partially by FRAMATOME (Poinssot et al., 2000;2001a,b,c; 2002 a,b;2003a; 2004; Ferry et 
al., 2003). Its primary objective was to address the operational issues of dry interim storage or deep 
geological disposal of spent fuel: 

1) What are the risks related to retrieval of a spent fuel package at the end of the interim storage 
period? 

2) Is spent fuel reprocessable following interim storage? 

3) What surveillance provisions are necessary for spent fuel package during interim storage? 

4) To what extent is it compatible with subsequent disposal? 

5) What are the radionuclide release rates under repository conditions? 

6) How robust and reliable are spent fuel evolution models? 

These operational questions were reformulated in terms of the following scientific issues: 

1) Package retrieval. What will be the mechanical state of a spent fuel assembly (cladding, UO2 
matrix and assembly structures) on retrieval following the interim storage period? What in 
particular is the risk of cladding failure by corrosion or creep? What possible source terms will 
have to be taken into account during retrieval operations? What will be the residual radioactivity of 
the spent fuel following the interim storage period? 

2) Spent fuel reprocessability. The fuel reprocessability depends on the nature of the phases present, 
which determine the dissolution process, on the chemical inventories, which may determine the 
separation process, and on the actinide inventories (e.g. americium?), which can affect the 
vitrification process. It is thus essential to know the physical state (particle size, porosity, 
mineralogy) and the chemical state (evolution and location of the radioelement inventory) of the 
spent fuel following interim storage, as well as the gases that could be released during shearing and 
affect the process head-end operations. 

3) Surveillance during interim storage. What parameters must be monitored to infer the potential 
volatile source terms, the physical condition—particularly in terms of cracking and porosity—and 
swelling of the spent fuel? Are the volatile source terms likely to be transported through the 
barriers provided within the spent fuel package? 

4) Repository compatibility. The physical and chemical state of the fuel after interim storage 
corresponds to the initial disposal conditions. Can the physical or chemical transformations 
resulting from interim storage significantly affect the behavior of the spent fuel package in the 
repository? Are the alteration and radionuclide release mechanisms arising from the physical and 
chemical condition of the spent fuel package after 100 years of interim storage compatible with 
deep geological disposal? Are the nature and geometry of the package materials compatible with 
disposal concepts? 

5) Radionuclide release rate in the repository. What are the spent fuel alteration mechanisms under 
repository conditions—mechanisms that will depend to a large extent on the physical condition of 
the fuel (surface area accessible to water, porosity, nature of mineralogical phases, etc.)? What are 
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the radioelement inventories and locations (labile fractions, grain boundaries or matrix)? What are 
the radioelement release mechanisms according to the boundary conditions (oxidizing versus 
reducing media) and elapsed time? What are the inherent kinetics of these mechanisms, and the 
possible effects of disruptive phenomena such as reprecipitation of secondary minerals? 

6) Demonstration capability. What is the sensitivity of spent fuel evolution models to environmental 
variables? What is the pertinence of the operational model parameters with regard to the 
fundamental knowledge requirements concerning poorly known mechanisms such as radiolysis? To 
what extent will it be possible to characterize industrial “spent fuel packages” in the referential 
knowledge base (package characterization)? 

All these scientific questions were addressed by CEA in the PRECCI project through workpackages 
which focus on the various boundary conditions encountered by the spent fuel in dry storage and in 
deep geological disposal (Figure 1). 
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Figure 1: Organisation of the workpackages in the PRECCI project 

This document is an overview of the state of knowledge in 2004 concerning the long-term behavior of 
spent fuel under various conditions—in closed systems, open unsaturated systems, or water-saturated 
systems—providing partial answers to the questions described above. The state of the art was derived 
from the results obtained under the PRECCI project—references and results issued from the project 
are underlined in the text—as well as from a review of the literature and of data acquired under the 
European project on Spent Fuel Stability under Repository Conditions (Poinssot et al., 2001d). The 
mechanisms governing the evolution of nuclear fuel used in pressurized water reactors are described 
and their consequences are assessed. 

• Chapter I briefly reviews the geometric characteristics and physical and chemical properties of 
pressurized water reactor fuel at the moment of fabrication. 

• Chapter II describes the state of the spent fuel pellet after irradiation in the reactor. It details the 
chemical, physical and microstructural transformations that determine the subsequent behavior of 
the spent fuel. 



Synthesis on the spent fuel long-term evolution 

14 

• Chapter III focuses on the location of the radionuclides in the fuel rod on removal from the 
reactor, and discusses the mobility of the elements in the fuel pellet during irradiation. 

• The evolution of a spent fuel pellet in a closed system is described in Chapter IV. The effects of 
radioactivity and of the residual temperature on the spent fuel characteristics are discussed, as are 
the chemical composition of the spent fuel, radionuclide mobility at low-temperatures (< 400°C) 
and in the presence of high alpha activity, and the behavior of helium and the microstructure. 

• The mechanical properties of the cladding and spent fuel assembly and their potential evolution at 
high temperature and at room temperature, in air or in water, are detailed in Chapter V. 

• Chapter VI describes the structural and morphological changes together with the UO2 and spent 
fuel oxidation kinetics—and particularly the effects of oxidation on the propagation of an initial 
cladding defect. 

Finally, the alteration kinetics of a spent fuel rod in water and the resulting radionuclide release 
are described in Chapter VII. 
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Chapter 1. PWR FUEL 

1.1 INTRODUCTION 

This chapter briefly describes the characteristics of the components of freshly fabricated nuclear 
fuel before it is loaded in a reactor. The discussion is limited to the fuel used in pressurized water reactors 
(PWRs) in nuclear power plants operated by the French electrical utility EDF, and in particular the 
17 × 17 fuel assembly of the AFA concept developed by FRAMATOME-ANP (Figure 2). It accounts for 
most of the EDF fuel that has not been reprocessed to date, and could constitute the primary spent fuel 
package for interim storage or disposal. 

A PWR fuel assembly comprises a cluster of 
fuel rods maintained by a skeleton. Each rod consists 
of a cylindrical cladding tube made of zirconium 
alloy (selected for its low neutron capture properties) 
enclosing a stack of fuel pellets. It is sealed at both 
ends by plugs welded onto the cladding tube. The 
geometric characteristics of the main fuel assembly 
components and the compositions of the structural 
materials used are described in paragraph 1.2. 

The fuel pellet is constituted by the fissile 
material which is uranium oxide (UO2 or UOX, UO2-
Gd2O3, URE1) or mixed uranium and plutonium 
oxide ((U,Pu)O2 or MOX). 

The UOX and MOX fuel fabrication process 
and the physical and chemical characteristics of the 
pellets after fabrication are briefly described in 
paragraph 1.3. 

The information reported here is excerpted 
mainly from Bailly et al. (1997) and from a CEA 
report by Dehaudt et al. (2000) reprinted in Poinssot 
et al. (2001) to which the reader may refer for further 
details.  

Figure 2. Fuel assembly 

1.2 PWR FUEL ASSEMBLIES 

1.2.1 General description 

An AFA, AFA-2G or AFA-3G type 17 × 17 PWR fuel assembly comprises 264 rods arranged on a 
17 × 17 square pitch (214 mm x 214 mm), with a central instrumentation tube and 24 guide tubes 
designed to accommodate the corresponding rod clusters (absorber rods, etc.) (Figure 2). The assembly 
structure (or skeleton) also includes stainless steel top and bottom nozzles, two end grids and eight (900 

                                                      
1 URE: reprocessed re-enriched uranium oxide produced by reprocessing UOX 



Synthesis on the spent fuel long-term evolution 

16 

MWe version) or ten (1300 and 1450 MWe versions) intermediate grids forming an integrated structure 
(Bailly et al., 1997). 

The main geometric characteristics of the AFA-2G assembly components are indicated in Table I. 
They are reported in Table X in annex for the AFA-3G type fuel assembly. 

Table I. Dimensional characteristics of AFA-2G type fuel rods and fuel assemblies 

Characteristic AFA-2GE  
(900 MWe) 

AFA-2LE  
(1300 and 1450 MWe) 

Rod active height (mm) UOX: 3657 / MOX: 3588 4267 
Rod free volume (cm3) UOX: 19.3 / MOX: 22.3 23 
Overall rod height (1) 3852 (2) 4485 (2) 
Number of grids 8 10 
Cladding height (Zy-4) (mm) 3832 4473 (2) 
Grid height (Zy-4) (mm) 33.0 
Bottom nozzle height (AISI 304L) (mm) 69 142 
Top nozzle height (AISI 304L) (mm) 94 115 
Overall height of assembly (3) 4060 4797 

(1) Overall value including plugs 
(2) This value could be slightly modified depending on the ceramic and of the type of the plugs 
(3) Equal to the height of the guide tubes + bottom nozzle + top nozzle (excluding springs) 

1.2.2 Fuel rods 

The fuel rod comprises a zirconium alloy cladding tube enclosing a stack of cylindrical UOX or 
MOX pellets and sealed at each end by a plug welded to the cladding (Figure 2). The cladding tube has 
an inside diameter of 8.36 mm and an outside diameter of 9.5 mm, and is about 4 m high (Table I). The 
pellet-clad gap and the volume of the upper expansion chamber (plenum) are determined to be compatible 
with fission gas release, differential thermal expansion between the cladding and the pellet, and swelling 
of the pellets during their residence time in the reactor. A helical AISI 302 stainless steel spring maintains 
the pellet column during transport and handling. 

The alloy initially used for fuel rod cladding tubes in AFA assemblies is Cold Worked Stress 
Relieved (CWSR) Zircaloy-4 with low tin content. The increase of burnup leads to replace it by the M5TM 
alloy fabricated by FRAMATOME –ANP which is more corrosion-resistant in reactor. The compositions 
of these zirconium alloy grades are indicated in Table II. 

Table II. Main components of zirconium alloys used in AFA-2G fuel assembly:  
wt% according to ASTM specifications 

Designation Zircaloy-4 (low-Sn) M5TM 

Zr Remainder Remainder 
Sn 1.35 ± 0.15 * impurity 

Fe 0.21 ± 0.03 0.030 

Cr 0.10 ± 0.03 impurity 

O 0.125 ± 0.035 0.140 

C 0.014 ± 0.006 impurity 
Nb Impurity 1.00 
Si 0.005 – 0.012 Impurity 
S Impurity 0.002 

* This value corresponds to the low-tin alloy (the maximum limit for standard Zircaloy-4 is 1.70%) 
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The rod is pressurized with helium to increase the thermal conductivity in the pellet-clad gap, thus 
reducing the fuel temperature and limiting fission gas release under irradiation. The helium pressure 
ranges from 16 to 32 bars in UOX rods but is always about 26 bars in MOX fuel rods. 

1.2.3 Structural materials 

The coolant flows out through the top nozzle, which is also used for handling the fuel assembly. 
The bottom nozzle distributes the coolant fluid within the assembly, and supports the vertical loads 
exerted on the structure. In AFA-2G and AFA-3G type fuel assemblies, the top and bottom nozzles are 
made of stainless AISI 304L steel (in compliance with the ASTM standard). The retaining system 
securing the adapter plate to the top nozzle plate is made of alloy 718. 

The axial tensile or compression loads exerted on the assembly are borne by the 24 guide tubes 
bolted to the bottom nozzle. The guide tubes are made of recrystallized Zircaloy-4. 

The fuel rods are maintained regularly spaced throughout the assembly lifetime by the grids, which 
consist of Zircaloy-4 plates with attached alloy 718 bow springs. Unlike the end grids, the intermediate 
grids include mixing vanes. AFA-2G and AFA-3G grids differ mainly by the metallurgical state (stress-
relieved, recrystallized) of the steel strapping. 

The total mass of structural materials per assembly is indicated in Table III. 

Table III. Masses of structural materials (kg) per AFA-2G type fuel assembly 

AFA-2GE (900 MWe) AFA-2LE (1300 MWe) Fuel assembly 
structural materials 

UOX MOX UOX (short plugs) UOX (long plugs) 

Zircaloy 4 125.6 145.7 146.2 
Alloy 718 2.1 2.5 
AISI 304L steel 13.4 15.1 16.8 
AISI 302 steel 2.9 2.7 

 

1.3 FUEL PELLETS 

The fissile material in a nuclear fuel rod consists of pellets: 

• uranium oxide enriched in 235U fuel (UO2 or UOX, UO2-Gd2O3, URE2); 

• mixed uranium and plutonium oxide for MOX fuel. 

The characteristics of UOX and MOX fuel pellets are described below. 

1.3.1 UOX (or UO2) fuel 

1.3.1.1 UOX fuel fabrication process 

UO2 powder enriched in 235U is produced from uranium hexafluoride (UF6 in gaseous form 
enriched by a diffusion process) by the gaseous or “dry route” conversion process (Figure 3). The 
resulting powder, with crystallites of about 0.2 µm, has a low specific surface area of about 2 m2·g-1. 
                                                      
2 In order to compensate the neutron-absorbing isotopes (234U, 236U) present in the reprocessed uranium, the required 
enrichment in isotope 235U is higher for URE fuel than for UOX fuel to obtain the same burnup. URE fuel must be 
enriched to 4.1% 235U content to ensure the same performance as UOX fuel enriched to 3.7%, i.e. a burnup of 45 
GWd·t-1. 
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UO2 powder Hydrolysis Reductive 
pyrohdrolysisUF6 UO2F2 solid 

H2O vapor H2O vapor
H2 

 

Figure 3. Dry route preparation of sinterable UO2 oxide powder (Dehaudt et al, 2000) 

The UO2 powder is then formed into pellets by means of a uniaxial press and densified by sintering 
at about 1700°C under inert atmosphere. On completion of the final step, the pellets exhibit all the 
required characteristics and qualities except for their diameter, which is obtained by cylindrical grinding. 

1.3.1.2 Geometric characteristics of UOX fuel pellets 

A sintered UO2 fuel pellet is a 
cylinder 13.5 mm high and 8.19 mm in 
diameter (Figure 4). Each end face is 
dished to a depth of 0.3 mm and the edges 
may be beveled. These recesses are 
intended to accommodate the difference in 
height arising from the radial thermal 
expansion gradient and to provide a free 
volume capable of compensating for the 
swelling due to the production of fission 
gases during irradiation. 

 

Figure 4. Longitudinal cross section of a standard UOX fuel pellet 
observed by optical microscopy without chemical developer 

(Dehaudt et al., 2000) 

The mean values and standard deviations of the pellet characteristics measured over one year of 
fabrication (160 million pellets) are indicated in Table IV and compared with the fabrication 
specifications (Dehaudt et al., in Poinssot 2001). The density is limited to ~95% of the theoretical density 
of the material to allow for a residual porosity of about 4 to 5% of the total volume. This is obtained by 
adding a pore-forming agent to the initial powder, which is eliminated during sintering and forms pores of 
micrometric size. 

Table IV. Mean characteristics of UOX fuel pellets produced during one year (Dehaudt et al., 2000) 

UO2 Fuel Specification values 

Geometric density (% TD) 95 
Diameter (mm) 8.192 
Height (mm) 13.46 
Recess diameter (mm)  6 
Recess depth (mm) 0.3 
Densification (% TD) < 1.29% 

 

1.3.1.3 Physical and chemical properties of UOX fuel 
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After sintering, impurities are present in trace amounts in standard fuel, with concentrations one or 
two orders of magnitude lower than the permissible fabrication limits, and often below the detection 
limits (Marimbeau, pers. com.). The data based on fabrication statistics can be used to recommend 
realistic impurity concentrations for neutronic calculations to estimate the concentrations of activation 
products arising from pellet impurities after irradiation (see Chapter II). 

The 235U enrichment is between 2 and 5 wt%; a value of 3.7% allows a mean burnup of 45 GWd·t-1 
in a 900 MWe PWR. 

1.3.1.4 Microstructural characteristics of UOX fuel 

Two types of porosity are present in UOX fuel (Dehaudt et al., 2000): 

• one, due to the pore-forming agent, consists of irregularly shaped pores of large 
dimensions sometimes exceeding 30 µm; 

• the other arises from sintering and from the U3O8 additive, and is characterized by 
relatively spherical pores smaller than 2 µm. 

The first category of large pores tends to be localized at grain boundaries, while the second is 
generally found inside the grains. 

Given the physicochemical characteristics of the UO2 powder generally used and the fabrication 
process, the mean grain size is 9 ± 2.4 µm, but never less than 7 µm3 (Table IV). 

1.3.2 MOX (or (U,Pu)O2) fuel 

Until 1995, MOX fuel for use in PWRs was fabricated in two facilities: a plant operated by 
Belgonucléaire in Dessel (Belgium) since 1973, and a fabrication complex at Cadarache (France) 
operated by COGEMA since 1980. Since 1996, most of the MOX fuel used in France has been produced 
by the MELOX plant at Marcoule (COGEMA). 

The characteristics of MOX fuel pellets prior to irradiation are determined by the MIcronized 
MASter blend (MIMAS) fabrication process, which differs from the process used for UO2 fuel because it 
requires the implementation of two different powders: UO2 and PuO2. 

                                                      
3 Grain size defined by linear intercept 
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1.3.2.1 MIMAS MOX fuel fabrication process 

The process includes two main steps 
(Figure 5): 

1) dry comilling (in a ball mill) of a 
mixture of two oxides (UO2 and PuO2) 
at concentrations of about 25 to 30 wt% 
PuO2; 

2) dilution of this master blend with 
depleted UO2 powder in a mixer to 
obtain a blend with the specified 
plutonium content, typically between 2.5 
and 8%. 

Depleted UO2 powder produced by 
the ammonium uranyl carbonate (AUC) 
process was used for many years. Today, 
atomizing and drying a suspension of 
ammonium di-uranate (ADU process) 
implemented in the TU2 area of the plant is 
the reference process in MELOX 
fabrication. 

AUC-MOX fuel is thus distinguished from 
TU2-MOX (or ADU-MOX) fuel by the 
origin of the UO2 powder. It consists of 
spherical agglomerates with a specific 
surface area of nearly 3 m2·g-1. The PuO2 
powder is obtained by reprocessing spent 
UOX fuel in the La Hague plant. It is 
morphologically anisotropic, consisting of 
platelets with a specific surface area of 
about 3.5 to 5 m2·g-1 (Dehaudt et al., 2000). 

 UO2  PuO2 Scraps (U,Pu)O2 

DRY COMILLING 
(ball mill) 

25–30% PuO2 

SIEVING-FORCING  
to 250 µm 

DILUTION by stirring 
2.5–8% PuO2 

ADDITIVE  
pore-former & lubricant 

PELLETIZING 

SINTERING  

GRINDING 
 

Figure 5. MIMAS process flowsheet (Dehaudt et al., 2000) 

1.3.2.2 Geometric characteristics of MIMAS MOX fuel pellets 

Table V summarizes the mean geometric characteristics and the corresponding standard deviations 
based on one year of production of MOX fuel pellets. The pellet mass is typically 6.42 g. The closed 
porosity is about 4.5% and the open porosity less than 0.1% of the total pellet volume. 

Table V. Geometric characteristics of MOX fuel pellets (Dehaudt et al., 2000) 

Characteristics Specifications 

Pellet height (mm) 11.50 
Pellet diameter (mm) 8.192 
Recess depth (mm) 0.28 
Length of chamfer (mm) 0.40 
Height of chamfer (mm) 0.25 
Sintered geometric density (% TD) 95 
Redensification (% TD) < 1.29 
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1.3.2.3 Physical and chemical properties of MIMAS MOX fuel 

PWR MOX fuel assemblies comprise three concentric zones of decreasing plutonium content from 
the center to the periphery. The zoning in the initial core loads was specified as 2.6, 3.9 and 5.9% PuO2, 
corresponding to an overall mean content of 5.3% for an AFA-2G MOX assembly. Because of the 
isotopic degradation of PuO2 after recycling, however, and in order to increase the MOX fuel 
performance, higher mean plutonium content levels (6 to 9%) are under consideration. The successive 
generations of MOX fuel that have been, are, or will be used eventually by EDF are indicated in 
Table VI. 

Table VI. Isotopic compositions of different generations of MOX fuel 

Pu + Am composition (wt%) 
MOX generation 

(mean Pu content) 
Original UOX (235U%, burnup) 

and cooling time 238Pu 239Pu 240Pu 241Pu 242Pu 241Am 

1st generation (5.3%) UOX (3.25%, 33 GWd·t-1)  
cooled 5 years and aged 2 years 1.8 57.9 22.5 11.1 5.6 1.1 

New content (7.08%) 
“Parity” MOX (8.65%) 

UOX (3.70%, 45 GWd·t-1)  
cooled 9 years and aged 4 years 2.5 54.5 25.2 8.6 7.9 1.3 

 

The impurity concentrations measured in MOX pellets from the initial fabrications in the FBFC 
plant at Dessel, industrial fabrication in the COGEMA Cadarache facility (CFCa) and in the MELOX 
plant at Marcoule are mostly two orders of magnitude lower than the fabrication specifications 
(Marimbeau, pers. com.). The data can be used to recommend realistic impurity concentrations for use in 
neutronic calculations or burnup calculations (see Chapter II). 

1.3.2.4 Microstructural characteristics of MIMAS MOX fuel 

Micrographic examination of 
MIMAS MOX fuel shows a 
heterogeneous microstructure revealing 
the presence of Pu-rich aggregates 
(Figure 6). The mean grain size value 
and standard deviation for the UO2 
matrix and Pu-rich aggregates based on 
the measured results of one year of 
production are indicated in Table VII. 
The UO2 matrix grain size in the MOX 
fuel is about 6 µm,, i.e. smaller than the 
grains in UOX fuel (9 µm). Although 
the mean grain size in the Pu-rich 
aggregates is not systematically 
measured, it appears to be of the same 
order of magnitude as for the grains in 
the matrix. 

Figure 6. Optical micrograph of MIMAS MOX fuel sample 
with selective chemical etching of UO2 
(Amas = Aggregates, Matrice = Matrix) 

However, there is considerable dispersion of the grain size values related to the Pu content and 
local porosity. In particular, small grains are observed in the matrix at the interfaces with the aggregates, 
whereas the grain size may reach 10 µm at the center of the aggregates. The measurements show that the 
aggregates vary in size from a few micrometers to several tens of micrometers, with a mean value of 
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24 µm. In all the batches analyzed, about one-fourth of the Pu was localized in aggregates of not less than 
30 µm. 

Table VII. Microstructural characteristics (Poinssot et al., 2001) 

Characteristics Precision Mean Standard deviation 

Grain size in the UO2 matrix (µm) 10% 5.9 0.9 
Mean diameter aggregates rich in Pu (µm) 1 23.9 3.41 

 

Castaing electron microprobe analysis of fresh MIMAS ADU-MOX fuel (MOX fabricated at the 
MELOX plant) revealed the presence of three phases (Figure 7) with the characteristics summarized in 
Table VIII. Analysis of a MIMAS AUC-MOX fuel sample with a resolution of 1 µm did not reveal any 
encapsulating phase (Figure 8). The characteristics of the two phases detected are summarized in 
Table IX. 

Table VIII. Characteristics of the phases found in ADU-MOX fuel (Garcia et al., 2000) 

Characteristics Pu-rich aggregates Encapsulating phase ‘UO2’ phase 

Surface area fraction (%) 11.1 42.2 46.7 
Total Pu fraction (%) 38.5 46.3 15.2 
Mean Pu content  
(heavy metal atom%) 20.2 7.3 2.7 

 

 

Figure 7. Microstructure of MIMAS ADU-MOX fuel revealed by electron microprobe (Dehaudt et al., 2000) 
(Amas = Aggregates, Matrice = Matrix, Enrobage = Encapsulating phase) 

Table IX. Characteristics of the phases found in AUC-MOX fuel (Garcia et al., 2000) 
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Characteristics Pu-rich aggregates ‘UO2’ phase 

Surface area fraction (%) 24.6 75.4 
Total Pu fraction (%) 61.4 38.6 
Mean Pu content (heavy metal atom%) 14.2 2.6 

 

 

Figure 8. Microstructure of MIMAS AUC-MOX fuel revealed by electron microprobe (Dehaudt et al., 2000)  
(Amas = Aggregates, Matrice = Matrix) 

1.4 SUMMARY 

The AFA type PWR fuel assembly (AFA-2G, AFA-3G …) fabricated by FRAMATOME-ANP is 
the primary assembly used by EDF in its nuclear power plants. It comprises a skeleton structure 
maintaining a bundle of fuel rods containing stacks of pellets constituting the fissile material. 

A distinction is made between UOX (or UO2) and MOX ((U,Pu)O2) fuel rods. The geometric and 
physicochemical characteristics of the fuel assembly components and fresh fuel pellets (before irradiation 
in the reactor) were described in this chapter. Their behavior during irradiation in the reactor is discussed 
in the following chapter. 

1.5 ANNEX 

Table X. Dimensional characteristics of AFA-3G fuel rods and fuel assemblies (from FRAMATOME-ANP) 
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AFA-3G  

(900 MWe) 

AFA-3GL/ AFA-3GLr 

(1300 MWe) 

Rod active height (mm) UOx : 3657 /  MOx : 3588 4267 
Free volume in rod (cm3) UOx : 25 /  MOx : 29 31 
Overall rod height (1) 3863 4497 
Number of grids 8 10 / 11 
Cladding height (Zy-4) (mm) 3841 4477 
Grid height (Zy 4) (mm) 33 33 
Bottom nozzle height (AISI 304L)   (mm) 61 140 
Top nozzle height  (AISI 304L) (mm) 90 110 
Overall height of assembly (2) 4060 4794 

(1) Overall value including plugs 
(2) Equal to the height of the guide tubes + bottom nozzle + top nozzle (excluding Inconel springs)
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Chapter 2. FUEL PELLET CONDITION 
ON REMOVAL FROM THE REACTOR 

2.1 INTRODUCTION 

The fuel pellet undergoes various transformations during its residence time in the reactor. Its 
condition after irradiation represents the initial spent fuel condition prior to transport and interim 
storage or possible disposal, and determines its long-term evolution. This chapter describes the 
physical and chemical condition of spent fuel pellets on removal from the reactor. The condition of the 
cladding and fuel assembly unloaded from a pressurized water reactor (PWR) is described in Chapter 
V. 

The irradiation conditions in the reactor are briefly described in paragraph 2.2. Of particular 
importance is the thermal history of the fuel rod, which not only controls the modifications of many 
physical characteristics of the pellet, including swelling and cracking, but also the migration of 
radionuclides in the rod. 

The fission reactions occurring during irradiation modify the chemical composition of the fuel. 
Paragraph 2.3 describes the chemical composition of the fuel on removal from the reactor, based on 
existing data. The position of the radionuclides in the rod, which has a major effect on their release in 
the event of a containment failure, is detailed in Chapter III. 

The physical condition of the spent fuel pellet at macro- and microscopic scale is described in 
paragraph 2.4. Much of the information presented here was excerpted from a CEA report by Dehaudt 
et al., (2000), reprinted in Poinssot (2001), focusing exclusively on the physical and chemical 
condition of spent nuclear fuel on removal from the reactor. 

2.2 IRRADIATION IN THE REACTOR 

During its reactor residence time a PWR fuel rod is subjected to interdependent neutronic, 
thermal, mechanical and physicochemical phenomena that contribute to transforming the UOX and 
MOX fuel pellets under irradiation. 

2.2.1 Source of the energy released in the fuel 

Heat production in the fuel pellet arises from the energy released by fission of heavy U and Pu 
atoms; typically it is about 200 MeV per fission reaction. Most (about 80%) comes from the kinetic 
energy of the two fission products (FP) emitted by the reaction: their successive collisions with other 
atoms in the lattice increase its internal energy, which is then dissipated in the form of heat. 
Dissipation occurs primarily (Matzke, 1982) by electronic excitation of atoms all along the path of the 
2 fission products (7 to 9 µm) over a diameter of about 10 nm, and by elastic collisions with lattice 
nuclei, whose path induces a displacement cascade (~105 displaced atoms per fission). 

Table XI summarizes the “instantaneous” effects4 of the fission fragments in the UO2 matrix. 
The thermal spike accompanying each fission fragment results in significant heating of a fuel volume 
along its path, while simultaneously forming a thermoelastic pressure field in that volume as a result 
of thermal expansion (Blank and Matzke, 1973). These thermal and mechanical effects considerably 
amplify the recombination and mobility of the Frenkel pairs initially created by the fission fragments, 
and contribute to the formation of defect clusters (Nakae et al., 1978). The recovery of fission thermal 

                                                      
4 These effects occur over a very short time period (~10-11s) 
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spike defects is less effective at low temperatures; during irradiation this leads to variations in some 
material properties, including the thermal conductivity, and to transformations of the initial 
microstructure. According to Soullard and Alamo (1978), at room temperature, 80% of the uranium 
Frenkel pairs created during fission disappear by recombination during the thermal spike. 

Table XI. Effect of fission fragments in the UO2 matrix (Matzke, 1982; Matzke and Wiss, 2000) 

Type Energy 
keV 

Path 
(µm) 

Energy fraction 
lost through 

elastic collisions 

Energy fraction 
lost through 

electronic excitation 

Total number 
of Frenkel pairs 

created during fission 

Light 
fragment a ~ 95 000 9 3% 97% ~ 40000  

(~10300 U + 27700 O)
Heavy 
fragment b ~ 70 000 7 9% 94% ~ 60000  

(~16500 U + 45000 O)
a Elements such as Kr and Mo (atomic number less than 42) 
b Elements such as I or Ba (atomic number greater than 53) 
c The uranium Frenkel pair consists of an interstitial uranium atom and a uranium vacancy; the oxygen Frenkel pair consists of 
an interstitial oxygen atom and an oxygen vacancy 

2.2.2 Power distribution 

The temperature gradients in the fuel during irradiation depend on the power distribution in the 
rod, which also determines to a large extent the physical condition of the pellet on removal from the 
reactor. The radial and axial power distributions are described below. 

2.2.2.1 Power variations during irradiation cycles 

Under rated operating conditions, the mean linear power of PWR fuel rods ranges from 150 to 
250 W·cm-1 (180 W·cm-1 on average for a 900 MWe PWR). This is substantially lower and less 
variable than in CANDU reactor fuel, where the linear power varies between 200 and 550 W·cm-1. 

As the fuel becomes depleted, the mean power logically tends to diminish over time (Figure 9), 
although this phenomenon is less pronounced with MOX fuel, in which the replacement of consumed 
fissile isotopes by fresh ones is more effective. 
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Figure 9. Linear power versus time  
(at maximum Plin position) of a PWR UOX fuel rod 
during 5 irradiation cycles (Dehaudt et al., 2000) 
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Figure 10. Linear power versus time 
(at maximum and mean Plin positions) of a MOX fuel rod 

irradiated for 4 cycles (Dehaudt et al., 2000) 

2.2.2.2 Axial power distribution in the fuel rod 

The total power of a PWR core thus remains virtually constant throughout an irradiation cycle, 
with a relatively flat axial profile that is altered only by the presence of the fuel assembly grids. The 
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axial burnup distribution after irradiation is thus relatively uniform over much of the height of the 
fissile column (Figure 11). 
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Figure 11. Axial burnup distribution in a PWR UO2 fuel rod irradiated for 3 cycles  
(bfc = bottom of fissile column) (Dehaudt et al., 2000) 

2.2.2.3 Radial power distribution in the fuel pellet 

The fission density in a PWR fuel pellet is not uniform along a radius. This phenomenon results 
primarily from the radial thermal neutron flux distribution, which drops from the periphery toward the 
center due to the effect of absorption by 235U. This effect is compounded by the production of 239Pu 
resulting from very strong resonance epithermal neutron capture by 238U, for which the occurrence 
probability is much higher in the external zone of the pellet (auto-protection effect). The periphery 
thus becomes increasingly enriched in Pu and heavier isotopes. The fission density distribution 
directly affects the local power density since fission of the odd Pu isotopes (239Pu and 241Pu) becomes 
increasingly important as 235U is consumed (Dehaudt et al., 2000). Figure 12 shows a typical radial 
power profile variation in UOX and MOX fuel. 
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Figure 12. Radial power profile in UOX and MOX fuel,  
normalized with respect to the mean power in the fuel pellet (Dehaudt et al., 2000) 
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2.2.2.4 Power distribution in a PWR fuel assembly and in the core 

Figure 13 and Figure 14 illustrate the power distribution in the fuel rods normalized with 
respect to the mean power in a UOX and MOX fuel assembly respectively. 

 
     0.967
    0.952 0.960
    0.970 0.955 0.960
    1.016 0.970 0.960
    1.016 1.042 1.028 0.987 0.977
    1.042 1.042 1.016 0.977
  0.997 1.034 0.997 0.997 1.028 0.987 0.977
 0.997 0.997 1.034 0.997 0.997 1.028 0.987 0.977
 1.03 1.034  1.032 1.032 1.016 0.977

 

     0.976
    0.966 0.971
    0.978 0.968 0.972
    1.013 0.978 0.972
    1.008 1.029 1.020 0.989 0.984
    1.029 1.029 1.013 0.984
  0.998 1.025 0.997 0.997 1.020 0.989 0.984
 0.997 0.998 1.025 0.997 0.997 1.020 0.989 0.984
 1.022 1.025  1.023 1.023 1.013 0.984

Figure 13. Power distribution per rod in 1/8 of UOX assembly (reference without poison, UO2 with 4.9% U235) in a 
fresh fuel (top) and in a fuel irradiated at 30 GWj.t-1 (bottom) 
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Figure 14. Power distribution per rod in 1/8 of MOX assembly (reference without poison, UO2 with 11.29% of Pu) 
in a fresh fuel (top) and in a fuel irradiated at 30 GWj.t-1 (bottom) 



Synthesis on the spent fuel long term evolution 

29 

An example of the power distribution per assembly in a PWR (1450 MWe) is given in 
Figure 15. 

A B C D E F G H J K L M N P R S T
0,844 Mes.

17 0,845 Diff 2g 17
0,1 %

1,149 1,002 0,607
16 1,153 1,023 0,567 16
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0,688 0,933

15 0,669 0,931 15
-2,7 -0,2
1,130 1,301 1,199 0,936 1,101
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-0,3 0,2 0,5 1,3 0,5
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13 0,839 0,854 13

-0,1 -0,9
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Figure 15. Power distribution per assembly in a PWR; the first value is measured in-core and normalized to 1 on 
overall ; the second one corresponds to the value calculated by APOLLO and the third one is the difference 

between the calculated and the measured values in % 

2.2.3 Temperature distribution in the fuel rod 

Oxide fuels are poor heat conductors (Figure 16), and the fuel pellet is subjected to a strong 
radial temperature gradient. 
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Figure 16. Thermal conductivity versus temperature of fresh UOX (Harding and Martin, 1989)  
and MOX (Dehaudt et al., 2000) fuel 

Figure 17 shows the evolution of the radial temperature profile in a UOX fuel element at 
different moments during its residence time in the reactor. The initial radial temperature profile of 
UOX fuel is virtually parabolic with mean temperatures of 900°C at the core and 450°C around the 
periphery. As the initial pellet-clad gap diminishes during irradiation the conditions of heat transfer to 
the coolant are improved, and thus the temperature conditions inside the pellet (decrease of the 
temperature). 

Under nominal operating conditions, the temperature difference between center and periphery of 
the pellet is typically about 500 to 700°C. At the standard linear power values of 150 to 250 W·cm-1, 
the pellet core temperature varies from 800°C to 1200°C. The thermal conductivity of MOX fuel is 
slightly lower than for UOX fuel: at the same power level, the MOX core temperature is initially about 
50°C higher (Dehaudt et al., 2000). 
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Figure 17. Radial temperature distribution at the beginning of life of a UO2 fuel element (open gap),  
after the second irradiation cycle (maximum temperature reached at maximum power) and after irradiation, 

determined using the METEOR calculation code (Dehaudt et al., 2000) 
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2.3 CHEMICAL COMPOSITION 

The chemical composition of the fuel changes during irradiation because of the following 
phenomena: 

• the decreasing U and/or Pu content due to fission; 

• the production of other U and Pu isotopes by neutron capture as well as various other 
actinides (Am, Np, Cm, etc.); 

• the creation of numerous fission products (FP) through fission reactions. 

2.3.1 Inventory of actinides and fission products formed 

2.3.1.1 Calculated inventories 

Calculation codes of variable complexity are used to estimate the inventory of actinides and 
fission products formed during irradiation, with the evolution of the fuel composition and its impact on 
the neutron spectrum. The inventories discussed here were calculated by CESAR5, a simplified 
evolution code for industrial use; the results are consistent with those of the DARWIN reference 
formulary (Marimbeau et al., 1998; Roque et al., 2002). The codes use data generated by the 
APOLLO2 neutronic formulary. Their ongoing qualification trials concern the major and minor 
actinides and a few fission products, as well as experimental validation with radionuclides of interest 
in the back end of the fuel cycle (see § 2.3.1.3). 

The inventories were estimated using CESAR5 for two types of fuel: 

• UOX fuel enriched to 4.5% 235U, with a burnup of 60 GWd·t-1 after 6 reactor cycles; 

• MOX fuel with 10% initial Pu content, irradiated to 60 GWd·t-1 after 6 reactor cycles—the 
objective here was to calculate the mean inventory in the MOX fuel pellet; 

The inventories in an homogeneous (U,Pu)O2 fuel with 25% initial Pu content were also 
estimated using the version4 of CESAR. This example was studied to simulate Pu-rich aggregates with 
significantly higher mean burnup than the overall mean value for the pellet. A burnup of 150 GWd·t-1 
was selected, compared with a mean value for MOX fuel of 60 GWd·t-1. 

The inventory of all the FP and actinide isotopes is itemized element by element in the Annex 
(Table XV to Table XVII). Six major classes of elements appear according to their classification in 
the periodic table and their chemical form in the fuel, which is described in detail in § 2.3.2. The 
classes are the following (by order of weight): 

• actinides: Ra, Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf 

• rare earth elements and lanthanides: Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho 

• oxide precipitates: Zr, Nb, Rb, Cs, Sr, Ba 

• metallic precipitates: Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te 

• gases and volatile elements: Br, Kr, I, Xe 

• metalloids: Ge, As, Se 

The mass fraction of the element in spent fuel is indicated in Table XVIII. The mass fraction of 
each class in spent fuel, calculated for two years and fifty years after the end of irradiation, is indicated 
in Table XII for the three types of fuel studied. 
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Table XII. Calculated mass distribution of major element classes in spent fuel  
2 years and 50 years after the end of irradiation (CESAR5 code) 

Mass fraction in the fuel: wt% (excluding oxygen) 
Type of fuel Cooling time 

(years) 
Actinides Lanthanides Oxide 

precipitates
Metallic 

precipitates
Gases and 

volatiles Metalloids 

UOX 
(60 GWd·t-1) 

2 
50 

93.780 
93.780 

1.860 
1.860 

1.606 
1.609 

1.679 
1.679 

1.066 
1.063 

0.00961
0.00961 

MOX 
(60 GWd·t-1) 

2 
50 

93.860 
93.860 

1.692 
1.692 

1.398 
1.401 

2.055 
2.055 

0.987 
0.985 

0.00748
0.00748 

Pu aggregatesa 
(150 GWd·t-1) 2 84.8 4.07 3.24 4.97 2.51 0.016 

a calculated with CESAR4 

The differences in the overall chemical composition between UOX fuel and MOX fuel are thus 
minor, and the relative importance of the major of elements does not change during cooling. The Pu-
rich aggregates cannot be directly compared with UOX and MOX fuel because of the much higher 
burnup (150 instead of 60 GWd·t-1) but the FP and actinide content can be estimated in the Pu-rich 
aggregates in MOX fuel. Table XVII in the Annex shows that compared with MOX fuel the FP 
concentrations per class are proportional to the burnup (150/60 = 2.5). 

2.3.1.2 Fission yields 

The fission yields constitute a basic nuclear data category for measurement and estimation using 
physical models. The fission yield of a FP isotope is defined as the probability that this isotope will be 
produced by a fission reaction; it thus depends on the FP, the fissile isotope, and the mean energy of 
the fission-inducing neutrons. Each FP has its own independent fission yield. Successive β- decays 
form an isobaric (constant atomic mass) decay chain of fission products with increasing atomic 
numbers (Z) and increasing radioactive half-lives until they yield a stable or very long-lived isotope. 
Generally, while the independent yields are greater at the beginning of the chain for short-lived fission 
products, those that are of interest for the back end of the cycle have relatively long half-lives and their 
formation is thus the result of a cumulative fission yield representing the sum of the yields of the 
precursors which are not explicitly described. The yields may vary over several orders of magnitude; 
the sum of the yields related to a fissile isotope is 200%, since two FP are emitted by each fission 
(although ternary fissions exist, the phenomenon is relatively rare). 

The plutonium fission yields are often less than for 235U, except for the “metallic precipitates” 
and some lanthanide fission products. Pu is thus described as undergoing a more oxidizing fission 
reaction, insofar as the quantity of oxygen (which remains constant) is distributed over a smaller 
number of cations. There is thus a significant tendency of fissions to yield: 

• platinum-group metals (Ru, Rh and Pd); 

• Sr and Rb; 

• Kr and iodine; 

• lanthanides (Sm, Eu and Gd). 

Fission in MOX fuel is due to Pu (the uranium is depleted and the UO2 matrix contributes little 
to the overall fission rate); there is thus little difference in yield between MOX and the Pu-rich 
aggregates (Table XIX). 

Extending the notion of fission yield leads to the apparent yield of fission products for an 
isotope or even for an element, which is determined as the ratio between the inventory of the isotope 
(or element) present and the total number of fissions (by all the fissile materials) integrated at any 
given time. It corresponds to the mean yield over all the in-core irradiation, and may be averaged over 
the isotopes constituting a particular element The apparent yield depends on the fuel, the burnup, and, 
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to a lesser extent, on the cooling. It is itemized by element in Table XIX in the Annex. Figure 18 
shows the relative abundance of fission products by element.  
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Figure 18. Relative abundance of fission products created by one fission in UOX and MOX fuel  
with a burnup of 60 GWd·t-1 two years after irradiation 

2.3.1.3 Validating the inventories for radionuclides of interest 

The concentrations calculated by CESAR5 are now being validated by comparison with 
measured values in both types of fuel (UOX and MOX). The validation is applicable in particular to 
selected radionuclides of interest for the back end of the cycle (Table XIII). 

Table XIII. Major radionuclides identified according to the selected ranking criterion and time frame considered 
(RN-WG, 2002) – Underlined radionuclides have not been validated 

Parameter 30 years 300 years 103 years 104 years 

Activities 

137Cs, 90Sr, 241Pu, 
241Am, 238Pu, 244Cm, 

85Kr, 154Eu, 240Pu, 
239Pu, 151Sm 

241Am, 240Pu, 238Pu, 
239Pu, 137Cs, 90Sr, 

243Am, 99Tc 

241Am, 240Pu, 239Pu, 
243Am, 99Tc, 93Zr, 

233Pa 

239Pu, 240Pu, 243Am, 
99Tc, 93Zr, 234U, 

233Pa 

Residual power 

137Ba, 90Sr+90Y, 
241Am, 238Pu, 244Cm, 
137Cs, 240Pu, 239Pu, 

154Eu, 85Kr 

241Am, 240Pu, 238Pu, 
239Pu, 243Am, 239Np, 

242Pu, 234U 

241Am, 240Pu, 239Pu, 
243Am, 239Np, 242Pu, 

234U, 238Pu 

239Pu, 240Pu, 243Am, 
242Pu, 234U, 237Np, 

239Np 

Radiotoxic inventory 
90Sr, 238Pu, 241Am, 

137Cs, 244Cm, 241Pu, 
240Pu, 239Pu, 243Am 

241Am, 240Pu, 238Pu, 
239Pu, 243Am, 90Sr, 
137Cs, 242Pu, 242Am 

241Am, 240Pu, 239Pu, 
243Am, 242Pu, 238Pu, 
245Cm, 234U, 237Np 

239Pu, 240Pu, 243Am, 
242Pu, 210Po, 237Np, 
234U, 210Pb, 241Am, 

245Cm 

Parameter  105 years 5 × 105 years 106 years 

Activity rate from 
the geological 
barrier 

 
94Nb, 129I, 36Cl, 

79Se, 135Cs, 14C, 
99Tc 

129I, 135Cs, 36Cl, 
79Se, 99Tc, 94Nb 

129I, 135Cs, 36Cl, 
99Tc, 79Se, 94Nb 

Outfall dose  129I 
36Cl, 129I, 79Se, 

135Cs 
129I, 36Cl, 135Cs, 

79Se, 99Tc 
 

Specific analytical measurements by the CEA are now in progress to validate the CESAR5 code 
under the PRECCI project. They cover the main isotopes of interest for the back end of the cycle: 
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• long lived fission products –79Se, 90Sr, 93Zr, 107Pd et 126Sn in UOX and MOX at 30 and 
60 GWd·t-1; 

• gases –14C and 129I in UOX and MOX fuel at 30 and 60 GWd·t-1; 36Cl in UOX and MOX fuel 
at 60 GWd·t-1 (Esbelin et al., 2004); 

• impurity activation products –59Ni, 93Mo and 94Nb in UOX and MOX fuel at 60 GWd·t-1. 

2.3.2 Nature of the compounds formed 

2.3.2.1 General classification 

Published computational results obtained using recent thermodynamic codes corroborate the 
classification proposed by Kleykamp in 1985. The elements found in spent fuel can thus be classified 
into four categories (Dehaudt et al., 2000): 

1) elements soluble in the fluorine lattice of the matrix, including the actinides, lanthanides (La, Ce, 
Pr, Nd, etc.) and other rare earth elements, as well as elements soluble as oxides (Zr, Nb, Sr); 

2) elements forming oxide precipitates: Rb, Cs, Ba, Zr, Nb, Mo, Te; 

3) fission products forming metallic precipitates: Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te; 

4) fission gases (Kr, Xe, He), helium formed by alpha decay and volatile FP in the reactor (I, Br, Rb, 
Cs, Te). 

The results also show that the fission product distribution among the various phases is relatively 
unaffected by the temperature between 550 and 1100°C and by the burnup between 10 and 100 
GWd·t-1 (Dehaudt et al., 2000). 

Metallic precipitates ranging in size from 10 to 500 nm are routinely observed in PWR fuel; 
microanalysis reveals the presence of an alloy of Mo, Pd, Tc, Ru and Rh (Kleykamp, 1985). Oxide 
precipitates are readily observable in fast breeder reactor (FBR) fuel5 which reaches higher 
temperatures than PWR Fuel (Kleykamp, 1985). They can be detected by TEM in very small 
quantities in PWR fuel at local temperatures of 1500°C to 1700°C (Thomas et al., 1992; Ray et al., 
1992). However, oxide precipitates are observed only exceptionally in PWR fuel at the nominal 
operating temperature (< 1200°C). The corresponding elements are generally localized without 
discrimination in the matrix, and are associated with the other categories: the first category for Zr, Nb 
and Ba; the third class for Mo and Te; or the fourth class for Rb and Cs. 

The nature of the compounds formed in the fuel under irradiation is discussed below, in 
particular for volatile radionuclides (Cs, I, Te). 

2.3.2.2 Cesium 

Based on calculated results at thermodynamic equilibrium, cesium is found in the fuel in the 
following forms, by decreasing order of abundance: 

• cesium molybdate Cs2MoO4 (Imoto, 1986; Dehaudt et al., 2000; Kurosaki et al.., 1999) or 
cesium oxides (U,Pu,Cs,FP)O2-x, as Cs2(U,Pu)4O12 or cesium uranate Cs2(U,Pu)O4 
(Kleykamp,1985); 

• Cs3Te2 binding all the tellurium (Dehaudt et al., 2000) or Cs2Te (Kurosaki et al., 1999; 
Imoto, 1986); 

                                                      
5 FBR fuel characteristics: The linear power of FBR fuel reaches 470 W·cm-1 (< 250 W·cm-1 in PWR fuel) and 
the pellet core temperature may exceed 2000°C (< 1200°C for PWR fuel). Because of the high plutonium 
content and temperatures, the oxygen potential of FBR fuel is higher than for PWR fuel during irradiation 
(Guérin, in Bailly, 1997). 
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• CsI, which binds all the available iodine (Deahudt et al., 2000; Kurosaki et al., 1999). 

Cs2(U,Pu)4O12 and Cs2MoO4 have been observed in FBR fuel at high oxygen potentials 
(Kleykamp, 1985). 

Kleykamp (1985) noted that the formation of Cs2(U,Pu)O4 has never been quantitatively 
demonstrated in spent fuel. Only solid deposits containing cesium and uranium and amorphous phases 
containing cesium and tellurium were observed on cladding tubes of PWR fuel at high linear power 
(300 W·cm-1) by Cubicciotti and Sanecki (1978). However, the analyses performed by the authors 
were not sufficient to determine the chemical composition of the deposit. Deposits of this type were 
not observed by the same authors in a fuel rod subjected to lower linear power (230 W·cm-1) near the 
maximum for PWR fuel (< 250 W·cm-1). 

2.3.2.3 Iodine 

Calculations for stable compounds at equilibrium in spent fuel indicate the formation of CsI that 
binds all the iodine formed (see § 2.3.2.2). The presence of CsI in spent fuel is still highly 
controversial, however. 

The formation of CsI has been observed outside the reactor, and CsI traces have been detected 
in the cooler regions of the pellet (~500°C) on the inner face of the cladding (Kleykamp, 1985). 
According to this author, CsI forms at low temperatures directly by release of atoms into the pellet-
clad gap. Microstructural analyses by Thomas (1992) on high burnup PWR fuel (44 to 48 GWd·t-1) 
were unable to detect it. 

Iodine and cesium release from unirradiated UO2+x powder measured during annealing by Peehs 
et al. (1981) showed that the migration of these two elements was comparable, confirming the 
formation of CsI, when the experimental conditions maintained a slight deviation from the 
stoichiometry (x < 0.02). When deviation was larger (x = 0.1), cesium exhibited low volatility 
(combining with uranium or molybdenum oxides) unlike iodine, which remained a gas. 

Finally, analysis of the radial cesium and iodine profiles in spent PWR fuel pellets by Peehs 
et al. (1981) showed slightly greater mobility for iodine than for cesium, which seems to be in 
contradiction with the presence of iodine as CsI in spent fuel. The dissociation of this molecule under 
gamma irradiation was proposed to account for the discrepancies between experimental observations 
and the results of thermodynamic calculations (Kleykamp, 1985). 

2.3.2.4 Tellurium 

Thermochemical calculations have shown that tellurium should be found as Cs2Te or Cs3Te2 
(Dehaudt et al., 2000). 

Observations of FBR fuel showed that in the pellet-clad gap tellurium combines with other 
fission products to form stable oxides with barium or more complex Cs-Ba-U-Pu-O-Te compounds 
(Kleykamp (1985). A solid solution of (U,Pu,Te,FP)O2-x was also identified with this type of fuel. The 
author noted, however, that Cs2Te has never been detected, confirming more recent observations by 
Thomas (1992). 

Finally, the measured tellurium release during annealing6 of low-burnup spent fuel pellets was 
as high as the iodine release, suggesting that a fraction of the tellurium was in volatile form under the 
irradiation conditions (Prussin, 1988). 

                                                      
6 Annealing temperature between 1450 and 1750°C 
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2.3.2.5 Other potentially volatile or gaseous FP 

Based on calculations at thermodynamic equilibrium, Cubicciotti and Sanecki (1978) postulated 
the existence of selenium as Cs2Se. The volatility of this compound in the reactor would the same as 
for CsI. No mention of this is made by the other authors. 

It should also be noted that impurity activation products (carbon and chlorine) may also be 
found in gaseous form in a spent fuel rod. Carbon-14 basically arises from the nitrogen in the fuel and 
cladding as a result of a 14N(n,p) reaction. Its form in the spent fuel rod is currently unknown because 
the experimental techniques used to measure it are oxidizing (forming CO2). Chlorine-36 forms in the 
fuel mainly through (n,γ) reactions involving 35Cl. 

2.3.2.6 Other fission products 

– Based on calculations at thermodynamic equilibrium, molybdenum is found mainly in metallic 
precipitates (Imoto, 1986; Kurosaki et al., 1999). This finding was confirmed by optical 
microscope observation of PWR fuel containing white inclusions indicating the presence of a 
metal phase comprising Mo, Tc, Ru, Rh, Pd, the composition of which varies with the 
temperature, burnup and oxygen potential (Kleykamp, 1985; Thomas, 1992). Molybdenum and 
ruthenium are the major elements. 

– Palladium is alloyed with many FP and fuel or cladding constituents to form metallic 
compounds or mixed phases such as Pd-Ag-Cd observed in the gap in FBR fuel elements 
(Kleykamp, 1985) and in the grains at the core of PWR fuel pellets (Thomas, 1992). 

– Zirconium can be soluble in UO2. In dioxide form its solubility rapidly increases with the 
temperature (50% at 1700°C). ZrO2 is fully miscible in PuO2 (Kleykamp, 1985). 

– A fraction of the strontium should as found as oxide, miscible in large quantities in the UO2 
and (U,Pu)O2 matrices. Barium and Zr form an oxide precipitate BaZrO3 that solubilizes small 
quantities of Sr, Cs, U, Pu, Zr, Mo, and rare earth elements (REE) to form a 
(Ba,Cs,Sr)(U,Pu,Zr,Mo)O3 precipitate (Kleykamp, 1985). 

– The rare earth elements and lanthanides (Y, La, Ce, Pr, Nd, Pm, Sm, and Eu) are largely 
soluble in UO2 and (U,Pu)O2. 

– The actinides are soluble in UO2. 

Table XIV summarizes the thermodynamically stable states of the fission products in spent 
fuel. 

Table XIV. Thermodynamically stable state of nonvolatile fission products (Poinssot et al., 2001) 

Metallic inclusions (Mo, Tc, Ru, Rh, Pd) alloy, (Pd, Te, Sn) alloy 

Rare earth elements: 
Y, La, Ce, Pr, Nd, Pm, Sm, Eu Largely miscible as oxides in the matrix 

Zr (high temperature), Sr, Nb Oxides soluble in large quantities in the matrix 
Oxidized FP in solution  
in the fuel matrix 

Zr (low temperature), Ba, Cs, Te Soluble in small quantities 

Oxide inclusions BaZrO3 
Solubilizes small quantities of Sr, Cs, U, Pu, Zr, 
Mo and REE 

 

These phases have been observed in FBR fuel irradiated at higher temperatures than PWR fuel. 
As the resulting compounds are likely to be smaller in PWR fuel, the failure to observe these phases 
may be attributable to the detection limits of the measurement techniques used. 
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2.3.3 Oxygen content and oxygen potential 

The oxygen content is generally designated by the O/U ratio for fresh UO2. It is designated by 
the O/M ratio for fresh MOX and for spent fuel, where M designates any cation compatible with the 
fluorine lattice structure of UO2. This parameter has a major effect on radionuclide mobility in the fuel 
rod. Any deviation from the stoichiometry (O/M = 2) amplifies the diffusion coefficients, which 
depend on the cation vacancy fraction at hyperstoichiometric values and on anion vacancies at 
hypostoichiometric values (Figure 19). Furthermore, any deviation from the stoichiometry reduces the 
thermal conductivity of the fissile material which may alter the fuel rod behavior during irradiation in 
reactor. 

 

Figure 19. Pu diffusion coefficient (cm2·s-1) in (U, Pu)O2±x versus oxygen partial pressure at 1500 and 
1600°C (Matzke, 1983). The highest partial pressure corresponds to an oxide with the composition MO2.07 at 
1500°C. The lowest corresponds to an oxide with the composition MO1.92 at 1500°C. The minimum diffusion 

coefficient is related to the transition from a mechanism controlled by vacancy migration to a mechanism 
controlled interstitial migration. It corresponds to a slightly hypostoichiometric composition (MO1.98). 

The oxygen content depends on the elements taken into account to calculate the O/M ratio. 
After two years of cooling, the oxygen content of UOX fuel varies between 1.995 (if M includes the 
actinides, lanthanides, Zr, Nb, Sr and Ba) and 2.005 (if only the actinides and lanthanides are taken 
into account to calculate M). The oxygen content of MOX fuel after two years of cooling ranges from 
2.008 to 2.015 based on the same hypotheses (Dehaudt et al., 2000). 

The oxygen content is also related to the oxygen potential, which refers to the partial free molar 
enthalpy of oxygen (∆GO2 = RT × lnP(O2)) at equilibrium with the fuel. During pellet fabrication the 
oxygen potential is determined by the gas mixture in the sintering furnace. Under industrial UOX fuel 
sintering conditions, the oxygen potential is about –450 kJ·mol-1. The MOX sintering atmosphere 
causes the MOX oxygen potential to stabilize at about –420 to –430 kJ·mol-1 after cooling (prior to 
irradiation) (Dehaudt et al., 2000). 

Measurements of samples irradiated under experimental conditions representative of PWR 
operation revealed that the oxygen potential varies only slightly around the fabrication value 
regardless of the burnup (Figure 20), and that the highest values correspond to the oxygen potential of 
Mo/MoO2, reflecting the possible role of this abundant fission product as an oxygen buffer 
(Figure 21). 
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Figure 20. Oxygen potential of UO2 fuel  
at 34.5 GWd·t-1 (Matzke, 1995) 

Figure 21. Oxygen potentials at 750°C of fuel 
at different burnup values. (U0.8Pu0.2)O1.982  

is FBR fuel (Matzke, 1994) 

2.3.4 Summary – Chemical state of the fuel after irradiation 

The chemical composition of nuclear fuel is modified under irradiation by the formation of 
fission products in place of fissile elements, by the production of other U and Pu isotopes and 
additional actinides through neutron capture. The most abundant class of elements in terms of the mass 
fraction in spent fuel comprises the actinides, which are soluble in the fluorine lattice. Despite the 
transformations sustained by the fuel, the oxygen potential varies little during irradiation. The 
chemical forms of the elements in the fuel rod probably correspond to the classification proposed by 
Kleykamp (1985): 

• elements soluble in the fluorine lattice of the matrix, including the actinides, the lanthanides 
(La, Ce, Pr, Nd, etc.) and other rare earth elements, together with elements having soluble 
oxides (Zr, Nb, Sr); 

• elements forming oxide precipitates: Rb, Cs, Ba, Zr, Nb, Mo, Te; 

• fission products forming metallic precipitates: Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te; 

• fission gases (Kr, Xe, He), helium formed by alpha decay and volatile FP in the reactor (I, 
Br, Rb, Cs, Te). 

2.4 PHYSICAL STATE 

Due to the effects of fission, and in particular the production of heat and fission products, the 
physical characteristics of the fuel pellet vary under irradiation. Its characteristics on removal from the 
reactor are described below, initially at macroscopic scale, then at microstructural scale. 

2.4.1 Pellet fragmentation and swelling 

2.4.1.1 Fuel pellet fragmentation 

From the initial power increase in a fuel rod, the low thermal conductivity of UO2 or (U,Pu)O2 
results in an appreciable radial temperature gradient in the pellets (§ 2.2.3). The greater expansion in 
the central zone than in the periphery creates thermal constraints that resulting in pellet cracking above 
a given power level. Large numbers of metallographic cross sections of fuel rods removed from PWRs 
operated by EDF have been examined to date (Figure 22 and Figure 23) to analyze radial cracking in 
the pellets. The number of longitudinal sections examined is too small to assess transverse cracking as 
thoroughly as radial cracking. 
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Figure 22. Cross section of a UOX fuel pellet  
after 3 cycles (burnup ≈ 40 GWd·t-1)  

(without chemical developer) 

 

Figure 23. Cross section of a MIMAS AUC-MOX fuel 
pellet after 3 cycles (burnup ≈ 40 GWd·t-1)  

(without chemical developer) 

Figure 24 shows the variation in the number of cracks with the burnup. The widely scattered 
values suggest random cracking and rearrangement mechanisms. The number of cracks observed on a 
cross section most often does not exceed 15, a value consistent with findings by Walton and Husser 
(1983). Under irradiation the pellets thus tend to become fragmented into about ten pieces regardless 
of the power level reached. 

A circumferential crack of the type produced by a high power transient in an experimental 
reactor begins to appear above 50 GWd·t-1. 

0

5

10

15

20

25

0 10 20 30 40 50 60 70

Taux de combustion (GWj/tU)

N
om

br
e 

de
 fi

ss
ur

es

REP n°1 (P > 200 W/cm)

REP n°2 (P > 200 W/cm, Suivi de Réseau)

REP n°3 (P £  200 W/cm)

REP n°4 (P £  200 W/cm)

≤

≤

 

Figure 24. Number of cracks versus burnup in standard PWR rods (Dehaudt et al., 2000) 

Longitudinal sections reveal also axial cracks in the pellet (Figure 25), however no analysis of 
transverse cracking has been done to date. 
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Figure 25. Longitudinal section of a UOX fuel pellet after 5 cycles 
(burnup ≈ 60 GWj.t-1) (with chemical attack) 

2.4.1.2 Pellet volume variation 

Each fission replaces an actinide (U or Pu) atom by two atoms that together occupy a larger 
volume than the original actinide. Fission thus generally results in a fuel volume increase, or swelling. 
The swelling rate depends on the physical and chemical state of the fission products. Swelling is 
estimated according to the burnup and irradiation power, notably by pellet density measurements7 and 
fissile column elongation measurements. 

The porosity is subject to change under irradiation as a result of several physical phenomena: 
densification, solid and gaseous swelling, merging of surface pores. Open porosity thus arises either 
from cracking or from extension to closed porosity. Although nil or negligible at the time of 
fabrication, open porosity thus appears to occur during irradiation. Studies undertaken in France and 
abroad to measure the open porosity of spent fuel have given contradictory results, however, and the 
issue will not be further discussed here. 

2.4.1.2.1 UOX fuel 

Local hydrostatic density measurements reveal three phases depending on the local burnup 
(Figure 26): 

• Up to 10 GWd·t-1, the spent fuel density is practically the same as the initial value. During 
this initial irradiation phase, densification due to the disappearance of a fraction of the small 
pores compensates for the swelling arising from FP production. 

• Between 15 and 45 GWd·t-1, the density decreases in a roughly linear manner. The gas 
bubbles remain smaller than 100 nm, and the volume variation arises primarily from FP 
incorporated in the crystal lattice (solid swelling). 

• Above 45 GWd·t-1, the swelling accelerates. This phase is correlated with the emergence of 
bubbles observable by metallographic examination (exceeding a few tenths of a micrometer): 
gas swelling enhances the solid swelling. 

                                                      
7 The bulk density (ratio of the mass to the bulk volume comprising the volume of the material, of the open 
porosity and of the closed porosity) and the hydrostatic density (ratio of the mass to the hydrostatic volume 
comprising the volume of material and closed porosity) of spent fuel are measured by impregnation with wetting 
or non-wetting liquids. 
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Figure 26. Hydrostatic density versus burnup of UOX fuel (Dehaudt et al., 2000) 

The fuel solid swelling rate is determined from the hydrostatic density variations measured 
between 15 and 45 GWd·t-1 (Figure 26). indicating a solid swelling rate of 0.064% GWd·t-1 (Dehaudt 
et al., 2000). Fissile column elongation measurements provide fully comparable results. Moreover, the 
measured solid swelling is consistent with the values calculated by Dehaudt et al. (2000) based on the 
molecular volume of the FP created. 

2.4.1.2.2 MOX fuel 

The results of bulk and hydrostatic density measurements on MOX fuel reveal the same three 
steps as for UOX fuel (Figure 27) except that MOX fuel recovers its initial density only at about 25 
GWd·t-1. It is therefore subjected to longer and greater densification at the beginning of irradiation 
than UOX fuel (Dehaudt et al., 2000). 
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Figure 27. Density versus burnup of MOX fuel (Dehaudt et al., 2000) 
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The MOX fuel swelling rate determined from the hydrostatic density variations measured 
between 15 and 45 GWd·t-1 (Figure 27) is 0.067% GWd·t-1 (Dehaudt et al., 2000). As with UOX fuel, 
this result is consistent with fissile column elongation measurements. With MOX fuel, however, this 
value is not due to solid swelling alone, as metallographic examination reveals the presence of 
micrometer-size gas bubbles in the Pu-rich aggregates after the second cycle (~25 GWd·t-1). 

2.4.1.3 Lattice parameter variations 

The lattice parameter of the initial crystalline structure changes under irradiation, due to: 

• the formation of cations compatible with the fluorine lattice, including actinides (Pu, Np, 
Am, Cm, etc.) and fission products belonging to the lanthanides or Y, Zr, Ba; 

• the creation of defects in fission product traces; the defects are stabilized by incorporated 
elements (gas atoms or cations that are thermodynamically immiscible or only slightly 
miscible in the fluorine lattice). 

After irradiation in the reactor, the lattice parameter varies with the formation of defects 
(Frenkel pairs) due to α decay of the actinides. Alpha self-irradiation occurs over time until a defect 
saturation threshold is reached, either before the end of the reactor residence time for MOX fuel after 
or after about 5 years for high-burnup UOX fuel (see Chapter IV). The resulting stable value, aS, is 
discussed in the following paragraphs. 

2.4.1.3.1 UOX fuel 

The lattice parameter for fuel in basic operation (200 W·cm-1) increases in a roughly linear 
manner from the pellet core toward the periphery (Figure 28). The parameter value is slightly higher 
than for fresh UOX fuel (547.0 pm) at the core, reaching about 547.6 pm at the periphery where the 
temperature (~400°C) is not sufficient to restore irradiation defects. 

 

Figure 28. Lattice parameter versus pellet radius (Une et al., 1991) 

The lattice parameter aS increases linearly with the local burnup up to a local value of 50–
60 GWd·t-1 according to the following relation (Dehaudt et al., 2000): 

aS = 547.02 + 0.0206 τ (1) 
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with aS in pm and τ in GWd·t-1. 

Above 60 GWd·t-1, it stabilize at about 547.6 pm. This (local) burnup corresponds to the 
emergence threshold of the porous structure known as the rim (see § 2.4.4). 

The swelling associated with the increase in the lattice parameter alone in UOX fuel 
corresponds to 0.0113% per GWd·t-1, or about 6 times lower than the measured macroscopic solid 
swelling (see § 2.4.1). 

2.4.1.3.2 MOX fuel 

The initial heterogeneous structure of this type of fuel with Pu-rich (25% or more) aggregates in 
a UO2 matrix is theoretically incompatible with a single crystal lattice parameter. However, the 
parameter for the fresh (U1-y,Puy)O2 solid solution can be calculated as follows (Dehaudt et al., 2000): 

a = 547.00 – 7.4 y (2) 

(where a is expressed in pm); for example, a = 546.00 pm when y = 0.135. 

The work reported by Dehaudt et al. (2000) shows that the saturation value of the lattice 
parameter in spent fuel, aS, is independent of the initial Pu content and burnup. It is 547.78 ± 0.04 pm, 
and corresponds to the asymptotic limit for very high-burnup UOX fuel. The contribution of the 
aggregates, in which the burnup always exceeds 60 GWd·t-1, thus predominates over the matrix 
contribution. 

2.4.2 Pellet microstructure after irradiation 

The preceding observations reveal macroscopic variations in the fuel pellet with the emergence 
of fragmentation of the pellet into about fifteen fragments due to the thermal gradients that develop in 
the reactor. Observations at smaller scale also show major changes in the microstructure, as described 
below. 

2.4.2.1 UOX fuel 

Optical examination of irradiated UOX pellets reveal three main concentric zones from the 
center outward (Figure 29): 

 

Figure 29. Cross section of a UOX pellet irradiated for 5 cycles (~60 GWd·t-1)  
after chemical attack (Dehaudt et al., 2000) 
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• 0 < r < ~0.50 Ro:8 a zone of intragranular precipitation of small bubbles; other micrometer-
size bubbles are present at the grain boundaries. 

• ~0.50 Ro < r < ~0.96 Ro: a zone in which the initial microstructure is conserved, although the 
grain boundaries—where nanometric-size gas bubbles accumulate that are invisible by 
optical microscopy or SEM—are easily revealed by chemical etching. 

• ~ 0.96 Ro < r < Ro: a third zone, or rim, appears when the pellet burnup exceeds 40 GWd·t-1. 
It varies from 75 to 140 µm wide, and is very porous (Figure 30). The gas bubbles with a 
mean diameter of 1 µm contribute to a local porosity exceeding 10%, whereas the grain size 
is less than one micrometer. The characteristics of this distinct zone are detailed in 
paragraph 2.4.4. 

 

Figure 30. SEM examination of the periphery of a UOX pellet 

2.4.2.2 MOX fuel 

Microstructure analysis of MOX fuel pellets reveals two characteristic concentric zones from 
the center to the periphery: 

• 0 < r < ~0.50 Ro; the central zone shows no intragranular precipitation of fine gas bubbles in 
the UO2 grains. The Pu-rich aggregates are difficult to distinguish from the remainder of the 
matrix by optical microscopy (Figure 31). They are dense with a standard grain size, but 
with a large cavity or pore at the center. 

• ~0.50 Ro < r < Ro; the large9 Pu-rich aggregates are highly porous with a structure similar to 
that of the rim (Figure 32). However, no rim zone comparable to the one on UOX pellets 
could be observed. The UO2 appeared to be unchanged, although the UO2 grains surrounding 
the restructured aggregates were subdivided due to the action of the recoil fission products 
emitted directly from the neighboring aggregate. 

 

                                                      
8 Ro designates the pellet radius 
9 The critical size above which the structure of the aggregates is modified in the outer zone of the MOX fuel 
pellet depends on the mean Pu content in the aggregates. It is about 10 µm for a mean Pu content of 20.2 atom% 
of initial heavy metal (Garcia et al., 2000) and 20 µm for mean Pu content of 14.2 atom% of initial heavy metal 
(Guérin, pers. com.) 
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Figure 31. Microstructure variations  
of MIMAS MOX fuel after 3 cycles  

(burnup ≈ 40 GWd·t-1) versus the distance  
from the pellet center, without chemical developer 

(Dehaudt et al., 2000) 
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Amas UO2

 

Figure 32. Aggregates in AUC MOX fuel after 3 cycles (burnup ≈ 30 GWd·t-1)  
1200 µm from the edge of the fuel (Dehaudt et al., 2000) 

2.4.3 Grain boundary condition 

The grain boundaries ensure their essential role in maintaining pellet cohesion under irradiation 
in the reactor. Their long-term evolution after removal from the reactor—and in particular their 
radionuclide containment properties—is a decisive factor for quantifying radionuclide release from the 
fuel rod in the event of a cladding breach. The following paragraphs describe the condition of the 
boundaries on removal from the reactor. 

2.4.3.1 Gas bubbles and metallic precipitates 

The characteristics of the intergranular bubbles observed in PWR UOX fuel are shown versus 
the burnup and irradiation temperature in Figure 33 (Dehaudt et al., 1994). The bubbles are easily 
observable above 1200°C and 30 GWd·t-1, with their lenticular shape at the grain boundaries and their 
size increasing with the temperature. 
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Figure 33. Effect of burnup and temperature on the presence and size of intergranular gas bubbles  
(Dehaudt et al., 2000) 

Metallographic examination at high magnification and SEM observation of UOX fuel pellets by 
the CEA showed that the central zone of the UOX pellets (r/Ro<0.5) contains lenticular intergranular 
bubbles with a mean diameter of a few tenths of a micrometer. The grain boundary coverage ranges 
from 10% to 50% (Guérin, pers. com.). In the intermediate pellet zone (0.5 < r/Ro < 0.975) nanometric 
intergranular bubbles (10 to 100 nm) are visible by TEM (Thomas et Guenther, 1989; Thomas et al., 
1989; Thomas et al., 1992). The rim porosity is formed by micrometer-size bubbles (Cunningham 
et al., 1992; Mogensen et al., 1999). In MOX fuel the observable gas bubbles are mainly found in the 
aggregates and are of micrometric size. These observations showed that the gas bubbles are highly 
pressurized to two or three times the equilibrium pressure (Thomas, 1991; Nogita and Une, 1998). The 
quantification of the intergranular fission gases is detailed in Chapter III. 

TEM examination showed that metallic FP precipitates (Mo, Ru, Tc, Rh, Pd) are associated 
with the fission gas bubbles (Thomas, 1991; Nogita and Une, 1998). The precipitates are easily 
observable by SEM under the same conditions as for the emergence of large lenticular bubbles at the 
grain boundaries, i.e. in the pellet region exposed to temperatures of about 1150°C when the burnup 
exceeds GWd·t-1 (Dehaudt et al., 2000). Their diameter ranges from a few tenths of a micrometer to 
several micrometers, and increases with the temperature. Nevertheless, increasing amounts of 
precipitates are observed below 1150°C as the burnup increases. 

2.4.3.2 Intergranular failure conditions 

Failure in a fresh UOX fuel pellet is generally transgranular. In the case of irradiated UOX fuel, 
the type of failure observed varies with the burnup and temperature (Figure 34). The failure mode in 
spent fuel is mainly intergranular. However, transgranular failure is observed in the pellet central zone 
in the event of intragranular precipitation of bubbles, which requires a burnup exceeding 30 GWd·t-1. 
After irradiation in MOX fuel the UO2 matrix failure is comparable to that of UOX fuel: In the 
plutonium-enriched aggregates, intergranular fractures occur in the outer region and transgranular 
failures in the central region. 
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Figure 34. Effect of burnup and temperature on failure mode (Dehaudt et al., 2000) 

2.4.4 Rim structure 

In high-burnup UOX fuel (> 40 GWd·t-1) microstructural observations reveal the presence of a 
restructured rim around the periphery of the pellet. The following paragraphs describe the 
characteristics of this zone and the conditions under which it appears. 

2.4.4.1 Formation 

Resonant absorption of epithermal neutrons by 238U, for which the occurrence probability is 
higher around the periphery of the pellet, enriches this zone in 239Pu (see 2.2.2.3). The fission rate is 2 
to 3 times higher there than the mean value for the pellet, as shown by the neodymium profiles for 
which the concentration is proportional to the burnup (Figure 35). 

 

Figure 35. Radial EPMA profile of Nd (Dehaudt et al., 2000) 
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The numerous displacement cascades generated over the FP stopping distance create defects in 
a region where the temperature is too low to ensure recovery of the crystal lattice. The accumulation of 
crystal lattice defects causes the matrix to restructure itself. This phenomenon occurs when the local 
burnup reaches about 60 to 70 GWd·t-1 (Une et al., 1992; Piron et al., 1994; Koo et al., 2001; Manzel 
et Walker, 2002) with a local temperature below 1000°C (Brémier and Walker, 2002; Garcia, 2002). 
The rim is visible by optical microscopy on the periphery of UOX fuel pellets above a mean pellet 
burnup of 40 GWd·t-1 (Une et al., 1992; Dehaudt et al., 2000; Koo et al., 2001). 

The local burnup of the Pu-rich aggregates in MOX fuel is 2 to 3 times higher than the mean 
burnup. A structure similar to that of the rim appears in the large9 Pu-rich aggregates in a zone where 
the temperature remains sufficiently low (Garcia, 2002). This restructuring is visible by optical 
microscopy as early as the second cycle (~30 GWd·t-1 on average) in the aggregates situated more than 
0.6 Ro from the pellet centerline (Dehaudt et al., 2000). 

2.4.4.2 Optical rim and microprobe rim 

A distinction is made between the optical rim and the microprobe rim depending on whether the 
rim thickness is measured by optical examination or by xenon detection loss using a microprobe: 

• the optical rim corresponds to the zone of recrystallized polyhedral subgrains containing 
bubbles or pores between 0.5 and 1 µm; 

• the microprobe rim also comprises a transition zone containing initial grains in which defects 
are accumulating as well as subgrains that are already recrystallized. The coexistence of two 
states of reaction progress accounts for the gradual drop in Xe detection due to progressive 
coalescence of nanobubbles and to the increasing number of large bubbles (Figure 36). 

 

Figure 36. Xe concentration versus local burnup for r/Ro between 0.7 and 1 (Walker, 1999).  
The concentration decreases sharply above 60 GWd·t-1 as a consequence of recrystallization.  

The broken line corresponds to the quantity of Xe created 

The minimum local burnup for the emergence of the microprobe rim, corresponding to the loss 
of Xe detection, is estimated as 60 GWd·t-1. The value corresponding to the emergence of the optical 
rim, in which restructuring10 is complete is estimated to be 120 GWd·t-1. This value is consistent with a 
mean pellet burnup of 40 GWd·t-1 above which the optical rim is detected by metallographic 
examination (Dehaudt et al., 2000). 

                                                      
10 According to the authors, the phenomenon responsible for restructuring the matrix is polygonization or 
recrystallization (Garcia, 2002) 
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2.4.4.3 Characteristics 

2.4.4.3.1 Rim porosity 

Analyses by Spino et al. (1996a) on PWR UOX fuel irradiated to between 40 and 67 GWd·t-1 
showed that the porosity increases with the mean pellet burnup (Figure 37). The pore size varies from 
0.65 µm to 2 µm and is centered around 1.2 µm regardless of the burnup (Figure 38). 

 

Figure 37. Radial porosity versus burnup  
(Spino et al., 1996a) 

 

Figure 38. Pore size distribution in the rim  
and in an intermediate pellet zone  

at various burnup levels (Spino et al., 1996a) 

2.4.4.3.2 Rim thickness 

Based on studies by Walker (1999), the high porosity zone corresponding to the optical rim is 
70 to 140 µm wide. The second value represents a limit independent of the mean pellet burnup above 
70 GWd·t-1. At lower burnup values, the optical rim thickness increases with the mean pellet burnup 
(Figure 39). The microprobe rim thickness appears to increase as a linear function of the burnup over 
the entire range studied (40–80 GWd·t-1). 
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Figure 39. Optical and microprobe rim thickness versus mean pellet burnup (Walker, 1999) 

Koo et al. (2001) also reviewed published data on the optical and microprobe rim thickness 
according to the rim burnup (Figure 38). Based on their survey, the authors propose a mean estimate, 
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Eq (3), and a conservative estimate, Eq (4), for the rim thickness, Lrim (µm), depending on the mean 
burnup, BUrim (GWd·t-1): 

Lrim = 3.55 × BUrim – 185 (3) 

Lrim = 5.28 × BUrim – 178 (4) 

Note that the expression in Eq (4) corresponds to a conservative estimate of the microprobe rim 
thickness. 

 

Figure 40. Rim thickness measured by optical microscopy or electron microprobe versus rim burnup  
(Koo et al., 2001) – References are given in the original paper 

The published data relating the mean rim burnup to the mean pellet burnup (Figure 41) allowed 
the authors to propose the following relation between the mean rim burnup and the mean pellet 
burnup, BU (GWd·t-1): 

BUrim = 1.33 × BU (5) 

The rim burnup BUrim corresponding to the rim emergence threshold indicated by the authors is 
52 GWd·t-1, corresponding to a mean pellet burnup of about 39 GWd·t-1, which is consistent with value 
indicated by other authors. 
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Figure 41. Mean rim burnup versus mean pellet burnup (Koo et al., 2001) – References are given in the original 
paper 

2.4.4.3.3 Rim grain size 

In the optical rim the microstructure arising from fuel fabrication is profoundly modified both 
by the appearance of pores in large numbers and by subdivision of the grains. Two types of subgrains 
can be distinguished: rounded and polyhedral. 

In UOX fuel after 5 cycles (~60 GWd·t-1), the polyhedral subgrain size is centered around 
0.5 µm. The rounded subgrains measure about 0.1–0.2 µm (Dehaudt et al., 2000). 

2.4.4.3.4 Grain size and porosity of restructured Pu aggregates 

Inside the restructured MOX aggregates the structure exhibits the same characteristics as in the 
rim observed on the periphery of UOX pellets (Dehaudt et al., 2000), except that: 

• the mean polyhedral subgrain size is about 1 µm for the MOX aggregates in the pellet 
periphery, and increases to 2 µm toward the center of the pellet; 

• the size of the rounded subgrains varies from 0.2 to 0.6 µm. 

• The pore size increases while their number diminishes in the aggregates nearer the pellet 
centerline. The size distribution has not been quantified to date for lack of data. 

2.4.4.3.5 Mechanical properties 

The rim microhardness is lower than at the pellet core (Figure 42), but the fracture toughness is 
higher. Based on metallographic examinations, cracks propagate with greater difficulty there than in 
the remainder of the pellet (Figure 43). 
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Figure 42. Radial microhardness gradient at different burnup values, normalized to the mean value  
within the position range 0 < r <0.8 Ro (Spino et al., 1996b) 

 

Figure 43. Radial fracture toughness K1C determined from crack development  
after microhardness testing at different burnup values (Spino et al., 1996b).  

The bar on the right indicates the values for fresh UOX fuel under light (a) or heavy (b) loads 

2.4.5 Summary – Physical state of the spent fuel pellet 

The development of a strong radial temperature gradient in the pellet during its residence time 
in the reactor results in major mechanical stresses that lead to cracking. Irrespective of the burnup, the 
spent fuel pellet on removal from the reactor can be assumed to be fragmented into about ten pieces on 
average. 

The “solid” swelling observed under irradiation cannot be accounted for by variations in the 
crystal lattice parameter of the fluorine structure, but rather by the formation of incompatible fission 
gases in the lattice or nanometric-size bubbles in the UO2 grains. 
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At microstructural scale, zones highly modified by irradiation appear within the pellet. A 
distinction can thus be made between: 

• grain boundaries in which metallic precipitates and fission gas bubbles accumulate. 
Although during irradiation the grain boundaries withstand very high stress levels due to the 
irradiation temperature, they become embrittled in the process. At the burnup levels and 
irradiation temperatures considered here, fractographs of spent PWR fuel pellets on removal 
from the reactor reveal mainly intergranular failures except in the central zone, whereas fresh 
fuel is subject to transgranular failures; 

• restructured zones as the rim at the pellet periphery in UOX fuel with a burnup exceeding 
40 GWd·t-1 and in large Pu-rich aggregates (exceeding 10 to 20 µm) in the outer region of 
MOX fuel pellets. The restructured zones are characterized by about 10% porosity (closed 
porosity on removal from the reactor) and small grain size (0.1 µm). 

2.5 SUMMARY AND CONCLUSIONS 

The fuel pellet undergoes transformations in the reactor due to the effects of external irradiation 
and fission reactions. The main effects include: 

• the high temperature rise in the material (up to 1200°C at the pellet core) accompanied by a 
radial temperature gradient between the pellet rim and core (500–700°C). The temperature 
gradient induces pellet cracking in the reactor. 

• the formation of fission products and additional U and Pu isotopes and actinides through 
neutron capture. The production of rare gases, Xe and Kr in particular, which accumulate as 
bubbles inside and between the grains, modifies the mechanical properties of the fuel pellet. 

Concerning the chemical composition of spent fuel removed from the reactor, the elements can 
be classified according to their chemical form: 

• elements soluble in the fluorine lattice of the matrix, including the lanthanides (La, Ce, Pr, 
Nd, etc.) and other rare earth elements, together with elements having soluble oxides (Zr, 
Nb, Sr); 

• elements forming oxide precipitates: Rb, Cs, Ba, Zr, Nb, Mo, Te; 

• fission products forming metallic precipitates: Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te; 

• fission gases (Kr, Xe, He), helium formed by alpha decay and volatile FP in the reactor (I, 
Br, Rb, Cs, Te). 

The first class of elements accounts for about 95 wt% of the fuel (excluding oxygen). The 
oxygen potential is practically unmodified by the changes in the fuel chemical composition during its 
residence time in the reactor, and thus remains near-stoichiometric after irradiation. 

The following changes occur in the physical state of the spent fuel pellet on removal from the 
reactor: 

• at macroscopic scale, the pellet is fragmented into about ten to fifteen pieces; 

• at microscopic scale, the pellet is embrittled at the grain boundaries by the accumulation of 
pressurized fission gas bubbles and metallic precipitates, and restructured zones of high 
porosity appear as a result of other pressurized micrometer-size fission gas bubbles. 

The following chapter provides a detailed quantitative description of the radionuclide 
distribution within the spent fuel rod on removal from the reactor. 
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2.6 ANNEX 

Table XV. FP and actinide inventory in UOX fuel with a irradiated to 60 GWd·t-1 after 2 and 50 years of cooling, 
calculated using the CESAR5 code 

Atomic fraction / total initial cations Atomic fraction/ all elements at t
 ELEMENT Initial 2 years 50 years Initial 2 years 50 years Initial 2 years 50 years

Actinides
Tl 0,000E+00 4,082E-11 9,225E-11 4,668E-17 1,055E-16 4,394E-17 9,930E-17
Pb 0,000E+00 1,125E-05 1,704E-03 1,286E-11 1,948E-09 1,211E-11 1,834E-09
Bi 0,000E+00 2,332E-09 1,052E-08 2,617E-15 1,189E-14 2,463E-15 1,120E-14
Po 0,000E+00 3,995E-13 6,231E-10 4,496E-19 7,058E-16 4,232E-19 6,643E-16
At 0,000E+00 6,479E-20 3,360E-19 7,102E-26 3,683E-25 6,685E-26 3,466E-25
Rn 0,000E+00 3,710E-11 1,333E-10 4,011E-17 1,436E-16 3,775E-17 1,352E-16
Fr 0,000E+00 1,031E-15 1,626E-14 1,106E-21 1,737E-20 1,041E-21 1,635E-20
Ra 0,000E+00 3,125E-07 8,427E-06 3,309E-13 8,873E-12 3,115E-13 8,352E-12
Ac 0,000E+00 1,670E-08 5,093E-07 1,750E-14 5,337E-13 1,647E-14 5,023E-13
Th 0,000E+00 3,827E-03 4,686E-02 3,950E-09 4,837E-08 3,718E-09 4,553E-08
Pa 0,000E+00 8,478E-04 1,124E-03 8,727E-10 1,157E-09 8,214E-10 1,089E-09
U 1,000E+06 9,234E+05 9,236E+05 1,000E+00 9,230E-01 9,232E-01 1,000E+00 8,688E-01 8,690E-01
Np 0,000E+00 8,748E+02 9,713E+02 8,780E-04 9,748E-04 8,264E-04 9,176E-04
Pu 0,000E+00 1,267E+04 1,103E+04 1,257E-02 1,095E-02 1,183E-02 1,031E-02
Am 0,000E+00 5,559E+02 2,035E+03 5,461E-04 2,006E-03 5,140E-04 1,889E-03
Cm 0,000E+00 1,707E+02 3,924E+01 1,663E-04 3,818E-05 1,566E-04 3,594E-05
Bk 0,000E+00 8,392E-06 2,701E-22 8,017E-12 2,580E-28 7,546E-12 2,429E-28
Cf 0,000E+00 6,237E-05 5,096E-05 5,944E-11 4,863E-11 5,595E-11 4,577E-11

Total actinides 1,000E+06 9,377E+05 9,377E+05 1,000E+00 9,372E-01 9,372E-01 1,000E+00 8,821E-01 8,821E-01
Rare earths - Lanthanoids

Y 0,000E+00 7,746E+02 7,745E+02 2,070E-03 2,070E-03 1,949E-03 1,948E-03
La 0,000E+00 2,160E+03 2,160E+03 3,696E-03 3,696E-03 3,479E-03 3,479E-03
Ce 0,000E+00 4,312E+03 4,244E+03 7,273E-03 7,162E-03 6,846E-03 6,742E-03
Pr 0,000E+00 1,991E+03 1,991E+03 3,359E-03 3,359E-03 3,162E-03 3,162E-03
Nd 0,000E+00 7,220E+03 7,288E+03 1,185E-02 1,196E-02 1,115E-02 1,126E-02
Pm 0,000E+00 1,288E+02 3,994E-04 2,085E-04 6,462E-10 1,962E-04 6,083E-10
Sm 0,000E+00 1,325E+03 1,449E+03 2,112E-03 2,312E-03 1,988E-03 2,176E-03
Eu 0,000E+00 3,125E+02 2,316E+02 4,849E-04 3,601E-04 4,564E-04 3,390E-04
Gd 0,000E+00 2,995E+02 3,856E+02 4,560E-04 5,889E-04 4,293E-04 5,543E-04
Tb 0,000E+00 7,487E+00 7,487E+00 1,120E-05 1,120E-05 1,054E-05 1,054E-05
Dy 0,000E+00 7,325E+00 7,325E+00 1,076E-05 1,076E-05 1,013E-05 1,013E-05
Ho 0,000E+00 1,205E+00 1,204E+00 1,736E-06 1,735E-06 1,634E-06 1,633E-06

Total  Lanthanoi 0,000E+00 1,854E+04 1,854E+04 3,153E-02 3,153E-02 2,968E-02 2,968E-02
Oxide precipitates

Rb 0,000E+00 5,931E+02 6,275E+02 1,633E-03 1,729E-03 1,537E-03 1,628E-03
Sr 0,000E+00 1,431E+03 8,485E+02 3,817E-03 2,277E-03 3,593E-03 2,143E-03
Zr 0,000E+00 6,275E+03 6,857E+03 1,599E-02 1,753E-02 1,505E-02 1,650E-02
Nb 0,000E+00 3,433E-02 2,926E-02 8,609E-08 7,484E-08 8,104E-08 7,044E-08
Cs 0,000E+00 4,777E+03 3,248E+03 8,415E-03 5,754E-03 7,920E-03 5,416E-03
Ba 0,000E+00 2,936E+03 4,466E+03 5,081E-03 7,742E-03 4,783E-03 7,287E-03

Total oxide precipit 0,000E+00 1,601E+04 1,605E+04 3,494E-02 3,504E-02 3,289E-02 3,298E-02
Métallics

Mo 0,000E+00 6,072E+03 6,072E+03 1,480E-02 1,480E-02 1,393E-02 1,393E-02
Tc 0,000E+00 1,353E+03 1,353E+03 3,251E-03 3,250E-03 3,060E-03 3,059E-03
Ru 0,000E+00 4,312E+03 4,250E+03 1,004E-02 9,906E-03 9,454E-03 9,324E-03
Rh 0,000E+00 7,174E+02 7,174E+02 1,657E-03 1,657E-03 1,559E-03 1,559E-03
Pd 0,000E+00 2,854E+03 2,916E+03 6,417E-03 6,555E-03 6,040E-03 6,170E-03
Ag 0,000E+00 1,379E+02 1,376E+02 3,008E-04 3,002E-04 2,832E-04 2,826E-04
Cd 0,000E+00 2,072E+02 2,073E+02 4,432E-04 4,435E-04 4,172E-04 4,174E-04
In 0,000E+00 2,637E+00 2,819E+00 5,455E-06 5,840E-06 5,135E-06 5,497E-06
Sn 0,000E+00 1,398E+02 1,393E+02 2,711E-04 2,702E-04 2,552E-04 2,543E-04
Sb 0,000E+00 3,969E+01 2,593E+01 7,660E-05 5,044E-05 7,210E-05 4,748E-05
Te 0,000E+00 8,946E+02 9,088E+02 1,644E-03 1,671E-03 1,547E-03 1,573E-03

Total métallics 0,000E+00 1,673E+04 1,673E+04 3,891E-02 3,891E-02 3,662E-02 3,662E-02
Gases et volatiles

Br 0,000E+00 3,636E+01 3,636E+01 1,068E-04 1,068E-04 1,005E-04 1,005E-04
Kr 0,000E+00 6,175E+02 5,831E+02 1,729E-03 1,632E-03 1,627E-03 1,536E-03
I 0,000E+00 4,118E+02 4,118E+02 7,617E-04 7,617E-04 7,169E-04 7,170E-04

Xe 0,000E+00 9,565E+03 9,565E+03 1,696E-02 1,696E-02 1,596E-02 1,596E-02
Total gaz et vola 0,000E+00 1,063E+04 1,060E+04 1,955E-02 1,946E-02 1,841E-02 1,831E-02

Métalloïds
Ge 0,000E+00 9,483E-01 9,483E-01 2,984E-06 2,984E-06 2,809E-06 2,809E-06
As 0,000E+00 2,215E-01 2,215E-01 7,024E-07 7,024E-07 6,611E-07 6,611E-07
Se 0,000E+00 9,476E+01 9,476E+01 2,782E-04 2,782E-04 2,619E-04 2,619E-04

Total métalloïd 0,000E+00 9,593E+01 9,593E+01 2,819E-04 2,819E-04 2,653E-04 2,653E-04
Total 1,000E+06 9,997E+05 9,997E+05 1,000E+00 1,062E+00 1,062E+00 1,000E+00 1,000E+00 1,000E+00

Masses in g/tiHM
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Table XVI. FP and actinide inventory in MOX fuel irradiated to 60 GWd·t-1 after 2 and 50 years of cooling, 
calculated using the CESAR5 code 

Masses in g/tiHM Atomic fraction / total initial cations Atomic fraction/ total elements at t
 ELEMENT Initial 2 years 50 years Initial 2 years 50 years Initial 2 years 50 years

Actinides
Tl 0,000E+00 1,288E-11 2,736E-11 0,000E+00 1,474E-17 3,133E-17 0,000E+00 1,389E-17 2,951E-17
Pb 0,000E+00 3,587E-06 5,068E-04 0,000E+00 4,107E-12 5,804E-10 0,000E+00 3,869E-12 5,467E-10
Bi 0,000E+00 7,482E-10 4,522E-09 0,000E+00 8,409E-16 5,129E-15 0,000E+00 7,922E-16 4,831E-15
Po 0,000E+00 2,435E-13 1,186E-09 0,000E+00 2,752E-19 1,345E-15 0,000E+00 2,592E-19 1,267E-15
At 0,000E+00 4,222E-20 1,770E-19 0,000E+00 4,634E-26 1,942E-25 0,000E+00 4,366E-26 1,830E-25
Rn 0,000E+00 1,196E-11 1,368E-10 0,000E+00 1,294E-17 1,470E-16 0,000E+00 1,219E-17 1,385E-16
Fr 0,000E+00 6,345E-16 8,208E-15 0,000E+00 6,814E-22 8,782E-21 0,000E+00 6,419E-22 8,273E-21
Ra 0,000E+00 1,383E-07 1,764E-05 0,000E+00 1,463E-13 1,859E-11 0,000E+00 1,378E-13 1,752E-11
Ac 0,000E+00 9,419E-09 2,545E-07 0,000E+00 9,882E-15 2,670E-13 0,000E+00 9,310E-15 2,515E-13
Th 0,000E+00 2,088E-03 1,037E-01 0,000E+00 2,161E-09 1,074E-07 0,000E+00 2,036E-09 1,012E-07
Pa 0,000E+00 4,668E-04 5,435E-04 0,000E+00 4,812E-10 5,601E-10 0,000E+00 4,534E-10 5,276E-10
U 8,950E+05 8,491E+05 8,504E+05 8,957E-01 8,497E-01 8,510E-01 8,957E-01 8,005E-01 8,017E-01

Np 0,000E+00 1,892E+02 8,879E+02 0,000E+00 1,901E-04 8,923E-04 0,000E+00 1,791E-04 8,406E-04
Pu 1,036E+05 8,250E+04 7,246E+04 1,030E-01 8,192E-02 7,199E-02 1,030E-01 7,718E-02 6,782E-02
Am 1,365E+03 5,172E+03 1,431E+04 1,349E-03 5,092E-03 1,412E-02 1,349E-03 4,797E-03 1,330E-02
Cm 0,000E+00 1,528E+03 4,107E+02 0,000E+00 1,491E-03 4,000E-04 0,000E+00 1,405E-03 3,768E-04
Bk 0,000E+00 5,930E-05 1,909E-21 0,000E+00 5,672E-11 1,826E-27 0,000E+00 5,344E-11 1,720E-27
Cf 0,000E+00 4,470E-04 3,950E-04 0,000E+00 4,269E-10 3,775E-10 0,000E+00 4,021E-10 3,556E-10

Total actinides 1,000E+06 9,385E+05 9,385E+05 1,000E+00 9,384E-01 9,384E-01 1,000E+00 8,841E-01 8,841E-01
Rare earths - Lanthanoids

Y 0,000E+00 3,905E+02 3,904E+02 1,045E-03 1,045E-03 9,845E-04 9,843E-04
La 0,000E+00 1,955E+03 1,955E+03 3,351E-03 3,351E-03 3,156E-03 3,156E-03
Ce 0,000E+00 3,919E+03 3,855E+03 6,620E-03 6,514E-03 6,236E-03 6,136E-03
Pr 0,000E+00 1,851E+03 1,851E+03 3,127E-03 3,127E-03 2,946E-03 2,946E-03
Nd 0,000E+00 6,325E+03 6,388E+03 1,038E-02 1,049E-02 9,782E-03 9,881E-03
Pm 0,000E+00 1,675E+02 5,191E-04 2,713E-04 8,410E-10 2,556E-04 7,922E-10
Sm 0,000E+00 1,523E+03 1,672E+03 2,423E-03 2,666E-03 2,283E-03 2,512E-03
Eu 0,000E+00 4,157E+02 3,103E+02 6,455E-04 4,833E-04 6,081E-04 4,553E-04
Gd 0,000E+00 3,333E+02 4,568E+02 5,073E-04 6,980E-04 4,779E-04 6,576E-04
Tb 0,000E+00 1,672E+01 1,672E+01 2,505E-05 2,505E-05 2,360E-05 2,360E-05
Dy 0,000E+00 2,017E+01 2,017E+01 2,966E-05 2,966E-05 2,794E-05 2,794E-05
Ho 0,000E+00 1,838E+00 1,837E+00 2,652E-06 2,651E-06 2,499E-06 2,497E-06

Total  Lanthanoid 0,000E+00 1,692E+04 1,692E+04 2,843E-02 2,843E-02 2,678E-02 2,678E-02
Oxide precipitates

Rb 0,000E+00 3,214E+02 3,420E+02 8,863E-04 9,441E-04 8,350E-04 8,894E-04
Sr 0,000E+00 7,285E+02 4,370E+02 1,946E-03 1,175E-03 1,833E-03 1,107E-03
Zr 0,000E+00 4,487E+03 4,778E+03 1,142E-02 1,219E-02 1,076E-02 1,149E-02
Nb 0,000E+00 3,280E-02 2,121E-02 8,233E-08 5,433E-08 7,756E-08 5,118E-08
Cs 0,000E+00 5,697E+03 4,195E+03 1,005E-02 7,436E-03 9,470E-03 7,005E-03
Ba 0,000E+00 2,748E+03 4,250E+03 4,760E-03 7,376E-03 4,484E-03 6,948E-03

Total oxide precipita 0,000E+00 1,398E+04 1,400E+04 2,906E-02 2,912E-02 2,738E-02 2,743E-02
Métallics

Mo 0,000E+00 5,679E+03 5,679E+03 1,384E-02 1,384E-02 1,304E-02 1,304E-02
Tc 0,000E+00 1,384E+03 1,384E+03 3,329E-03 3,329E-03 3,137E-03 3,136E-03
Ru 0,000E+00 5,187E+03 5,085E+03 1,207E-02 1,184E-02 1,137E-02 1,115E-02
Rh 0,000E+00 1,373E+03 1,373E+03 3,175E-03 3,175E-03 2,991E-03 2,991E-03
Pd 0,000E+00 4,817E+03 4,919E+03 1,081E-02 1,104E-02 1,018E-02 1,040E-02
Ag 0,000E+00 3,209E+02 3,204E+02 7,011E-04 7,000E-04 6,605E-04 6,595E-04
Cd 0,000E+00 4,165E+02 4,166E+02 8,928E-04 8,932E-04 8,411E-04 8,414E-04
In 0,000E+00 6,380E+00 6,722E+00 1,322E-05 1,394E-05 1,245E-05 1,313E-05
Sn 0,000E+00 2,291E+02 2,283E+02 4,441E-04 4,425E-04 4,184E-04 4,169E-04
Sb 0,000E+00 7,123E+01 4,755E+01 1,377E-04 9,264E-05 1,297E-04 8,727E-05
Te 0,000E+00 1,065E+03 1,089E+03 1,961E-03 2,008E-03 1,847E-03 1,891E-03

Total métallics 0,000E+00 2,055E+04 2,055E+04 4,737E-02 4,737E-02 4,463E-02 4,463E-02
Gases et volatiles

Br 0,000E+00 3,152E+01 3,152E+01 9,267E-05 9,267E-05 8,730E-05 8,730E-05
Kr 0,000E+00 3,600E+02 3,394E+02 1,010E-03 9,525E-04 9,517E-04 8,973E-04
I 0,000E+00 5,688E+02 5,689E+02 1,054E-03 1,054E-03 9,932E-04 9,932E-04

Xe 0,000E+00 8,905E+03 8,905E+03 1,583E-02 1,583E-02 1,491E-02 1,491E-02
Total gases et volat 0,000E+00 9,865E+03 9,845E+03 1,799E-02 1,793E-02 1,695E-02 1,689E-02
Métalloïds

Ge 0,000E+00 9,117E-01 9,117E-01 2,882E-06 2,882E-06 2,715E-06 2,715E-06
As 0,000E+00 3,003E-01 3,003E-01 9,536E-07 9,536E-07 8,983E-07 8,983E-07
Se 0,000E+00 7,328E+01 7,328E+01 2,164E-04 2,164E-04 2,038E-04 2,038E-04

Total métalloïds 0,000E+00 7,449E+01 7,449E+01 2,202E-04 2,202E-04 2,075E-04 2,075E-04
Total 1,000E+06 9,999E+05 9,998E+05 1,000E+00 1,062E+00 1,062E+00 1,000E+00 1,000E+00 1,000E+00

 



Synthesis on the spent fuel long term evolution 

57 

 

Table XVII. FP and actinide inventory in (U,Pu)O2 fuel irradiated to 150 GWd·tM-1 representative of Pu-rich 
aggregates after 2 and 100 years of cooling, calculated using the CESAR4 code 

Eléments
 - Bilan matiere en Gramme /TMLi -ou 

ppm
 - Bilan matiere en atome gramme /TMLi 

-
Fraction atomique / tous les cations 

présents avant irradiation
Fraction atomique / tous les éléments 

présents à t
avant temps après irradiation avant temps après irradiation avant temps après irradiation avant temps après irradiation

irradiation 2 ans 100 ans irradiation 2 ans 100 ans irradiation 2 ans 100 ans irradiation 2 ans 100 ans
Actinides

Ra 9,010E-08 2,790E-04 4,003E-10 1,235E-06 9,536E-14 2,941E-10 8,338E-14 2,571E-10
Th 2,745E-03 8,762E-01 1,194E-05 3,809E-03 2,843E-09 9,074E-07 2,486E-09 7,934E-07
Pa 3,500E-04 5,325E-04 1,515E-06 2,301E-06 3,609E-10 5,481E-10 3,155E-10 4,792E-10
U 7,500E+05 7,107E+05 7,162E+05 3,151E+03 2,986E+03 3,010E+03 7,507E-01 7,113E-01 7,170E-01 7,507E-01 6,219E-01 6,269E-01
Np 1,992E+02 3,479E+03 8,404E-01 1,468E+01 2,002E-04 3,497E-03 1,750E-04 3,057E-03
Pu 2,471E+05 1,161E+05 9,398E+04 1,031E+03 4,832E+02 3,914E+02 2,455E-01 1,151E-01 9,322E-02 2,455E-01 1,006E-01 8,151E-02
Am 2,900E+03 1,325E+04 3,259E+04 1,203E+01 5,469E+01 1,349E+02 2,866E-03 1,303E-02 3,214E-02 2,866E-03 1,139E-02 2,810E-02
Cm 7,769E+03 1,419E+03 3,182E+01 5,794E+00 7,580E-03 1,380E-03 6,628E-03 1,207E-03
Bk 1,142E-02 5,266E-37 4,587E-05 2,115E-39 1,093E-08 5,037E-43 9,554E-09 4,405E-43
Cf 7,351E-02 6,146E-02 2,947E-04 2,466E-04 7,021E-08 5,875E-08 6,139E-08 5,137E-08

total actinides 1,000E+06 8,480E+05 8,477E+05 4,194E+03 3,557E+03 3,557E+03 9,991E-01 8,472E-01 8,472E-01 9,991E-01 7,408E-01 7,408E-01

Terres rares -Lanthamoïdes
Y 8,768E+02 8,766E+02 9,851E+00 9,849E+00 2,347E-03 2,346E-03 2,052E-03 2,051E-03
La 4,926E+03 4,926E+03 3,544E+01 3,544E+01 8,442E-03 8,442E-03 7,382E-03 7,382E-03
Ce 9,396E+03 9,244E+03 6,665E+01 6,559E+01 1,588E-02 1,562E-02 1,388E-02 1,366E-02
Pr 4,390E+03 4,390E+03 3,114E+01 3,114E+01 7,417E-03 7,417E-03 6,485E-03 6,485E-03
Nd 1,530E+04 1,546E+04 1,055E+02 1,065E+02 2,512E-02 2,537E-02 2,197E-02 2,219E-02
Pm 2,018E-02 2,718E+02 1,925E-02 1,401E-04 1,849E+00 1,337E-04 4,404E-04 2,495E-15 3,338E-08 3,851E-04 2,784E-08
Sm 6,603E-01 3,339E+03 3,563E+03 4,383E-03 2,230E+01 2,383E+01 1,044E-06 5,312E-03 5,677E-03 1,044E-06 4,645E-03 4,964E-03
Eu 5,671E-02 1,094E+03 8,162E+02 3,737E-04 7,135E+00 5,339E+00 8,885E-08 1,700E-03 1,272E-03 8,902E-08 1,486E-03 1,112E-03
Gd 2,100E-02 1,056E+03 1,381E+03 1,351E-04 6,756E+00 8,865E+00 3,217E-08 1,609E-03 2,112E-03 3,217E-08 1,407E-03 1,846E-03
Tb 2,145E+01 2,145E+01 1,349E-01 1,349E-01 3,213E-05 3,213E-05 2,810E-05 2,809E-05
Dy 1,581E+01 1,581E+01 9,792E-02 9,793E-02 2,333E-05 2,333E-05 2,040E-05 2,040E-05
Ho 1,793E+00 1,791E+00 1,086E-02 1,085E-02 2,588E-06 2,585E-06 2,263E-06 2,260E-06

total lanthanoïdes 7,582E-01 4,069E+04 4,069E+04 5,032E-03 2,868E+02 2,868E+02 1,165E-06 6,832E-02 6,832E-02 1,199E-06 5,974E-02 5,974E-02

Précipités oxydes
Zr 1,036E+04 1,125E+04 1,107E+02 1,206E+02 2,637E-02 2,873E-02 2,306E-02 2,512E-02
Nb 2,268E+01 2,240E+01 2,235E+01 2,439E-01 2,408E-01 2,403E-01 5,810E-05 5,736E-05 5,724E-05 5,810E-05 5,016E-05 5,005E-05
Rb 7,347E+02 7,813E+02 8,506E+00 9,055E+00 2,026E-03 2,157E-03 1,772E-03 1,886E-03
Cs 1,261E+04 7,538E+03 9,332E+01 5,626E+01 2,223E-02 1,340E-02 1,944E-02 1,172E-02
Sr 1,675E+03 7,839E+02 1,879E+01 8,884E+00 4,476E-03 2,116E-03 3,914E-03 1,850E-03
Ba 7,013E+03 1,208E+04 5,106E+01 8,812E+01 1,216E-02 2,099E-02 1,063E-02 1,835E-02

total précipités oxydes 2,268E+01 3,241E+04 3,246E+04 2,439E-01 2,826E+02 2,832E+02 5,810E-05 6,732E-02 6,745E-02 5,810E-05 5,886E-02 5,898E-02

Métalliques
Mo 3,403E+02 1,363E+04 1,363E+04 3,543E+00 1,395E+02 1,395E+02 8,440E-04 3,324E-02 3,324E-02 8,440E-04 2,906E-02 2,906E-02
Tc 3,278E+03 3,277E+03 3,312E+01 3,311E+01 7,888E-03 7,886E-03 6,898E-03 6,895E-03
Ru 1,264E+04 1,237E+04 1,235E+02 1,210E+02 2,942E-02 2,882E-02 2,573E-02 2,520E-02
Rh 2,745E+03 2,745E+03 2,665E+01 2,665E+01 6,348E-03 6,348E-03 5,551E-03 5,551E-03
Pd 1,282E+04 1,309E+04 1,209E+02 1,234E+02 2,879E-02 2,940E-02 2,518E-02 2,571E-02
Ag 5,999E+02 5,734E+02 5,502E+00 5,260E+00 1,311E-03 1,253E-03 1,146E-03 1,096E-03
Cd 1,275E+03 1,301E+03 1,149E+01 1,171E+01 2,736E-03 2,790E-03 2,392E-03 2,440E-03
In 7,317E+00 8,697E+00 6,367E-02 7,588E-02 1,517E-05 1,807E-05 1,326E-05 1,580E-05
Sn 1,134E+01 3,652E+02 3,650E+02 9,547E-02 2,986E+00 2,985E+00 2,274E-05 7,113E-04 7,110E-04 2,274E-05 6,220E-04 6,217E-04
Sb 7,027E+01 4,680E+01 5,712E-01 3,834E-01 1,361E-04 9,134E-05 1,190E-04 7,987E-05
Te 2,259E+03 2,282E+03 1,745E+01 1,764E+01 4,157E-03 4,202E-03 3,635E-03 3,674E-03

total métalliques 3,516E+02 4,970E+04 4,970E+04 3,639E+00 4,817E+02 4,817E+02 8,668E-04 1,148E-01 1,148E-01 8,668E-04 1,003E-01 1,003E-01

Gaz et volatils
Br 6,297E+01 6,297E+01 7,774E-01 7,774E-01 1,852E-04 1,852E-04 1,619E-04 1,619E-04
Kr 8,132E+02 7,666E+02 9,583E+00 9,034E+00 2,283E-03 2,152E-03 1,996E-03 1,882E-03
I 1,126E+03 1,126E+03 8,755E+00 8,756E+00 2,086E-03 2,086E-03 1,824E-03 1,824E-03

Xe 2,308E+04 2,308E+04 1,721E+02 1,721E+02 4,099E-02 4,099E-02 3,585E-02 3,585E-02
total gaz et volatils 2,508E+04 2,504E+04 1,912E+02 1,907E+02 4,555E-02 4,542E-02 3,983E-02 3,971E-02

Métalloïdes
Ge 1,319E+00 1,319E+00 1,748E-02 1,748E-02 4,165E-06 4,165E-06 3,642E-06 3,642E-06
As 4,036E-01 4,036E-01 5,382E-03 5,382E-03 1,282E-06 1,282E-06 1,121E-06 1,121E-06
Se 1,673E+02 1,673E+02 2,069E+00 2,069E+00 4,928E-04 4,928E-04 4,309E-04 4,309E-04

total métalloïdes 1,690E+02 1,690E+02 2,092E+00 2,092E+00 4,983E-04 4,983E-04 4,357E-04 4,357E-04

total global 1,000E+06 9,960E+05 9,958E+05 4,198E+03 4,801E+03 4,801E+03 1,000E+00 1,144E+00 1,144E+00 1,000E+00 1,000E+00 1,000E+00  
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Table XVIII. Mass fraction of FP in UOX and MOX fuels irradiated to 60 GWd.t-1, after 2 and 50 years of cooling, 
calculated using the CESAR5 code 

 ELEMENT     INITIALE  2 ans 50 ans    INITIALE  2 ans 50 ans
Actinides

Tl 0,0% 4,08E-17 9,23E-17 0,0% 1,288E-17 2,74E-17
Pb 0,0% 1,125E-11 1,704E-09 0,0% 3,59E-12 5,07E-10
Bi 0,0% 2,33E-15 1,053E-14 0,0% 7,48E-16 4,52E-15
Po 0,0% 4,00E-19 6,23E-16 0,0% 2,43E-19 1,186E-15
At 0,0% 6,48E-26 3,36E-25 0,0% 4,22E-26 1,770E-25
Rn 0,0% 3,71E-17 1,33E-16 0,0% 1,196E-17 1,368E-16
Fr 0,0% 1,032E-21 1,626E-20 0,0% 6,35E-22 8,21E-21
Ra 0,0% 3,13E-13 8,43E-12 0,0% 1,383E-13 1,765E-11
Ac 0,0% 1,670E-14 5,09E-13 0,0% 9,42E-15 2,55E-13
Th 0,0% 3,83E-09 4,69E-08 0,0% 2,09E-09 1,037E-07
Pa 0,0% 8,48E-10 1,124E-09 0,0% 4,67E-10 5,44E-10
U 100,0% 92,370% 92,389% 89,500% 84,921% 85,053%
Np 0,0% 0,0875% 0,0972% 0,0% 0,01892% 0,0888%
Pu 0,0% 1,267% 1,104% 10,364% 8,251% 7,247%
Am 0,0% 0,0556% 0,2036% 0,1365% 0,5172% 1,4308%
Cm 0,0% 0,0171% 0,00392% 0,0% 0,1529% 0,0411%
Bk 0,0% 8,39E-12 2,70E-28 0,0% 5,93E-11 1,909E-27
Cf 0,0% 6,24E-11 5,10E-11 0,0% 4,47E-10 3,95E-10

Total actinides /métal 100,000% 93,797% 93,797% 100,000% 93,861% 93,860%
Total actinides /oxyde 88,142% 82,672% 82,672% 88,155% 82,742% 82,741%

Masses métal  NL + PF 1,0000E+06 9,9972E+05 9,9971E+05 1,0000E+06 9,9990E+05 9,9985E+05
Masses oxyde 1,1345E+06 1,1342E+06 1,1342E+06 1,1344E+06 1,1343E+06 1,1342E+06

Terres rares - Lanthanides
Y 0,0% 0,0775% 0,0775% 0,0% 0,0391% 0,0390%
La 0,0% 0,216% 0,216% 0,0% 0,1956% 0,1956%
Ce 0,0% 0,431% 0,425% 0,0% 0,3920% 0,3856%
Pr 0,0% 0,199% 0,199% 0,0% 0,1851% 0,1851%
Nd 0,0% 0,722% 0,729% 0,0% 0,633% 0,639%
Pm 0,0% 0,01289% 3,995E-10 0,0% 0,01675% 5,19E-10
Sm 0,0% 0,1326% 0,1449% 0,0% 0,1523% 0,1672%
Eu 0,0% 0,0313% 0,0232% 0,0% 0,0416% 0,0310%
Gd 0,0% 0,0300% 0,0386% 0,0% 0,0333% 0,0457%
Tb 0,0% 7,49E-06 7,49E-06 0,0% 1,673E-05 1,673E-05
Dy 0,0% 7,33E-06 7,33E-06 0,0% 2,017E-05 2,017E-05
Ho 0,0% 1,205E-06 1,204E-06 0,0% 1,838E-06 1,837E-06

Total  Lanthanides 0,0% 1,855% 1,855% 0,0% 1,692% 1,692%
/ oxyde 0,0% 1,635% 1,635% 0,0% 1,492% 1,492%

Précipités oxyde
Rb 0,0% 0,0593% 0,0628% 0,0% 0,0321% 0,0342%
Sr 0,0% 0,1431% 0,0849% 0,0% 0,0729% 0,0437%
Zr 0,0% 0,628% 0,686% 0,0% 0,449% 0,478%
Nb 0,0% 3,43E-08 2,93E-08 0,0% 3,28E-08 2,12E-08
Cs 0,0% 0,478% 0,325% 0,0% 0,570% 0,420%
Ba 0,0% 0,294% 0,447% 0,0% 0,275% 0,425%

Total précipités oxyde 0,0% 1,602% 1,605% 0,0% 1,398% 1,400%
/ oxyde 0,0% 1,412% 1,415% 0,0% 1,233% 1,235%

Métalliques
Mo 0,0% 0,607% 0,607% 0,0% 0,568% 0,568%
Tc 0,0% 0,1353% 0,1353% 0,0% 0,1384% 0,1384%
Ru 0,0% 0,431% 0,425% 0,0% 0,519% 0,509%
Rh 0,0% 0,0718% 0,0718% 0,0% 0,1373% 0,1373%
Pd 0,0% 0,286% 0,292% 0,0% 0,482% 0,492%
Ag 0,0% 0,01379% 0,01376% 0,0% 0,0321% 0,0320%
Cd 0,0% 0,0207% 0,0207% 0,0% 0,0417% 0,0417%
In 0,0% 2,64E-06 2,82E-06 0,0% 6,38E-06 6,72E-06
Sn 0,0% 0,01398% 0,01393% 0,0% 0,0229% 0,0228%
Sb 0,0% 3,97E-05 2,59E-05 0,0% 7,12E-05 4,76E-05
Te 0,0% 0,0895% 0,0909% 0,0% 0,1065% 0,1089%

Total métalliques 0,0% 1,6734% 1,6734% 0,0% 2,055% 2,055%
/ oxyde 0,0% 1,4750% 1,4750% 0,0% 1,812% 1,812%

Gaz et volatils
Br 0,0% 3,64E-05 3,64E-05 0,0% 3,15E-05 3,15E-05
Kr 0,0% 0,0618% 0,0583% 0,0% 0,0360% 0,0339%
I 0,0% 0,0412% 0,0412% 0,0% 0,0569% 0,0569%

Xe 0,0% 0,957% 0,957% 0,0% 0,8906% 0,8906%
Total gaz et volatils 0,0% 1,0634% 1,0600% 0,0% 0,9866% 0,9846%

/ oxyde 0,0% 0,9373% 0,9342% 0,0% 0,8698% 0,8680%
Métalloïdes

Ge 0,0% 9,49E-07 9,49E-07 0,0% 9,12E-07 9,12E-07
As 0,0% 2,22E-07 2,22E-07 0,0% 3,00E-07 3,00E-07
Se 0,0% 9,48E-05 9,48E-05 0,0% 7,33E-05 7,33E-05

Total métalloïdes 0,0% 0,00960% 0,00960% 0,0% 0,00745% 0,00745%
/ oxyde 0,0% 0,00846% 0,00846% 0,0% 0,00657% 0,00657%

Combustible otal global / métal 100,000% 100,000% 100,000% 100,000% 100,000% 100,000%
/ oxyde 88,142% 88,139% 88,139% 88,155% 88,154% 88,154%

Combustible  UOx  -  60 GWj/t Combustible  MOx  -  60 GWj/t
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Table XIX. Fission yield of FP in UOX and MOX fuels irradiated to 60 GWd.t-1, after 2 and 50 years of cooling, 
calculated using the CESAR5 code 

Burnup  6,281% 6,158%
Total number of fissions /tiHM 1,5900E+26 1,5566E+26

 ELEMENT 2 years 50 years 2 years 50 years
Rare Earth - Lanthanoids

Y 3,297% 3,297% 1,698% 1,697%
La 5,887% 5,887% 5,443% 5,443%
Ce 11,583% 11,407% 10,754% 10,582%
Pr 5,349% 5,349% 5,080% 5,080%
Nd 18,867% 19,044% 16,869% 17,041%
Pm 0,332% 0,0% 0,441% 0,0%
Sm 3,363% 3,682% 3,937% 4,331%
Eu 0,772% 0,574% 1,049% 0,785%
Gd 0,726% 0,938% 0,824% 1,134%
Tb 0,01784% 0,01784% 0,0407% 0,0407%
Dy 0,01714% 0,01714% 0,0482% 0,0482%
Ho 2,77E-05 2,76E-05 4,31E-05 4,31E-05

Total  Lanthanoids 50,215% 50,214% 46,188% 46,187%
Oxide precipitates

Rb 2,601% 2,754% 1,440% 1,534%
Sr 6,079% 3,627% 3,161% 1,908%
Zr 25,471% 27,924% 18,553% 19,806%
Nb 1,37E-06 1,19E-06 1,34E-06 8,83E-07
Cs 13,401% 9,163% 16,330% 12,081%
Ba 8,093% 12,330% 7,733% 11,983%

Total oxide precipitates 55,645% 55,798% 47,218% 47,312%
Métallics

Mo 23,563% 23,564% 22,480% 22,480%
Tc 5,177% 5,177% 5,409% 5,408%
Ru 15,996% 15,776% 19,609% 19,236%
Rh 2,639% 2,639% 5,158% 5,158%
Pd 10,220% 10,440% 17,559% 17,932%
Ag 0,479% 0,478% 1,139% 1,137%
Cd 0,706% 0,706% 1,450% 1,451%
In 8,69E-05 9,30E-05 2,15E-04 2,26E-04
Sn 0,432% 0,430% 0,722% 0,719%
Sb 0,1220% 0,0803% 0,224% 0,1505%
Te 2,618% 2,661% 3,186% 3,262%

Total métallics 61,961% 61,960% 76,958% 76,957%
Gases et volatiles

Br 0,170% 0,170% 0,151% 0,151%
Kr 2,753% 2,600% 1,641% 1,547%
I 1,213% 1,213% 1,713% 1,713%

Xe 27,005% 27,005% 25,721% 25,721%
Total gaz et volatils 31,141% 30,988% 29,226% 29,132%

Métalloïds
Ge 4,75E-05 4,75E-05 4,68E-05 4,68E-05
As 1,119E-05 1,119E-05 1,549E-05 1,549E-05
Se 0,443% 0,443% 0,352% 0,352%

Total métalloïds 0,4489% 0,4489% 0,3578% 0,3578%
Total fission yields 199,410% 199,409% 199,947% 199,946%

UOX fuel  -  60 GWd/t MOX fuel -  60 GWd/t
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Chapter 3. RADIONUCLIDE LOCATIONS IN THE FUEL ROD 
ON REMOVAL FROM THE REACTOR 

3.1 INTRODUCTION 

The release of radionuclides from a spent fuel rod during interim storage or after disposal is 
highly dependent on their location inside the rod at the time of the containment failure. The 
radionuclides present in portions of the rod without any retention capacity will be released rapidly as 
soon as air or water penetrates into the spent fuel rod, and will contribute to the instant release fraction 
of activity, whereas those contained in the UO2 matrix will be released at the rate of matrix alteration, 
which is a much slower process (see Chapter VI and Chapter VII). 

The radionuclide distribution in the rod on removal from the reactor is governed by the behavior 
of the species under irradiation. Subsequent changes in this distribution are then controlled by the 
radionuclide mobility under interim storage or disposal conditions. This chapter describes the mobility 
of the elements in the reactor as a basis for estimating the subsequent radionuclide mobility during 
interim storage or after disposal (see Chapter IV), as well as their location in the rod after irradiation; 
these topics are discussed in detail in paragraphs 3.2 and 3.3. Particular consideration is given to the 
distribution of fission gases (Xe and Kr) and volatile fission products11 (Cs, I, Te), which are the most 
mobile elements in the reactor core. These elements are also the most likely to be released as gases 
during dry interim storage, or to reach quickest the outlet during a geological disposal. 

The potential mobility of radionuclides under interim storage and disposal conditions, based 
largely on the diffusion mechanisms observed in the reactor, is discussed in Chapter IV. 

3.2 MOBILITY OF ELEMENTS IN THE REACTOR 

The location of elements in spent fuel depends on the migration mechanisms and kinetics during 
reactor operation. The mechanisms by which rare gases are released in the free volume of the rod have 
been widely discussed in the literature, considering their impact on the thermomechanical behavior of 
the rod (increasing internal pressure, diminishing thermal conductivity resulting in a temperature rise 
in the rod). 

The mechanisms responsible for the element mobility observed in the reactor are described in 
§ 3.2.1. The diffusion coefficients of thermal origin are detailed in § 3.2.2 and those arising from 
fission effects are discussed in § 3.2.3. 

3.2.1 Mechanisms involved in the reactor 

3.2.1.1 Temperature domains 

On removal from the reactor, the element distribution among the free volumes in the rod, the 
grain boundaries and the fuel grains, depends on the diffusion kinetics of the species, which in turn 
depend on the local temperature reached in the fuel. Figure 44 shows the variation of the self-
diffusion coefficient versus the temperature. Three domains of behavior can be distinguished with 
regard to the self-diffusion coefficient of U and Pu in the fuel matrix in the reactor (Matzke, 1983): 
                                                      
11 Volatile in the reactor according to Kleykamp’s classification (see Chapter II) 
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• below 1000°C, the diffusion coefficient is temperature-independent; element mobility 
appears to be related to fission reactions; 

• between 1000 and about 1600°C, diffusion arises from the combined effects of thermal 
activation and fission reactions; 

• above about 1600°C, diffusion is purely thermal. 

 

Figure 44. Diffusion coefficient in cm2.s-1 of uranium and plutonium in (U,Pu)O2 with 
different Pu-contents (0, 2.5, 15%) in an Arrhénius diagram, normalized to a fission 

rate of 5 × 1012 fissions.cm-3.s-1 (Matzke, 1983) 

Turnbull et al. (1982) demonstrated the same in-pile behavior for the diffusion coefficients of 
the rare gases and volatile fission products (I, Br) in UO2. They concluded that the diffusion 
coefficient was the sum of three terms, one representing the observed element mobility at high 
temperatures, and the others corresponding to the observed enhancement of diffusion due to low-
temperature fission effects. 

Under nominal conditions in the PWRs operated by EDF, purely thermal conditions are very 
rarely reached. A distinction can thus be made between two pellet operating domains: controlled by 
athermal diffusion conditions in the outer region to about mid-radius, and by mixed diffusion 
conditions depending on both the fission density and temperature in the inner region. 

3.2.1.2 Rare gas diffusion coefficients in UO2 

Rare gas diffusion coefficients measured under irradiation or during annealing are generally 
based on the gas release fractions over time, interpreted using Booth’s model12. In this case, the UO2 
grains are considered as spheres and diffusion in the grain boundaries is assumed to be high compared 
with intragranular diffusion. However, the published rare gas diffusion coefficients in UO2 are highly 
dispersed. Matzke (1980) interpreted these differences by specifying different rare gas diffusion 
coefficients in UO2 depending on the experimental conditions under which they were measured 
(Table XX). 

                                                      
12 A simplified diffusion model in which UO2 grains are considered as spheres with an equivalent radius 
a = 3(V/S), within which fission gases diffuse with a diffusion coefficient D related to the released gas fraction: 
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Table XX. Definition of diffusion coefficients according to the measurement conditions (Matzke, 1980) 

Notation Definition Remarks 

D Intrinsic diffusion coefficient of atoms in 
UO2 without defects 

Sensitive to stoichiometry deviations and fission product 
accumulation in solid solution 

sink
labD  Diffusion in the presence of a sink 

without irradiation 

Sinks are defect aggregates or displacement loops 
created by fissions: 

sink
labD < D 

sink
irrD  Diffusion in the presence of sinks 

under irradiation 
Irradiation results in dissolution of the trapped gas: 

sink
irrD  > sink

labD  

Deff 

Effective diffusion coefficient 

gb
bDD sink

irreff
+

⋅=  

Describes the effective mobility under irradiation 
including the probability of precipitation in bubbles (g) 
and the probability of redissolution (b) 

Dbubbles 
Diffusion of gas bubbles in the absence 
of dissolution 

Without irradiation, corresponds to gas transport 
by bubble mobility due to the effect of temperature 
gradients, by surface and volume diffusion or an 
evaporation-condensation process: 
Dbubbles << D for T < 1200°C 

 

The intrinsic diffusion coefficient, D, is highly sensitive to deviations from stoichiometry; the 
presence of uranium vacancies significantly enhances the diffusion processes as shown in Figure 45. 
However, as indicated in the studies discussed in Chapter II, spent fuel is at or very near the 
stoichiometric value MO2 as long as it is not exposed to air (see Chapter II, § 3.3). 

 

Figure 45. Effect of deviations from stoichiometry on the xenon diffusion coefficient in 
cm2.s-1 (Matzke, 1980) – References are given in the original paper 

3.2.2 Thermally enhanced diffusion 

The following discussion concerns the diffusion coefficients in stoichiometric UO2 without 
external irradiation. As shown in Table XX, the intrinsic diffusion coefficient (D) can be distinguished 
from the apparent diffusion coefficient (Dapp) measured in the presence of defects (implantation 
defects or irradiation defects—and mainly the latter in spent fuel). According to Matzke (1980), 
irradiation defects tend to trap rare gases in the form of bubbles. Hence, in the absence of external 
irradiation, the intrinsic diffusion coefficient should correspond to a conservative value of the 
temperature-related rare gas mobility as long as the fuel is not exposed to an oxidizing atmosphere 
(see Table XX). 
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3.2.2.1 Diffusion coefficients in UO2 

Matzke (1983, 1987, 1990) undertook a major review of the self-diffusion coefficients of 
oxygen and uranium and the diffusion coefficients of rare gases and volatile species in UO2 and 
(U,Pu)O2. The Arrhenius laws proposed here are excerpted from the more recent work by Lovera et al. 
(2003) which includes work by Matzke and others, and which the reader may consult for further 
details. Experimental results obtained by the CEA in lower temperature ranges than most published 
findings are also described. 

3.2.2.1.1 General classification of element mobility in the fuel 

Prussin (1988) established a correlation between the valence state (i.e. electronegativity) of an 
element and its release rate measured during high-temperature annealing (> 1700°C). A species 
present in the UO2 lattice as a substituted cation has much lower mobility than a neutral interstitial 
atom. The fission products can thus be classified according to their high-temperature mobility as 
follows by order of decreasing mobility: 

• highly electronegative elements insoluble in UO2, such as I and Te, which exhibit high 
release rates; Matzke (1990) also reported a tellurium diffusion coefficient higher than that 
of xenon at lower temperatures (between 1000 and 1500°C); this also appears to be the case 
for bromine (Turnbull et al., 1982). 

• weakly electronegative elements that are insoluble in the UO2 lattice, including Cs and Ba 
ions, which have release rates comparable to those of Xe, Ru and Tc atoms. 

• weakly electronegative species soluble by substitution in UO2, which exhibit no measurable 
release; this is the case for Zr, Nd, La and the actinides in general. 

3.2.2.1.2 Rare gases 

A bibliographical survey allowed to select experimental studies carried out under conditions 
that made it possible to measure the intrinsic diffusion coefficients in stoichiometric UO2. They 
established the following relations for the intrinsic xenon and krypton diffusion coefficients in UO2 
(Carlot and Garcia, pers. com.): 

DXe (m2·s-1) = 4 × 10-10 exp(–3.0/kBT) (6) 

DKr (m2·s-1) = 4.9 × 10-8 exp(–3.2/kBT) (7) 

where T is the temperature in kelvins and kB is the Boltzmann constant (kB = 8.617 × 10-5 
eV·K-1). 

The temperature range covered by the experimental data extends from 800°C to 1600°C. These 
Arrhenius laws are shown in Figure 46 with the law proposed by Matzke (1980), for which the 
activation energy is higher (3.9 eV). 

In addition, the measurement of xenon profile after annealing for one hour at 900 and 1000°C of 
implanted sintered UO2 pellets allowed to determine an apparent diffusion coefficient (implantation 
defects) with an activation energy of about 3.3 eV. The proposed law is also shown in Figure 46 
(Roudil et al., CEA data). 
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Figure 46. Diffusion coefficients for Xe and Kr in UO2. The data provided by Matzke (1980) and 
Roudil et al. correspond to an apparent diffusion coefficient (due to the presence of defects) 
whereas the data indicated by Davies and Long (1963) correspond to an intrinsic diffusion 

coefficient. 

Extrapolating these laws to a temperature of 400°C gives a diffusion coefficient that never 
exceeds 10-32 m2·s-1. The diffusion path length in the UO2 grains after 1 million years is thus about an 
angstrom (10-10 m). 

The existence of irradiation defects or bubbles, as in spent fuel, should diminish the gas 
mobility due to trapping. Conversely, a slight deviation from the stoichiometry could significantly 
increase the diffusion coefficient (see Figure 45). 

3.2.2.1.3 Volatile fission products 

Concerning the elements with the highest in-pile mobility, the classification proposed by 
Prussin (1988) after annealing at temperatures above 1700°C was corroborated by Roudil et al. (2004 
a, b) based on diffusion profiles measurements in sintered UO2 pellets after annealing at temperatures 
between 800 and 1000°C (Table XXI). 

Table XXI. Apparent diffusion coefficients (in the presence of implantation defects) in m2·s-1  
for fission products in UO2 (Roudil et al., CEA data) 

  Temperature   

Element 1000°C 950°C 900°C 800°C 
127I 1.5 × 10-19  6.0 × 10-20 5.5 × 10-21 

125Te 1.6 × 10-19  2.0 × 10-20 1.3 × 10-21 
133Cs 7.0 × 10-21 1.6 × 10-21   

Xe 8.0 × 10-21 2.4 × 10-21 5.0 × 10-23  
 

In the light of these experiments, iodine appears to be the most highly mobile element with a 
low activation energy of about 2 eV. Extrapolating these values to the low temperatures expected 
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during interim storage or after disposal nevertheless gives an apparent iodine diffusion coefficient of 
5 × 10-26 m2·s-1 at 400°C and 8 × 10-32 m2·s-1 at 200°C. 

Saidy et al. (2003) proposed the following Arrhenius law for the intrinsic iodine diffusion 
coefficient in UO2: 

DI (m2·s-1) = 4.75 × 10-9 exp(–3.44/kBT) (8) 

yielding a value of 10-22 m2·s-1 at 1000°C, i.e. three orders of magnitude smaller than the value 
proposed by Roudil et al. The overall effect of the defects on atom mobility is subject to controversy. 
In case of the experiments carried out on implanted UO2 disks, the mobility of implantation defects 
appears to enhance iodine diffusion during annealing, although this phenomenon is often offset at high 
implantation doses by the formation of bubbles that trap atoms and thus reduce their mobility 
(Hocking et al., 2003). 

3.2.2.1.4 Actinides, lanthanides and oxygen 

The self-diffusion coefficient of uranium in UO2 at high temperatures has been widely 
investigated since the mobility of uranium atoms—which is much lower than that of oxygen—controls 
pellet swelling and creep during irradiation. The Arrhenius law proposed in recent studies by Sabioni 
et al. (1998) can be used for the U and Pu diffusion coefficient in stoichiometric UO2: 

DU,Pu (m2·s-1) = 8.54 × 10-11 exp(–4.4/kBT) (9) 

U and Pu thermal diffusion coefficients in UO2 are thus lower by several orders of magnitude 
than thermal diffusion coefficients of fission gases. Given their physical and chemical similarity and 
their presence in solid solution in the spent fuel matrix, the same diffusion coefficient can be assigned 
to the other actinides and lanthanides. 

The Arrhenius law proposed by Matzke (1987) for the oxygen self-diffusion coefficient in 
stoichiometric UO2 can be used to account for oxygen mobility in UO2: 

DO (m2·s-1) = 2.6 × 10-5 exp(–2.6/kBT) (10) 

3.2.2.2 Diffusion in grain boundaries 

Initially, most interpretations of rare gas and volatile FP release measurements from spent fuel 
pellets were based on Booth’s model (§ 3.2.1.2) and the role of the grain boundaries was not taken into 
account. Recent fission gas release models allow for the role of the grain boundaries and intergranular 
bubbles that confine an appreciable fraction of the gases at high burnup levels. The difficulty of 
carrying out experiments involving only a limited number of phenomena or effects that can easily be 
interpreted is such that few published reports of diffusion coefficients at the grain boundaries are 
available. 

Exceptions include the studies by Reynolds and Burton (1979) and especially more recent work 
by Sabioni et al. (2000) on uranium and oxygen diffusion coefficients in the grain boundaries. These 
last authors showed that the intergranular uranium diffusion coefficient is about five orders of 
magnitude higher than the intragranular diffusion coefficient at temperatures between 1498°C and 
1697°C. However, the oxygen intergranular and intragranular diffusion coefficients appeared to be of 
the same order (between 605°C and 750°C). 

Olander and van Uffelen (2001) estimated the xenon diffusion coefficient in the grain 
boundaries based on the gas releases measured during annealing of lightly irradiated samples. 
However, the Arrhenius law obtained for the intergranular diffusion coefficient, DXe

gb, is highly 
dependent on the value of the intragranular diffusion coefficient, DXe, taken into account in their 
interpretation: 

• for a low intrinsic diffusion coefficient given by DXe (m2·s-1) = 7.6 × 10-10 exp(–3.04/kBT): 

DXe
gb (m2·s-1) = 9 × 10-12 exp(–0.96/kBT) (11) 
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• for a high intrinsic diffusion coefficient given by DXe (m2·s-1) = 1.0 × 10-8 exp(–3.00/kBT): 

DXe
gb (m2·s-1) = 1.3 × 10-7 exp(–2.82/kBT) (12) 

These relations are extrapolated to low temperatures in Figure 47. The low value indicated by 
Olander and van Uffelen (2001) is closed to the intrinsic xenon diffusion coefficient proposed by 
Davies and Long (1963). At 1000°C, the corresponding diffusion coefficient in the grain boundaries is 
six orders of magnitude higher than the diffusion coefficient in the grains. 

1.E-51

1.E-47

1.E-43

1.E-39

1.E-35

1.E-31

1.E-27

1.E-23

1.E-19

1.E-15

1.E-11
100 1000

Temperature (°C)

D
iff

us
io

n 
co

ef
fic

ie
nt

 (m
2 .s

-1
)

Intergranular diffusion (case 1)

Intragranular diffusion (case 1)

Intergranular diffusion (case 2)

Intragranular diffusion (case 2)

200 300 400 500

 

Figure 47. Intragranular xenon diffusion coefficients and corresponding intergranular 
diffusion coefficients 

Given the low activation energy associated with the intergranular diffusion coefficient 
compared with the intragranular diffusion coefficient in Eq (11), the sink effect of the grain 
boundaries relative to the grains increases as the temperature diminishes. The Arrhenius law proposed 
in Eq (11) would result in a high value for the grain boundary diffusion coefficient: about 10-18 m2·s-1 
at 400°C. 

According to the authors, however, the proposed laws cannot be extrapolated to low 
temperatures, and only the values for high temperatures (~1500°C) can be used. Moreover, the 
appearance of intergranular bubbles at a burnup of 30 GWd·t-1 significantly slows the gas migration in 
the boundaries. 

3.2.3 Fission-enhanced diffusion 

The diffusion coefficients described above correspond to classic diffusion of thermal origin. 
Another mechanism accounting for the atom mobility observed in the reactor is due to the effects of 
fission reactions. This mechanism accounts for the diffusion observed in the external pellet volume, 
which remains in the temperature range in which thermally enhanced diffusion is negligible (see 
§ 3.2.1.1). In this zone the diffusion of species is controlled by irradiation, and notably by interactions 
between very high-energy fission fragments (100 MeV) and atoms in the crystal lattice. 

3.2.3.1 Athermal diffusion coefficients 

Matzke (1983) studied the low-temperature mobility of uranium (233U) and plutonium (238Pu) 
implanted in UO2 pellets doped with different Pu concentrations and subjected to external irradiation; 
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he established the following relation between the uranium and plutonium diffusion coefficient, Dath, 
under athermal conditions (< 1000°C) and the fission rate F: 

Dath (m2·s-1) = 1.2 × 10-39 × F (fissions·m-3·s-1) (13) 

The xenon diffusion coefficient under purely athermal conditions proposed by Turnbull et al. 
(1982) to account for the gas release observed during fission is an order of magnitude lower: 

Dath
Xe (m2·s-1) = 2.0 × 10-40 × F (fissions·m-3·s-1) (14) 

The same study showed that the iodine, xenon and krypton diffusion coefficients are of the 
same order of magnitude. 

Matzke et al. (2000) also proposed a diffusion coefficient an order of magnitude lower than for 
uranium to account for the krypton mobility observed when UO2 pellets were bombarded by heavy 
ions simulating the effect of fission fragments. According to these authors, the higher value of the 
uranium diffusion coefficient could be related to the very high mobility of interstitial uranium already 
demonstrated by Soullard (1977) and by Matzke et al. (1991). The presence of gas bubbles capable of 
trapping atoms could also account for the lower mobility observed for rare gases and volatile elements. 

More recently, from the analysis of the steady-state xenon concentrations measured in rim 
grains after restructuring, Brémier and Walker (2002) proposed a radiation enhanced diffusion 
coefficient which is one to three orders of magnitude lower than the value proposed by Turnbull et al. 
According to the authors, these lower values should be explained by the presence of bubbles trapping 
the atoms of gas. 

3.2.3.2 Mechanisms of fission-enhanced diffusion 

The mechanisms responsible for fission-enhanced diffusion are not fully known. Several 
approaches proposed in the literature are discussed below. 

3.2.3.2.1 Fission effects 

The effects of fission reactions in the UO2 matrix are described in Chapter II. The main effects 
are summarized in Table XXII. 

Table XXII. Effects of fission fragments in the UO2 matrix (Matzke 1982; Matzke and Wiss, 2000) 

Type Energy 
keV 

Path 
(µm) 

Energy fraction lost 
through elastic 

collisions 

Energy fraction lost 
through electronic 

excitation 

Total number of 
Frenkel pairsc created 

during fission 

Light 
fragment a ~ 95 000 9 3% 97% ~ 40000  

(~10300 U+27700 O) 
Heavy 
fragment b ~ 70 000 7 9% 94% ~ 60000  

(~16500 U + 45000 O)
a Elements such as Kr and Mo (atomic number less than 42) 
b Elements such as I or Ba (atomic number greater than 53) 
c A uranium Frenkel pair consists of an interstitial uranium atom and a uranium vacancy; an oxygen Frenkel pair consists of an 
interstitial oxygen atom and an oxygen vacancy 

Fission fragments are decelerated in the lattice over a mean distance of about 8 µm in oxide 
fuel. Over most (the first 5 to 6 micrometers) of its path length, each fission product transfers its 
energy (96%) by ionization and electronic excitation; in the final micrometers it releases the remaining 
energy (4%) by nuclear collisions (atom displacement cascades in the lattice) (Figure 48). The effects 
of displacement cascades on atom mobility in UO2 can thus be discriminated from those due to 
electronic excitation. 



Synthesis on the spent fuel long term evolution 

69 

 

Figure 48. Variation of electronic (Se) and nuclear (Sn) stopping power of fission fragments in 
UO2 (Soullard, 1977) 

3.2.3.2.2 Ballistic effect 

The atom mobility due to fission fragment displacement cascades can be calculated by the 
following simplified approach: given the mean path distance (δ) per displacement and the 
characteristic mean displacement time per atom (θc), the mean diffusion coefficient due to atom 
displacement cascades (Dath

bal) is given by Brownian motion: 
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Calculating θc versus the fission rate per unit volume gives the following relation (Lovera et al., 
2003): 
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where MUO2 is the molar mass of UO2 (0.270 kg·mol-1), ρUO2 its density (~104 kg·m-3), Nav, 
Avogadro’s number (6.02 × 1023), η the number of displaced atoms per fission, δ the mean path length 
per displacement (m/dpa)13 and F the fission rate (number of fissions·m-3·s-1). 

Assuming the mean distance per displacement of purely ballistic origin is one nanometer14, 
applying this relation to a fission reactor yields a proportionality coefficient (Dath

bal/F) of 7.5 × 10-43 
m5, i.e. 3 or 4 orders of magnitude less than the value of 1.2 × 10-39 m5 proposed by Matzke (1983). 
This result is consistent with Matzke’s conclusion (1982) that the calculated atom mobility induced by 
displacement cascades alone results in a diffusion coefficient at least two orders of magnitude lower 
than the measured value. 

3.2.3.2.3 “Thermal rod” 

The thermal spike associated with each fission fragment consists in a significant temperature 
rise (Tlocal > Tmelting), along its path with the simultaneous formation in this volume of a thermoelastic 
pressure field due to thermal expansion (Blank and Matzke, 1973). The diffusion coefficient induced 
by a molten zone of volume V (10-15 cm3) during a time τ (2 × 10-11 s-1) is given by: 

                                                      
13 dpa = displacements per atom 
14 δ2 ≈ 0.67 nm2/dpa measured in nickel irradiated by 300 keV nickel ions Ni+ (Fielitz et al., 1997). Molecular 
dynamics simulations of displacement cascades gives a distance δ ≈ 0.5 nm/dpa calculated in UO2 for a 20 keV 
incident U atom. This value is relatively unaffected by the energy of the incident ion between 1 keV and 20 keV 
(Van Brutzel, pers. com.). 
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Dath = Dmelt × τ × V × F (16) 

with Dmelt the diffusion coefficient in the molten zone (Dmelt ≈ 10-8 m2.s-1). 

The value of the diffusion coefficient obtained from the thermal rod approach is about an order 
of magnitude lower than the value measured for uranium by Matzke (1983) although a high value of V 
was used for the calculation. According to the author, the mobility of atoms is also enhanced by the 
pressure field associated to the thermal spike which is not take into account in the thermal rod model. 

3.2.3.2.4 Electronic effect 

The damage arising from fission fragments is similar to the damage created by external heavy 
ion bombardment. Hocking et al. (2002) studied the mobility of iodine enhanced under external 
irradiation by heavy ions. This can be considered analogous to reactor operation if electronic slowing-
down is assumed to be the principal source of enhanced diffusion. Assuming the athermal diffusion 
coefficient is proportional to the damaged volume fraction in the material gives the following relation: 

Dath = kdE/dx × 2µ × F = A × F (17) 

where F is the fission rate and µ the fragment path length in the material. 

The same hypothesis in the case of external irradiation by heavy ions gives: 
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where I is the current, f the fluence and t the duration of the experiment; kdE/dx is a coefficient 
that theoretically depends on the electronic stopping power of the incident ion responsible for 
diffusion of the atoms. 

By analogy between the two preceding relations, A thus becomes: 
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The value of A determined from this study based on iodine mobility under external 
bombardment by heavy ions is thus A ≈ 0.5–2 × 10-39 m5 (which corresponds a value of kdE/dx between 
about 4 × 10-35 and 1.4 × 10-34 m4 with dE/dx = 20 keV/nm) 

The resulting proportionality coefficient A for iodine diffusion is of the same order of 
magnitude as the value established for uranium by Matzke’s experiments (1983), but an order of 
magnitude above the value proposed by Turnbull et al. (1982) for iodine and fission gases. 

3.2.4 Summary 

Fission product release from UO2 grains in the reactor is controlled by the temperature and by 
the fission reactions. 

Prussin’s classification (1988) confirmed by recent data can be adopted for thermally-driven 
element diffusion in UO2. The most mobile elements at high temperature are iodine, tellurium and 
bromine, followed by the rare gases and cesium. Extrapolating the Arrhenius laws to lower 
temperatures, however, shows that the thermal diffusion process can be considered negligible at the 
expected temperatures and within the time frame of interim storage (a hundred years) or disposal (> 
10000 years). 

Irradiation-enhanced diffusion has been demonstrated in the reactor, and is related to fission 
effects. In the reactor it accounts for element mobility in UO2 at temperatures below about 800°C, 
which is the case in the pellet outer zone. The excess atom mobility represented by a diffusion term 
seems to arise from the creation of a molten zone along the path of the fission fragment as it loses 
most of its energy by electronic excitation with the development of a major pressure field. 
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3.3 RADIONUCLIDE DISTRIBUTION IN THE ROD ON REMOVAL FROM THE 
REACTOR 

The location of the fission products and other radionuclides in the spent fuel rod on removal 
from the reactor depends on the extent to which they are released from the UO2 grains (as discussed in 
the preceding paragraphs) and reach the free volumes in the rod via the grain boundaries. In this 
section we shall attempt to quantify the element distributions in the different zones of the spent fuel 
rod on removal from the reactor. 

3.3.1 Rod heterogeneities 

3.3.1.1 Radial and axial fission heterogeneity in the rod 

The location of the fission products in the pellets depends first of all on the spatial distribution 
of the fission reactions that produced them. 

In UOX fuel pellets, the radial fission product creation profile is superimposed on the burnup 
profile, which is higher in the outer region of the pellet (see Chapter II). 

In MIMAS MOX fuel pellets, the Pu-rich zones distributed within a matrix depleted in fissile 
species result in a heterogeneous distribution of Pu fissions. However, this heterogeneity arising from 
the initial fabrication microstructure is slightly attenuated by the increasing contribution of the matrix 
to the fission reactions (due to the creation of fissile Pu through neutron capture by 238U) and to the 
implantation of recoiling fission products in the matrix. Only the large Pu aggregates exhibit particular 
behavior and reach a burnup level in terms of the fission product and irradiation defect concentrations 
significantly higher than in the remainder of the pellet (see Chapter II - § 4.4: Rim structure). 

3.3.1.2 Microstructural constituents of the spent fuel rod 

As shown by the optical examination and microstructural analysis findings described in 
Chapter II, four regions of different characteristics can be distinguished in a fuel rod on removal from 
the reactor: 

• the rod free volumes, comprising the plenum, the pellet-clad gap, and the pellet open porosity 
(cracks, etc.); perforating the cladding releases the gas contained in this zone after irradiation 
and allows it to be measured; 

• restructured zones, with micrometer-size pores from which gas is released during thermal 
transients and grains smaller than the initial grain size; they include the rim around the 
periphery of UOX fuel pellets at burnup levels exceeding 40 GWd·t-1 and the large Pu-rich 
aggregates at mid-radius and beyond in MOX fuel pellets; 

• the grain boundaries of the pristine matrix, which open and releases the gas they contain 
during high-temperature transients or when the fuel is oxidized (Dehaudt et al., 2000; 
Leenaers et al., 2003); 

• and the initial matrix grains. 

The following paragraphs describe the radionuclide distribution within these microstructures, 
beginning with the location of the rare gases in the spent fuel rod, as they have been extensively 
studied in the literature. 
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3.3.2 Location of rare gases in PWR fuel rods on removal from the reactor 

3.3.2.1 Total gaseous or volatile fission product inventory 

Table XXIII indicates the total quantities of rare gases (Xe + Kr) and volatile fission products 
(I, Cs, Br, Rb and Te) formed in a PWR UOX or MOX fuel rod with a burnup of 60 GWd·t-1, 
calculated with the CESAR4 code after 2 years and 100 years of cooling. 

Table XXIII. Creation of rare gases and volatile fission products in spent PWR fuel with a burnup of 60 GWd·t-1 
as estimated by the CESAR4 code 

Material balance  
(mole/tHmi) 

Material balance  
(mole/rod) 

Material balance  
(cm3/rod at 20°C, 1 atm) 

Years after irradiation Years after irradiation Years after irradiation 
UOX 

2 100 2 100 2 100 

Rb 6.883 7.282 1.21 × 10-2 1.28 × 10-2 291 309 
Cs 35.49 20.96 6.26 × 10-2 3.69 × 10-2 1504 888 
Te 6.697 6.752 1.18 × 10-2 1.19 × 10-2 284 286 
Br 0.4298 0.4298 7.58 × 10-4 7.58 × 10-4 18 18 
I 2.978 2.979 5.25 × 10-3 5.25 × 10-3 126 126 

Kr 7.213 6.814 1.27 × 10-2 1.20 × 10-2 306 289 
Xe 71.55 71.55 0.126 0.126 3032 3032 

Xe + Kr 78.76 78.36 0.139 0.139 3338 3321 
 

Material balance  
(mole/tHmi) 

Material balance  
(mole/rod) 

Material balance  
(cm3/rod at 20°C, 1 atm) 

Years after irradiation Years after irradiation Years after irradiation 
MOX 

2 100 2 100 2 100 

Rb 3.666 3.895 6.46 × 10-3 6.87 × 10-3 155 165 
Cs 39.78 25.40 7.01 × 10-2 4.48 × 10-2 1686 1076 
Te 7.112 7.186 1.25 × 10-2 1.27 × 10-2 301 305 
Br 0.3142 0.3142 6.02 × 10-4 6.02 × 10-4 14 14 
I 3.704 3.704 6.53 × 10-3 6.53 × 10-3 157 157 

Kr 4.118 3.890 7.26 × 10-3 6.86 × 10-3 175 165 
Xe 67.79 67.79 0.120 0.120 2873 2873 

Xe + Kr 71.91 71.68 0.127 0.126 3048 3038 
 

The rare gases formed in the reactor constitute about 60% of this inventory. Most of the isotopes 
formed are stable—notably the rare gases—or long-lived isotopes; the total inventory does not vary 
significantly over time. 

3.3.2.2 Rare gas release mechanisms in the free volumes 

Because of their low solubility in UO2 (Petit, 2000; Crocombette, 2002),  the fission gases (Xe 
and Kr) tend to coalesce as bubbles within the grains above a given concentration. The bubbles range 
in size between 2 and 100 nm (Kashibe, 1993). However, the gas nanobubbles are continually totally 
or partially destroyed by fission fragments (Blank and Matzke, 1973). A fraction of the gas is thus 
returned to solution in the matrix during irradiation, preventing the gas bubbles from acting as ideal 
sinks. The gas atoms thus diffuse from the grains to the grain boundaries as they are successively 
trapped by bubbles and released into solution in the matrix; when they finally reach the grain 
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boundaries they form intergranular bubbles (Matzke, 1980; Koo et Sohn, 1996; Denis et Piotrkowski, 
1996; Evans, 1996; Kogai, 1997; White, 2004). The gas is transported to the grain boundaries by 
simple atomic diffusion and by the mobility of the gas bubbles at high temperatures. The three 
principal mechanisms accounting for bubble migration in UO2—surface diffusion, volume diffusion, 
and evaporation-condensation—predominate in turn as the temperature rises (Matzke, 1980). 

The grain boundaries are capable of retaining rare gases and volatile elements. When they reach 
a sufficient concentration at a local temperature exceeding 800°C under irradiation, they can form 
intergranular bubbles ranging in size from about 0.1 to 1 µm. When the grain boundaries contain a 
large quantity of gas and the temperature high enough, the intergranular bubbles coalescence, forming 
interconnected channels that allow the gas to migrate into the free volumes in the rod (Kashibe and 
Nogita, 1993). Gas release by percolation is controlled by the difference between the gas pressure in 
the pores and in the free volumes, and by the fuel permeability. These mechanisms have been 
demonstrated at temperatures above 1300–1400°C, which are reached during power transients. In 
normal operation, however, the fission gas release mechanisms in the pellet core are largely unknown. 

The greatest percentage loss of the fission gas is observed in the hotter zone at the pellet core 
(Figure 49). Conversely, in the restructured zones, most of the locally created gas is retained in the 
pores of the rim (Cunningham et al., 1992; Mogensen et al., 1999; Koo et al., 2001; Noirot et al., 
2004) and in restructured Pu aggregates (Guérin, pers. com.). These zones do not contribute to the gas 
release into the free volumes of the rod. 

 

Figure 49. Xenon profile measured by EPMA in a UOX fuel pellet irradiated to 67 GWd·t-1:  
the detection loss in the rim zone is related to the bubble size (unmeasurable by EPMA)  

and not to macroscopic gas transport (Walker, 1999) 

3.3.2.3 Rare gas fraction in the free volumes 

The gas fraction in the free volumes in the rod after removal from the reactor can be determined 
by measuring the rare gases released when the irradiated cladding tubes are perforated. The values of 
the fission gas release fraction (FGR) are indicated versus the burnup in Figure 50 for UOX fuel rods 
and in Figure 51 for MOX fuel rods. 
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Figure 50. Fission gas release fraction (FGR) into the free volumes of UOX fuel rods after 
irradiation versus burnup (CEA CRACO data base) 
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Figure 51. Fission gas release fraction (FGR) into the free volumes of MOX fuel rods after 
irradiation versus burnup (CEA CRACO data base) 

For the same burnup, the fission gas release into the free rod volumes is generally greater for 
MOX fuel than for UOX fuel. The dispersion of the measured values for the same burnup is related to 
the variability of other parameters, and in particular the linear power (which fortunately varies only 
slightly in PWRs). The dispersion in MOX fuel is further increased by its microstructural 
heterogeneity. 
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3.3.2.4 Intergranular rare gas fraction in the fuel pellet 

3.3.2.4.1 UOX fuel 

The intergranular xenon fraction (in the grain boundaries and pores of restructured zones) was 
estimated for UOX fuel with a burnup of 60 GWd·t-1 based on the distribution and size of the bubbles 
observed in the pellet regions and on their overpressure. The results are indicated in Table XXIV. 
They are in agreement with the gas releases measured during annealing at 380°C in air (CEA 
ADAGIO tests ensuring preferential oxidation of the grain boundaries) and are consistent with the gas 
quantities undetected by microprobe analysis15 of the various pellet regions. 

Table XXIV. Estimated intergranular gas fractions in UOX fuel (60 GWd·t-1)  
on removal from the reactor (Guérin, pers. com.) 

Intergranular gas fraction  
/ locally created fraction 

Intergranular gas fraction  
/ total pellet gas Pellet zones 

ro = pellet radius 
Fraction of gas 

created 
Bubbles Porosity Bubbles + porosity 

Center 
r < 0.5 × ro 

24% 6–13.5% 2–4% 1.9–4.2% 

Intermediate 
0.5 × ro< r <0.975 × ro 

69% 2–6% 0–1% 1.4–4.8% 

Peripheral 
0.975 × ro < r 7% 5–13% 60–75% 4.5–6.2% 

 

Koo et al. (2001) focused on the quantity of xenon in the pores of the rim versus the mean pellet 
burnup. Based on the measured rim thicknesses versus the burnup (see Chapter II), they proposed 
mean and conservative estimates of the xenon fraction in the rim pores compared with the total 
quantity created in the pellet (Figure 52). 

 

Figure 52. Mean and conservative estimated xenon fraction in the rim pores  
versus the mean burnup (BUrim = 1.33 × mean pellet burnup);  

estimates based on the rim thicknesses indicated in Chapter II (Koo et al., 2001). 

                                                      
15 The microprobe analysis allows to quantify the gas precipitated in nanometric bubbles. Gas precipitated in 
large bubbles (micrometric) are not detected because these bubbles are cut during the sample preparation. 
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3.3.2.4.2 MOX fuel 

The fission gas distribution in a MOX fuel pellet was estimated using the METEOR code 
(Table XXV). The calculated intergranular gas fraction is nearly 30%, most of it located in the pores 
of the Pu-rich aggregates in the outer pellet zone. 

Table XXV. Model of fission gas distribution in MOX fuel pellet (53 GWd·t-1)  
based on METEOR calculations (Dehaudt et al., 2000) 

Zone 0 < r/ro < 0.46 0.46 < r/ro < 1 

Fraction of initial quantity produced 20% 80% 
 Absolute distribution per domain 
Released fraction 5% 1.6% 
Intergranular fraction (grain boundaries + pores) 2% 27.2% 
Grains (57% of the grains are in the aggregates, 43% in the 
UO2 matrix) 13% 51.2% 

 

A description of a MOX fuel pellet at microstructural scale can also be provided. It 
discriminates between: 

• aggregates larger than 20 µm (containing most of the locally created gas); based on their 
microprobe visibility dropout, the bubbles in these aggregates contain 80% of the locally 
created gas; 

• the remainder of the pellet, i.e. the UO2 matrix and smaller aggregates. 

The characteristics of these two microstructures—notably their xenon fraction—are described in 
Table XXVI. 

Table XXVI. Estimated gas quantities in aggregates and matrix of a MIMAS AUC-MOX fuel pellet  
with a burnup of 47 GWd·t-1 (Guérin, pers. com.) 

 Aggregates (> 20 µm) UO2 matrix 

Volume fraction 11% 89% 
% Xe / total Xe created 30% 70% 

Local burnup 130 GWd·t-1 36 GWd·t-1 
 

As in the rim, most of the fission gases created in the Pu aggregates should be found in the 
pores when the aggregates are restructured. Assuming the aggregates are homogeneously distributed 
in the pellet and that only aggregates larger than 20 µm beyond mid-radius are restructured (see 
3.3.1.2), the gas fraction in the pores of the aggregates (intergranular fraction) should represent about 
22% 16 of the total gas created. This value is consistent with the value of 27% given by the METEOR 
code for a slightly higher burnup (Table XXV). 

Estimates based on the gas quantities undetected by microprobe analysis in spent fuel pellets 
lead to an intergranular gas fraction of 25 to 30% in MIMAS (AUC or ADU) MOX fuel irradiated for 
2 or 3 cycles (between about 30 and 40 GWd·t-1) and of 30 to 40% after 5 cycles (50 to 60 GWd·t-1). 
These values are consistent with the gas fractions released during thermal annealing simulating a Loss 
Of Coolant Accident (LOCA). In MOX fuel with a more homogeneous Pu distribution, however, this 
fraction is considerably lower; it is less than 10% in COCA MOX (Guérin, pers. com.). 

                                                      
16 22% = 0.75 (restructured aggregate fraction in the pellet) × 30% (total gas quantity created in the aggregates) 
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3.3.2.5 Summary 

The rare gas distribution in spent fuel rods has been extensively studied in the literature. The 
approximate gas distribution in the fuel rod on removal from the reactor based on the available data is 
indicated in Table XXVII for UOX fuel (60 GWd·t-1) and in Table XXVIII for MOX fuel (50 
GWd·t-1). 

Table XXVII. Rare gas distribution in UOX fuel rod with a burnup of 60 GWd·t-1 

Gas fraction in the free volumes ~3% 

Intergranular gas fraction  
1.9 to 4.2% in the central zone (r < 0.5 × ro) 

1.4 to 4.8% in the intermediate zone (0.5 × ro< r <0.975 × ro) 
4.5 to 6.2% in the rim pores (0.975 × ro < r) 

TOTAL ~8 to 15% 

Fraction in the grains ~80 to 90% 
 

Table XXVIII. Rare gas distribution in a spent MIMAS MOX fuel rod with a burnup of 50 GWd·t-1 

Gas fraction in the free volumes ~2 to 7% 

Intergranular fraction 
~2% in the central zone (0 < r/ro < 0.46) 

~27% in the pores of aggregates in the outer zone (0.46 < r/ro < 1)
TOTAL ~25 to 30% 

Fraction in the grains ~63 to 73% 
 

The fraction in the gap and in the rim pores increases with the burnup. The fraction in the pores 
of Pu-rich aggregates in MOX fuel depends on the size distribution of Pu-rich aggregates in the initial 
microstructure. It is lower in more homogeneous MOX fuel. 

3.3.3 Location of other elements in PWR fuel rods on removal from the reactor 

Segments of spent fuel rods and fuel samples reduced to powders were leached in an acidified 
solution to quantify the cesium and iodine fractions in the gap and grain boundaries on removal from 
the reactor. The experimental technique has been described by Gray et al. (1992, 1999). The 
experiments performed to inventory the radionuclides present in the gap and grain boundaries in 
different types of spent fuel have been reviewed in Poinssot et al. (2001) and more recently in the 
frame of the European SFS project by Johnson et al. (2004), whose results are summarized in 
Table XXIX. 
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Table XXIX. Leaching data available in the literature (Johnson et al., 2004) (GB = grain boundaries) 

PWR fuel Burnup 
(GWd·t-1) 

FGR 
(%) 

Cs Gap 
(%) 

Cs GB 
(%) 

Sr Gap 
(%) 

Sr GB 
(%) 

Tc Gap 
(%) 

Tc GB 
(%) 

I Gap  
(%) 

I GB  
(%) 

C Gap 
(%) 

Ringhalsa 43 1.05 ~1         
ATM-103b 30 0.25 0.2 0.48 0.01 0.11      
ATM-104b 44 1.1 1.2 0.1        
ATM-106b 43 7.4 2 0.5 0.11 0.03 0.13  0.1 8.5  
ATM-106b 46 11.0 2.5 1.0 0.02 0.13 0.01 0.01 1.2 8.0  
ATM-106b 50 18.0 6.5 1.0 0.1 0.07 0.05 0.12 15 7.6  

UOXc 22 0.1 0.3         
UOXc 37 0.2 0.6         
UOXc 47 0.5 2.3         
UOXc 60 2.8 1.0         
HBRd  31 0.2 0.8  0.024  0.03  0.008  0.001 
TPd  27 0.3 0.32  0.012  0.04  0.002   

HBRe 31 0.2       0.284  0.33 
TPe 27 0.3 0.4    <0.01  0.076  3.0 

ATM-101f 28 0.2 2      4  2–7 
MOXg  12–25  10–12      1–2   
MOXc 47 7 3.2         

aForsyth & Werme (1992), Forsyth (1997) 
bGray (1999); values estimated from the figures; data corresponding to the mean value of several measurements 
cCEA data  
dOversby and Shaw (1987); Wilson (1988); data at 25°C. 
eWilson and Shaw (1987); Wilson and Gray (1990); data at 85°C. 
fNeal et al. (1988); milled fuel including grain boundary inventories; data at 200°C for 9 months. 
gGrambow et al. (2000) 

3.3.3.1 Volatile or gaseous elements 

Iodine and cesium, along with the rare gases, are the most highly mobile fission products in UO2 
(see § 3.2.2.1.1). They are released into the grain boundaries during the residence time in the reactor 
and, depending on their mobility, may reach the gap and free fuel surfaces. 

The radionuclides released in the free volumes in the spent fuel rod also include impurity 
activation products, carbon-14 and chlorine-36, which may be found in gaseous—and thus volatile—
form in the rod (see Chapter II). The locations of these elements in the rod on removal from the reactor 
are detailed below. 

3.3.3.1.1 Cesium 

Unlike xenon, there is no cesium detection loss in the central zone and around the periphery of a 
UOX fuel pellet with a burnup of 60 GWd·t-1 following normal operation (Figure 53). 
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Figure 53. Radial Xe and Cs profile in UOX fuel (60 GWd·t-1) obtained by Castaing microprobe analysis;  
the pellet centerline is on the right-hand side of the figure (Dehaudt et al., 2000) 

This seems to be true as long as the local temperature remains below 1200°C, which is generally 
the case under nominal operating conditions for existing PWR fuel rods (Dehaudt et al., 2000). 
Similarly, no significant cesium release is measured in the highly irradiated restructured zones in UOX 
and MIMAS MOX fuel (Walker et al., 1996; 1999). Cesium is sparingly soluble in UO2 (Crocombette, 
2002), and should thus be found in the pores of the restructured zones like the rare gases. Unlike 
xenon, it is detected by microprobe analysis since it is not volatile under the sample preparation 
conditions (Figure 54). 

 

Figure 54. Cesium profile measured in the periphery of a UOX fuel pellet irradiated 
to 67 GWd·t-1 (Walker et al., 1996) 

Conversely, when the reactor is operated at temperatures above 1200°C (consequence of higher 
power rating), the Cs retention is significantly lower at the center of the both UOX and MOX fuel 
pellets. This situation is accompanied by substantial release of rare gases from the fuel (> 7%) 
(Manzel and Coquerel, 1994). 
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Figure 55 shows the cesium fractions measured in the gap and grain boundaries of UOX fuel at 
low burnup and in MOX fuel versus the fission gas release (FGR) into the free volumes in the rod 
(Table XXIX). Gray (1999) used experimental leaching data to propose a 1-to-3 correlation between 
the cesium fraction in the gap and grain boundaries and FGR. 
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Figure 55. Cesium fractions in the gap and grain boundaries versus fission gas 
release fraction in free volumes in the rod (from Johnson et al., 2004) 

3.3.3.1.2 Iodine 

Based on its diffusion coefficient in UO2, iodine should be released into the gap in the same way 
as the rare gases. In fact, spent fuel leaching data confirm that most of the iodine remains trapped in 
the grain boundaries (Johnson and McGinnes, 2002). This behavior was attributed to iodine combining 
with cesium to form CsI according to calculations at thermodynamic equilibrium. Nevertheless, CsI 
appears to be decomposed by radiolysis in the reactor (see Chapter II). Gray (1999) used experimental 
leaching data on fuel powder samples to propose a 1-to-1 correlation between the iodine fraction in the 
gap and grain boundaries and FGR (Figure 56). It should be noted, however, that this fraction is 
overestimated by fuel powder measurements. 
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Figure 56. Iodine fractions in the gap and grain boundaries versus xenon fraction 
released into free volumes in the rod (from Johnson et al., 2004) 

3.3.3.1.3 Carbon 

There are a few published measurements of the carbon-14 fraction in the gap in PWR fuel rods 
(Table XXX). Most of the data were obtained by Stroes-Gascoyne et al. (1994) with CANDU fuel. 
The authors reported the carbon-14 fractions measured in the gap and grain boundaries versus the rare 
gas distribution in the rod (Figure 57). 

Table XXX. 14C fraction in the gap (Johnson and McGinnes, 2002) 

Burnup  
(GWd·t-1) 

GRF 
(%) 

14C in the gap
(%) Remarks 

31 0.2 0.001 Data at 25°C 
31 0.2 0.33 Data at 85°C 
27 0.3 3.0 Data at 85°C 

28 0.2 2–7 Measurements at 200°C on crushed fuel, including the grain 
boundary inventory and a fraction from matrix dissolution 
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Figure 57. 14C fraction in the gap and grain boundaries versus xenon fraction in the gap and 
grain boundaries measured in CANDU fuel (private communication by Johnson regarding 

data obtained by Stroes-Gascoyne et al., 1994) 

The 14C fractions measured in the gap and grain boundaries range from 0.06% to 5% with a 
mean value of 2.7%. No effect was observed that could be attributed to the linear power or burnup, 
although such an effect could have been masked by uncertainties on the impurity concentration (14N) 
in the test rods. 

3.3.3.1.4 Chlorine 

The only leaching results available in the literature concerning chlorine-36 were obtained with 
CANDU fuel. The chlorine-36 fractions in the gap and grain boundaries were determined by leaching 
rod segments and fuel reduced to powder form (Tait et al., 1997). The results show a strong 
correlation between the chlorine-36 inventory in the gap and grain boundaries and the rare gas fraction 
released (Figure 58), the burnup (Figure 59) and the linear power (Figure 60). CANDU fuel is 
characterized by low burnup (6 to 12 GWd·t-1) and high but variable linear power between 200 and 
550 W·cm-1 (compared with 150 to 250 W·cm-1 for PWR fuel). They thus reach core temperatures 
between 1000 and 1700°C, compared with only 800 to 1000°C for PWR fuel in normal operation. 



Synthesis on the spent fuel long term evolution 

83 

101

100

10-1

102

10-2 10-1 100 101

Xe FGR (% Total Inventory)

36
C

l R
el

ea
se

 (%
 T

ot
al

 In
ve

nt
or

y)

P

P

P

36 (0.56)Cl = 5.45 * [Xe] IR

 

Figure 58. 36Cl fraction in free volumes, and in free volumes + grain boundaries (P) versus 
xenon fraction released into free volumes in the rod (Tait et al., 1997) 

 
 

Figure 59. 36Cl fraction released to solution from clad 
CANDU fuel and from powdered (P) fuel as a function 

of fuel burnup (Tait et al., 1997) 

Figure 60. 36Cl fraction released to solution from clad 
CANDU fuel and from powdered (P) fuel as a function 

of fuel linear power rating (Tait et al., 1997) 

3.3.3.2 Other elements 

Some fission products are found in the grain boundaries or in the gap in the form of oxide 
precipitates or metallic precipitates; these include isotopes of Sr, Tc, Ru, Pd, and Sn (see Chapter II). 
However, because of their low mobility in UO2, the fractions in the gap and grain boundaries are much 
lower than for the rare gases or volatile elements (Table XXIX). 
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Finally, the actinides and lanthanides are found in solid solution in the UO2 grains (see 
Chapter II). 

3.3.4 Summary 

Four zones of distinctly different properties can be identified in the spent fuel rod on the basis of 
microstructural examination: (1) free volumes, (2) grain boundaries, (3) restructured zones and (4) 
pristine grains. 

The distribution of radionuclides among these zones depends on the extent to which they are 
released from the grains in the reactor (see § 3.1) and on their chemical affinity with the other 
elements present in the grain boundaries. The rare gases, which do not interact with the other species, 
are the most mobile elements in the pellet and exhibit the greatest release (FGR) in the free volumes 
via the grain boundaries. Based on the available measurement data, this release is between 1% and 6% 
in a UOX fuel rod for burnup values ranging from 45 to 70 GWd·t-1, and between 1% and 7% in a 
MOX fuel rod for burnup values ranging from 40 to 60 GWd·t-1. 

For volatile elements such as cesium and iodine, the fraction in the gap and grain boundaries is 
generally lower than the gas release fraction in free volumes in the rod. This fraction is well below 1% 
for elements found as metal or oxide precipitates. Conversely, when the elements are relatively 
insoluble in UO2, most of the locally created fraction can be found in the porosity of the restructured 
zones, as with the rare gases. Soluble elements such as the actinides, lanthanides and rare earth 
elements remain in the grains. 

Based on the preceding studies, the radionuclide locations in the rod are shown schematically in 
Figure 61 (Johnson and McGinnes, 2002). 
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Figure 61. Nature and location of the main radionuclides in a spent UOX fuel rod with a low burnup (no rim 
formation) from Johnson and McGinnes, (2002) 
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3.4 SUMMARY AND CONCLUSIONS 

Studies of the diffusion of species in UO2 at high temperatures indicate that the elements with 
the greatest high-temperature mobility in the grains are iodine, tellurium and bromine, followed by the 
rare gases and cesium. Extrapolating the Arrhenius laws to lower temperatures, however, shows that 
the thermal diffusion process can be considered negligible at the expected temperatures and within the 
time frame of interim storage (a hundred years) or disposal (> 10,000 years). 

Conversely, irradiation-enhanced diffusion has been demonstrated in the reactor. It is related to 
the effects of fission reactions and accounts for element mobility in UO2 at temperatures below about 
1000°C. After removal from the reactor, spent fuel continues to be the seat of significant alpha 
activity. By analogy with the behavior observed in the reactor due to fission fragments, a diffusion 
mechanism enhanced by the effects of alpha particles and recoil nuclei can be considered. The 
corresponding diffusion coefficients are discussed in Chapter IV. 

The radionuclide distribution in the spent fuel rod on removal from the reactor depends on the 
mobility of the species in the pellet during irradiation. The most mobile elements are the rare gases, 
for which the fractions released into the free volumes in the rod exceed those of the other elements. A 
large intergranular fraction is also observed in the grain boundaries and pores on removal from the 
reactor: about 10% in UOX fuel irradiated to 60 GWd·t-1, and 35% in MOX fuel with the same 
burnup. 

Given their mobility in UO2, iodine and cesium are also released from the grains during in-pile 
irradiation, although the fraction found in the gap and grain boundaries is generally less than FGR. 
The corresponding fractions for the other elements found as precipitates are extremely low. 

When elements are sparingly soluble in UO2, such as the rare gases, most of the locally created 
fraction could be released in the pores during restructuring of the rim or the large Pu-rich aggregates. 
The corresponding fraction, which has been estimated for the rare gases, increases with the burnup in 
UOX fuel, and with the number of large Pu-rich aggregates in MOX fuel. 

The location of the radionuclides in the rod can vary over time depending on the intrinsic 
evolution of the fuel as the temperature and the α and β activity diminish. The intrinsic evolution of 
spent fuel after removal from the reactor is the subject of Chapter IV. 
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Chapter 4. LONG-TERM EVOLUTION OF SPENT FUEL PELLETS 
IN A CLOSED SYSTEM 

4.1 INTRODUCTION 

Spent fuel is not in a state of equilibrium on removal from the reactor. 

• The residual radioactivity is still considerable (see Chapter II). Beta radioactivity 
predominates during the first hundred years, after which it is superseded by alpha 
radioactivity due to the presence of long-lived actinides. The latter generate substantial 
quantities of helium in the fuel pellet—particularly in MOX fuel. 

• The residual power is still high: after removal from the cooling pool, the temperature in the 
spent fuel rod remains above 100°C in UOX fuels or 200 °C in a MOX fuels on average 
during the first hundred years (see Chapter V). 

The physical and chemical characteristics of the fuel pellet are likely to change over time under 
the combined effects of radioactivity and residual heat, even in leaktight cladding or under inert 
atmosphere without any material exchange with the outside environment. This chapter describes the 
possible evolution of a spent fuel pellet in a closed system. Particular attention is given to the 
consequences of this evolution on the radionuclide release from the rod in the event of a cladding 
failure during interim storage, for example, or at the moment of water ingress into the rod after 
disposal: 

• swelling of the spent fuel pellet due to the cumulative effects of self-irradiation and/or 
oxidation could generate pressure on the cladding, increasing creep strain and possibly 
leading to the cladding failure (see Chapter V); 

• a change in the spent fuel oxidation state would increase the intrinsic radionuclide mobility 
in the UO2 grains (see Chapter III); by modifying their valence state17, it could also modify 
their potential volatility; 

• the location of the radionuclides in the rod was detailed in Chapter III; however, it can vary 
due to the effects of the residual temperature and radioactivity; 

• alpha decay of the actinides produces large quantities of helium in the spent fuel; if it is 
released into the free volumes in the rod it would contribute to the rising internal pressure 
and cladding creep strain (see Chapter V). Moreover, helium accumulation in the form of 
bubbles at the grain boundaries can increase either the pressure in the bubbles, and thus the 
stresses exerted on the grain boundaries, or the size of the bubbles (vacancy migration), 
diminishing the mechanical strength of the grain boundaries. These phenomena could 
eventually lead to failure at the grain boundaries, releasing the accumulated radionuclides 
into the free volumes in the rod. 

Section 4.2 of this chapter describes the evolution of the physical and chemical characteristics 
of the spent fuel, and the potential change in its oxidation state due to β decay and to the diminishing 
temperature. The mechanisms responsible for fission product mobility at the low temperatures 
encountered during interim storage or after disposal are examined in section 4.3. Helium behavior in 
the fuel matrix is described in section 4.4. The consequences on the pellet microstructure—particularly 
at the grain boundaries—are discussed in section 4.5. Microscopic swelling (due to a change in the 
chemical state of the elements and to cumulative self-irradiation damage) and macroscopic swelling 
are assessed. 

                                                      
17 For example : RuO4 is a highly volatile form of Ru 
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4.2 PHYSICAL AND CHEMICAL EVOLUTION OF SPENT FUEL 

Spent fuel contains many radioactive isotopes, some of which (β-emitters) have relatively short 
half-lives. The disappearance of these isotopes and the formation of new elements modifies the 
chemical composition of the spent fuel over time, and can eventually modify its oxidation state. The 
variations in the chemical composition of the spent fuel and its consequences on the oxygen potential 
are discussed in sections 4.2.1 and 4.2.2. 

4.2.1 Chemical composition 

The modification of the elemental inventory, the radioactivity and the concentrations of 
radioactive isotopes relevant to the back end of the fuel cycle were calculated versus time using the 
CEA’s CESAR code (see Chapter II). 

4.2.1.1 Elemental inventory 

The variation over time of the elemental inventory of all the FP and actinide isotopes is 
indicated in the Annex: Table XLI for UOX fuel with a burnup of 60 GWd·t-1 and Table XLII for 
MOX fuel with the same burnup. The mass distribution among the six main element classes described 
in Chapter II is shown in Table XXXI versus the time after unloading from the reactor. The mass 
distribution per element class appears to undergo little change over time even 10 000 years after 
removal from the reactor. 

Table XXXI. Calculated mass distribution of major element classes in spent fuel  
100, 300, 1000 and 10000 years after unloading from the reactor (CESAR5) 

Mass fraction in the fuel: wt% (excluding oxygen) 
Type of fuel 

(burnup) 
Time  

(years) 
Actinides Lanthanides Oxide 

precipitates 
Metallic 

precipitates 
Gases and 

volatiles Metalloids 

UOX 
(60 GWd·t-1) 

100 
300 

1000 
10000 

93.778 
93.778 
93.778 
93.778 

1.859 
1.859 
1.859 
1.860 

1.609 
1.609 
1.609 
1.609 

1.678 
1.678 
1.678 
1.678 

1.063 
1.063 
1.063 
1.063 

0.00961 
0.00961 
0.00960 
0.00953 

MOX 
(60 GWd·t-1) 

100 
300 

1000 
10000 

93.868 
93.858 
93.856 
93.863 

1.692 
1.692 
1.692 
1.693 

1.400 
1.400 
1.400 
1.401 

2.055 
2.055 
2.055 
2.052 

0.984 
0.904 
0.984 
0.985 

0.00748 
0.00748 
0.00747 
0.00741 

 

4.2.1.2 Specific activity of spent fuel 

The specific α, β and total activities in UOX and MOX fuel with a burnup of 60 GWd.t-1 are 
shown respectively versus time in Figure 62 and Figure 63. The β activity predominates in the first 
two hundred years18, after which it is superseded by the α activity. The latter is about ten times higher 
in MOX fuel than in UOX fuel with the same burnup. 

                                                      
18 After 300 years of cooling, the β-activity is one order of magnitude higher than the α-activity 
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Figure 62. Specific α, β and total activities in Bq per ton of initial heavy metal (iHM)  

in UOX fuel of 60 GWd.t-1 versus time (CESAR5) 

1.E+10

1.E+11

1.E+12

1.E+13

1.E+14

1.E+15

1.E+16

1.E+17

1.E+18

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Time of cooling (years)

A
ct

iv
ity

 (B
q/

tiH
M

)

Alpha activity

Beta activity

Total activity

 
Figure 63. Specific α, b and total activities in Bq per ton of initial heavy metal (iHM)  

in a MOX fuel of 60 GWd.t-1 versus time (CESAR5). 

4.2.1.3 Radionuclides relevant to the back end of the cycle 

The contribution of heavy nuclei to the total activity are shown respectively for UOX and MOX 
fuel irradiated to 60 GWd t-1 in Figure 80 and in Figure 81 in annex. The contributions of some of the 
relevant fission products to the total activity of the spent fuel are plotted versus time in Figure 64 for 
UOX fuel with a burnup of 60 GWd·t-1 and in Figure 65 for MOX fuel with the same burnup. 
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Figure 64. Contributions to the total activity of the relevant fission products in UOX fuel with a 
burnup of 60 GWd·t-1 (CESAR5) 
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Figure 65. Contributions to the total activity of the relevant fission products in MOX fuel with 
a burnup of 60 GWd·t-1 (CESAR5) 
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4.2.2 Redox potential 

As indicated in Chapter II, the oxygen potential in the fuel is slightly modified during its 
residence time in the reactor, and is virtually stoichiometric on defueling (see Chapter II, § 3). 
Measurements of high-burnup UOX fuel by Matzke (1995) showed that the oxygen potential in the 
reactor appears to be controlled by molybdenum and zirconium (molybdenum is one of the most 
abundant fission products). 

On removal from the reactor, spent fuel exhibits considerable β radioactivity during roughly the 
first 300 years, dominated by the decay of 137Cs into 137Ba, 90Sr into 90Zr and 241Pu into 141Am. The β 
decay results in formation of elements of different valence than the parent element and, by modifying 
the overall oxygen equilibrium, could eventually modify the spent fuel oxidation state. 

The consequences of the changing chemical composition of the fuel and decreasing temperature 
were evaluated through a thermochemical approach. The model based on Lindemer’s (Lindemer and 
Brynestadt, 1986) was described in Garcia et al. (1997): 

• it assumes equilibrium between UO2 and hypothetical compounds representative of matrix 
defects; the composition of these compounds and their free enthalpy of formation were 
determined by fitting the results of experimental oxygen potential measurements; 

• the fission products created in the fuel during irradiation were modeled with allowance for 
the four standard categories: FP in solution in the oxide matrix, FP forming oxides in 
separate phases, FP forming metallic precipitates, and gaseous or volatile FP. The first 
category (oxide solid solution) and the metallic precipitates required special processing to 
obtain their characteristic values (O/M, ∆G(O2)) that determine the thermodynamic 
conditions inside the rod; most of the thermodynamic data for the gaseous species and oxides 
were taken from Ball et al. (1989) and from Cordfunke and Konings (1990). 

The results obtained with this model are reported below, and were supplemented by an 
experimental study of the chemical form of molybdenum in UO2, described in § 4.2.2.3. 

4.2.2.1 UOX fuel 

One of the first steps in the simulation study was to check the agreement between the model and 
the oxygen potentials measured in the spent fuel. Three months after removal from the reactor, the 
theoretical oxygen potential was determined by oxidation of Mo to MoO2 and cesium molybdate; the 
oxygen potentials were consistent with the experimental values reported by Matzke (1995). 

Simulations covering the period up to 300 
years after removal from the reactor (i.e. the 
period during which the β activity is still high) 
showed that the oxygen potential remains 
relatively stable at a given temperature 
(Figure 66). The figure also shows that the 
oxygen potential diminishes with the fuel 
temperature. 

The calculated oxygen potential decreases 
when the internal zirconia layer formed in the 
reactor is taken into account: an internal zirconia 
layer 10 µm thick reduces the oxygen potential 
by about 40 kJ·mol-1 (Piron et al., 2001). 
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Figure 66. Oxygen potential versus time and temperature 
in UOX fuel with a burnup of 60 GWd·t-1 
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4.2.2.2 MOX fuel 

Comparable simulations were carried out for MOX fuel, represented by a homogeneous solid 
solution or by two solid solutions at equilibrium, one corresponding to the Pu-rich aggregates and the 
other to the UO2 matrix. Similar results were obtained in both cases, as the influence of the fission 
product abundance is slight in the simulated temperature range (373–1373 K). The calculated oxygen 
potentials for a homogeneous solid solution are shown in Figure 67. 
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Figure 67. Oxygen potential versus time and temperature in MOX fuel of 60 GWd·t-1 

When the internal zirconia layer is not taken into account in the calculation, the oxygen 
potential exceeds that of the Mo/MoO2 couple: all the molybdenum is thus oxidized. This phenomenon 
is attributable to the more oxidizing properties of Pu fission reactions (see Chapter II, § 3.1.2). 
Allowing for the internal zirconia layer formed in the reactor reduces the oxygen potential to that of 
molybdenum (Dumas, pers. com.). 

4.2.2.3 Experimental study of the role of molybdenum 

The computations highlight the buffering effect of molybdenum on spent fuel oxidation. The 
molybdenum valence state in UO2 pellets was investigated by Martin et al. (2004) by X-ray absorption 
spectroscopy. The authors showed that after annealing for 8 hours at 1273 K most of the implanted 
molybdenum is found in the UO2 grains, partly at oxidation state 0 (metallic state) with the rest at 
oxidation state +IV, corresponding to the formation of MoO2 present in cationic form in the UO2 
crystallographic lattice. These results confirm the buffer role of molybdenum in nuclear fuel. 

4.2.3 Summary of physical and chemical evolution 

Spent fuel is highly radioactive on removal from the reactor. β decay predominates for about 
200 years, during which the main emitters are 137Cs, 90Sr and 241Pu. The subsequent activity arises 
mainly from α decay of the actinides. The chemical composition of the fuel varies over time as the 
radioactive isotopes decay, although there is little change within each category of elements. The 
results mentioned above show that the oxygen potential in the spent fuel is relatively unaffected by the 
β decay and diminishing temperature, but is controlled by oxidation of Mo—one of the most abundant 
fission products—to MoO2. The oxidation state of the fuel matrix and the chemical form of the 
elements other than molybdenum should thus not be subject to significant change as long as the spent 
fuel is not exposed to oxidizing atmosphere. 
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4.3 RADIONUCLIDES MOBILITY IN SPENT FUEL 

Two diffusion mechanisms account for the observed mobility of the fission products in the 
reactor (see Chapter III): one is temperature-driven, and the other is due to the effects of fission. After 
removal from the reactor, the spent fuel is allowed too cool for a few years in a storage pool. In the 
case of dry interim storage, the initial maximum fuel rod temperature, which is determined by the 
interim storage concepts, would be about 400°C under nominal conditions (see Chapter V). 

According to the results discussed above, as long as the spent fuel is not exposed to an oxidizing 
environment it remains virtually stoichiometric and its oxygen potential does not change (see § 4.2.2). 
The studies reported in Chapter III show that in this case the intrinsic fission product diffusion 
coefficients are extremely low as soon as the temperature reaches 400°C. Below this temperature, the 
fission product release from the UO2 grains by thermal diffusion is negligible, even on a million-year 
time scale (see Chapter III, § 2.2). 

Conversely, the effects of α radioactivity in UO2 are very similar to those of fission. By analogy 
with what is observed in the reactor, the existence of a diffusion process due to the effects of α decay 
was examined. Various theoretical and experimental approaches for determining the diffusion 
coefficients accelerated by α self-irradiation are described below. 

4.3.1 Theoretical assessment of accelerated diffusion due to α self-
irradiation 

Alpha decay of an actinide produces: 

• a recoil atom with a mean energy of 70 to 100 keV that loses most of its energy in elastic 
collisions, generating displacement cascades; 

• a He nucleus with an energy of about 5 MeV; unlike the recoil nucleus, it loses most of its 
energy through electronic excitation. 

Theoretical approaches have been developed to assess the effects of the recoil nucleus and the α 
particle on element mobility in UO2, modeled by a diffusion coefficient. 

The first approach considered here is based on extrapolating the effects of fission on diffusion to 
those of α decay (§ 4.3.1.1). The second model seeks to determine the mean displacement per atom 
due to the displacement cascades created by the recoil nucleus, which may or may not be enhanced by 
migration of the resulting point defects (§ 4.3.1.2). Both approaches are based on work by Lovera 
et al. (2003) and Ferry et al. (2004), to whom the reader is invited to refer for details of the 
calculations. The last approach consists in estimating the effect of electronic excitation created by the 
α particle, which heats the surrounding UO2 and thus increases the local atom mobility (§ 4.3.1.3). 

4.3.1.1 Extrapolation of reactor observations 

The effects of fission fragments, of the recoil atom and of the α particle in UO2 are summarized 
and compared in Table XXXII. 

Table XXXII. Compared effects of fission and α decay in UO2 (Ewing et al., 1995; Matzke and Wiss, 2001) 

Parameter Fission product α particle  Recoil nucleus 

Stopping distance 7 to 9 µm 10 to 15 µm 10 to 20 nm 
Mean energy 70 to 95 MeV 5 MeV 70 to 100 keV 
Energy fraction lost through elastic (nuclear) / 
inelastic (electronic) collisions 0.04 / 0.96 0.01 / 0.99 0.9 / 0.1 

Total number of displaced atoms 4 to 6 × 104 (a) 100 to 200 1100 to 2200 (b) 

a Total number of effective (i.e. not recombined) Frenkel pairs produced per fission: ~5 × 103 (Matzke, 1982) 
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b 290 Frenkel pairs for oxygen + 110 Frenkel pairs for uranium based on a molecular dynamics study of displacement cascades 
in UO2  (Van Brutzel, pers. com.) 

The effects of α decay on element mobility were first approximated by extrapolating those 
observed in the reactor, assuming the diffusion coefficient was proportional to the total number of 
displaced atoms. 

The diffusion coefficient accelerated by α decay is expressed as an athermal diffusion 
coefficient in which the number of fissions per m3 per second is replaced by its equivalent, i.e. the 
number of disintegrations per m3 per second (α activity concentration), weighted by the ratio of the 
total number of defects created by the α particle and recoil nucleus (~1500) to the total number of 
defects created by the two fission fragments (~100 000). 

Based on the athermal self-diffusion coefficient of U and Pu in UO2 proposed by Matzke 
(1983): 

Dath (m2·s-1) =1.2 × 10-39 · F (fissions·m-3·s-1), (20) 

the diffusion coefficient accelerated by α self-irradiation, Dα is given versus the α activity 
concentration of the fuel, Aα, by Poinssot et al. (2002, 2003): 

Dα (m2·s-1) = 2.0 × 10-41 · Aα (Bq·m-3) (21) 

For the rare gases, Turnbull et al. (1982) and Matzke et al. (2000) proposed an athermal 
diffusion coefficient in the reactor that was an order of magnitude lower than the value given by Eq 
(20) whereas the value proposed by Brémier and Walker (2002) is two to four orders of magnitude 
lower. The lower values correspond to an apparent diffusion coefficient that includes the effect of gas 
trapping in the bubbles (see Chapter III). Extrapolating the in-pile values measured for the rare gases 
and volatile fission products would give an apparent coefficient Dα one to four orders of magnitude 
lower than Eq (21), depending on the bubble trapping efficiency. 

4.3.1.2 Effects of the recoil atom (ballistic effects) 

The recoil atom loses most of its energy through elastic collisions creating displacement 
cascades as well as defects (Frenkel pairs) in the UO2 matrix. The excess atom mobility due to the 
displacement cascades and to defect migration is evaluated below. 

4.3.1.2.1 Ballistic effects 

The recoil atom created by α decay has a kinetic energy of about 70 keV. It loses about 90% of 
its energy through elastic collisions with nuclei in the lattice, initiating displacement cascades. The 
number of atoms displaced in this way was calculated using the SRIM2000 code19 in which the recoil 
nuclei were modeled by 70 keV uranium atoms and the α particles by 5 MeV He atoms. The results are 
indicated in Table XXXIII. 

Table XXXIII. Number of atoms displaced by the incident particle (Crocombette, pers. com.) 

 Number of displaced atoms 

Incident particle U O 
U (70 keV) 230 700 
He (5 MeV) 70 150 
Total 300 850 
Total square atom displacement a 9 × 103 Å2/cascade 3 × 104 Å2/cascade 

a Under external irradiation, the mean square atomic displacement varies between 0.1 and 1 nm2 (Fielitz et al., 1997). Molecular 
dynamics simulation of the displacement cascades created in UO2 by a uranium atom with an incident energy of 20 keV results 
in a mean square atomic displacement of between 0.16 and 0.25 nm2 (Van Brutzel, pers. com.). A value of 0.3 nm2 per 
displacement was assumed for this calculation. 
                                                      
19 Ziegler et al., 1985 
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The diffusion coefficient corresponding to the ballistic effects is obtained by multiplying the 
square atomic displacement per cascade by the number of disintegrations per UO2 molecule per 
second, which is proportional to the α activity concentration of the spent fuel. The diffusion 
coefficients for oxygen and uranium related to the ballistic effects are indicated in Table XXXIV. The 
ratios between the diffusion coefficient in m2·s-1 and the α activity concentration in Bq·m-3 are 
4 × 10-45 m5 for uranium and 10-44 m5 for oxygen. 

Table XXXIV. Diffusion coefficients of uranium and oxygen due to ballistic effects  
versus the α activity concentration (Crocombette, pers. com.) 

Activity (Bq·m-3) a 1016 1015 1014 1013 

DU
bal (m2·s-1) 4 × 10-29 4 × 10-30 4 × 10-31 4 × 10-32 

DO
bal (m2·s-1) 10-28 10-29 10-30 10-31 

a The fuel density is nearly 10 tiHM·m-3; the activity concentration in Bq·m-3 is thus about ten times the activity expressed in 
Bq·tiHM

-1 indicated in Figure 62 or Figure 63 

Lovera et al. (2003) proposed a similar but analytical approach to calculate the atom 
displacements due to ballistic effects. Given the mean path distance (δ) per displacement and the 
characteristic mean displacement time per atom (θc), according to random walk theory the mean 

diffusion coefficient due to atom displacement cascades (Dα
bal) is given by 

c

balD
θ

δ
=α 2

2
. Calculating θc 

versus the fuel α activity concentration gives the following relation (Lovera et al., 2003): 
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where MUO2 is the molar mass of UO2 (0.270 kg·mol-1), ρUO2 is the density (~104 kg·m-3), NAv is 
Avogadro’s number (6.02 × 1023), η the number of displaced atoms per α disintegration, δ the mean 
path distance per displacement (m), and Aα the alpha activity concentration of the fuel (Bq·m-3). 

For a total number of displaced atoms per recoil nucleus (η) ranging from 1100 to 2200 and a 
mean square displacement (δ2) between 0.35 nm2 and 1 nm2, these values yield a Dα

bal/Aα ratio of 
between 3 and 17 × 10-45 m5, consistent with the above-mentioned values. 

However, applying this relation to fission in the reactor yields a proportionality coefficient 

F
Dath  of about 5 × 10-43 m5, i.e. 3 to 4 orders of magnitude lower than the value of 1.2 × 10-39 m5 

proposed by Matzke (1983). The ballistic affects alone thus do not appear to account for the excess 
mobility of uranium atoms observed in the reactor. The possible effect of other mechanisms must be 
taken into account in interpreting these observations. 

4.3.1.2.2 Displacement cascade defect migration 

Elastic collisions between the recoil nucleus and atoms in the lattice induce not only atom 
displacements but also residual point defects. The number of point defects created by the recoil 
nucleus was calculated by molecular dynamics simulations of the displacement cascades induced by a 
uranium atom with an incident energy ranging from 1 keV to 20 keV (Van Brutzel, pers. com.). 
Extrapolating these results to an incident energy of 70 keV results in the formation of about 290 
oxygen Frenkel pairs and 110 uranium Frenkel pairs per recoil nucleus. 

The accelerated diffusion of oxygen and uranium atoms induced by the thermal mobility of the 
additional defects created by self-irradiation α was estimated by using a highly simplified, 
homogeneous chemical kinetics formalism (Crocombette, pers. com.): the model calculates the 
acceleration of diffusion due to the defects mobility, taking account of their creation by α irradiation, 
their recombination and their disappearance in sinks (dislocations, grain boundaries, etc.). Although 
the latter term is uncertain for lack of experimental data, changing its value does not modify the 
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calculated diffusion coefficient by more than an order of magnitude. The diffusion coefficients 
obtained for oxygen and uranium through this approach are indicated in Table XXXV for different 
temperatures versus the α activity concentration of the fuel. The defect-related mobility of uranium 
atoms is less than 10-37 m2·s-1 at temperatures below 600 K. 

Table XXXV. Acceleration of the diffusion coefficient of oxygen and uranium atoms  
due to migration of defects created by α decay versus the activity concentration and temperature  

α activity concentration (Bq·m-3) 
 

1016 1015 1014 1013 

DO
Fr: 300 K (27°C) (m2·s-1)  2 × 10-27 7 × 10-28 2 × 10-28 7 × 10-29 

DO
Fr: 400 K (127°C) (m2·s-1)  3 × 10-25 8 × 10-26 2 × 10-26 4 × 10-27 

DO
Fr: 600 K (327°C) (m2·s-1)  5 × 10-24 5 × 10-25 5 × 10-26 5 × 10-27 

DU
Fr: 600 K (327°C) (m2·s-1)  3 × 10-29 9 × 10-30 3 × 10-30 9 × 10-31 

 

The oxygen diffusion coefficient due to defects created by displacement cascades is 
proportional to Aα

n, where n ranges from 0.5 to 1 for temperatures between 300 and 600 K. 

However, this approach yields a diffusion coefficient that depends not only on the α activity of 
the fuel but also on the temperature, unlike the diffusion coefficient observed in the reactor, which is 
completely athermal below 1000°C within the limits of measurement accuracy. The mobility of the 
uranium vacancies created by displacement cascades is extremely low at these temperatures. The 
effect of their thermal mobility on the acceleration of fission product diffusion via uranium vacancies 
or Schottky defects (1 uranium vacancy + 2 oxygen vacancies) should be negligible. 

4.3.1.3 Effects related to the α particle 

Another approach considers that electron deceleration is the principal driver of accelerated 
diffusion. Indeed, electronic excitation induced by fission fragments accounts for the order of 
magnitude of the athermal diffusion coefficients observed in the reactor (see Chapter III). 

This model has already been described in Chapter III, and is only briefly reviewed here. It is 
based on the assumption that the athermal diffusion coefficient is proportional to the material volume 
damaged by the two fission fragments per unit material volume: 

Dath = k(dE/dx) × 2µ × F (23) 

where µ is the fragment path length in the UO2, and F is the fission rate. The k(dE/dx) value for 
iodine assuming an incident ion stopping power of 20 keV·nm-1 was estimated on the basis of work 
performed in an irradiator by Hocking et al. (2001) (see Chapter III): 

k(20 keV/nm) ≈ 4 × 10-35 – 1.4 × 10-34 m4 

Assuming the proportionality factor k(dE/dx) is linearly dependent on the electronic interaction 
arising from the incident particles, its value is about 1.5 × 10-36 m4 for 5 MeV α particles with an 
electronic stopping power of 0.3 keV·nm-1. By analogy with the reactor model, the athermal diffusion 
coefficient Dα

E associated with electronic excitation in a material with an alpha activity concentration A
α is thus: 

Dα
E = k(0.3 keV/nm) × µα × Aα (24) 

Allowing for the path length of the α particle in UO2 (µα ~ 15 µm), the contribution of 
electronic excitation to diffusion was inferred for iodine: 

Dα
E (m2·s-1) = 2 × 10-41 Aα (Bq·m-3) (25) 
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4.3.1.4 Summary 

Various theoretical approaches have been developed to asses the diffusion induced by the 
effects of the recoil nucleus and α particle in the UO2 matrix. The relevant diffusion coefficients are 
described in Table XXXVI and plotted versus the α activity concentration in Figure 68. 

Table XXXVI. Diffusion coefficients accelerated by α radioactivity, Aα (Bq·m-3) given by various models 

Model Diffusion coefficient  
(m2·s-1) Remarks and references 

Extrapolation of reactor data Dα ≈ 2 × 10-41 Aα Proportional to total number of defects 
created (Lovera et al., 2003) 

Pure ballistic effect Dα
bal ≈ 8 × 10-45 Aα Effect of recoil nucleus (Lovera et al., 2003) 

Migration via defects: 
• at 600 K for oxygen 
• at 400 K for oxygen 
• at 600 K for uranium 

 

DO
Fr ≈ 5 × 10-40 Aα 

DO
Fr ≈ 3.5 × 10-35 Aα
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DO
Fr ≈ 3 × 10-37 Aα
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Figure 68. Diffusion coefficient accelerated by α self-irradiation based on the approaches described above 

The diffusion coefficient accelerated by α self-irradiation in UOX fuel (47.5 GWd·t-1) based on 
the electronic effect of the α particle (near the values obtained by extrapolating reactor data) is plotted 
versus time in Figure 69. The diffusion coefficient can thus be considered constant over the first 100 
years at a value of about 10-25 m2·s-1; it then diminishes at a rate t-0.77, where t is the number of years 
elapsed since removal from the reactor (Lovera et al., 2003). 
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Figure 69. Diffusion coefficient accelerated by α self-irradiation in UOX fuel (47.5 GWd·t-1) 
versus the time after unloading from the reactor (from the alpha activity calculated with 

CESAR4) 

4.3.2 Experimental assessment 

Considering the expected orders of magnitude of the diffusion coefficient accelerated by α self-
irradiation (10-25 m2·s-1 in the first 100 years after removal of the fuel from the reactor), it is not 
directly measurable on a laboratory time scale (Desgranges et al., 2001). In order to simulate the 
effects of the α particle and recoil nucleus on element mobility, the CEA has initiated an experimental 
program in which UO2 pellets are irradiated by heavy ions. The measured diffusion coefficients will 
be extrapolated to the characteristics of α decay by studying the effect of the fluence and electronic 
stopping power on the atom mobility. 

The Oklo uraninites—natural analogs of spent fuel—provide access to a time scale sufficiently 
long to measure any mobility of elements arising from diffusion under α self-irradiation when the 
medium is unaltered by external conditions. 

4.3.2.1 Laboratory studies 

4.3.2.1.1 Electronic effect on element mobility 

The 5 MeV α particle fluence that would be necessary to measure an atomic displacement 
within the detection limits of the analysis methods implemented (NRA or SIMS) is too high; the 
electronic effect is studied mainly through irradiation by heavy ions—with higher energy and stopping 
power. These experiments carried out by the CEA under the PRECCI project are in progress. 

4.3.2.1.2 Ballistic effects 

The experiments intended to assess the effect of ballistic collisions on fission product and 
helium mobility have begun. 
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4.3.2.2 Natural analogs 

The ratio of the Pb concentration measured in the Oklo uraninites to the total quantity produced 
was used by Lovera et al. (2003) to estimate a diffusion coefficient accounting for the Pb mobility 
observed in the uraninites. The authors attributed the observed Pb loss to migration by diffusion 
induced by α self-irradiation. The ratio of the mean diffusion coefficient over the time period 
considered (2 × 109 years) to the mean activity is consistent with the value extrapolated from reactor 
data and the electronic effect. Other phenomena, however, such as alteration of external origin, can 
account for the observed mobility. 

4.3.3 Summary 

Only theoretical approaches to the diffusion coefficient accelerated by α self-irradiation have 
been developed to date. The effects of the α particle and recoil nucleus have been estimated on 
element mobility in UO2. With the hypotheses taken into account, the effect of electronic excitation 
created by the α particle appears to predominate. The diffusion coefficient obtained using this 
approach is the value adopted at this time. It is very near the diffusion coefficient based on uranium 
diffusion under irradiation after correction for the ratio between the total number of atoms displaced 
by one α disintegration and by one fission. The diffusion coefficient accelerated by α self-irradiation 
is proportional to the α activity concentration of the fuel, Aα according to Eq (25): 

Dα (m2·s-1) = 2 × 10-41 Aα (Bq·m-3) 

This relation yields a mean diffusion coefficient over the first hundred years after removal from 
the reactor of between 5 × 10-26 and 10-24 m2·s-1 depending on the type of fuel and burnup (47.5 to 60 
GWd·t-1). 

Major uncertainties remain concerning the value of the diffusion coefficient under α self-
irradiation. They are related (i) to the hypotheses taken into account in the model, (ii) to the wide 
range of athermal diffusion coefficients proposed in the literature, and (iii) to lack of knowledge about 
the origin of the phenomenon observed in the reactor. Only the experimental validation now in 
progress within the CEA will resolve these uncertainties. 

4.4 HELIUM BEHAVIOR IN SPENT FUEL 

Alpha decay produces large quantities of helium in the spent fuel. If this helium is released from 
the UO2 grains it can precipitate in the form of bubbles at the grain boundaries and contribute to 
diminishing their mechanical strength. The precipitation of helium bubbles at the grain boundaries 
could eventually result in decohesion of the grains, reducing the spent fuel pellet to powder (see 
section 4.5). The gas swelling that could occur with the precipitation of helium bubbles or with helium 
release into free volumes in the rod via the grain boundaries would increase the rod internal pressure 
and thus the risk of cladding creep failure. In the light of the potential consequences on the mechanical 
strength of the pellet and cladding, it is indispensable to determine what becomes of the helium in the 
spent fuel rod. 

This section summarizes the available data on helium behavior in spent fuel. The quantities of 
helium produced over time in UOX and MOX rods are indicated in § 4.4.1. The macroscopic behavior 
of helium in the rod observed in the reactor is described in § 4.4.2. Microscopic studies of He 
solubility and diffusion in UO2 at temperatures closer to those expected in interim storage or after 
disposal (< 400°C) are detailed in § 4.4.3. 

4.4.1 Helium production in UOX and MOX fuel 

In a reactor, helium is produced mainly by α decay of the actinides already present or formed 
under irradiation, and by ternary fission reactions. Helium production by ternary fission is proportional 
to the fuel power, while the helium arising from α decay in the reactor is due largely to 242Cm (half-
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life 162.5 d) generated by transmutation of 241Am, which itself is produced by decay and transmutation 
of the heavier Pu isotopes. Helium production in the reactor increases nonlinearly with the irradiation 
time and becomes substantial—especially in MOX fuel—at high burnup (Figure 70). 

0

20

40

60

80

100

120

140

160

180

200

0 1 2 3 4 5
temps d'irradiation (années)

pr
od

uc
tio

n 
d'

hé
liu

m
 (c

m
3  T

P
N

 / 
cr

ay
on

 U
O

2 R
E

P
 9

00
) MOX 47,5 GWj/tM

Volume d'hélium de remplissage : 450 cm3 TPN (25 bars)
Volume de gdf produit pendant l'irradiation : 2200 cm3 TPNH

el
iu

m
 p

ro
du

ct
io

n 
(c

m
3

N
TP

/ro
d)

Irradiation time (years)

MOX 47,5 GWd/t

Filling volume of helium: 450 cm3 NTP
Volume of fission gases produced during irradiation: 2200 cm3  NTP

0

20

40

60

80

100

120

140

160

180

200

0 1 2 3 4 5
temps d'irradiation (années)

pr
od

uc
tio

n 
d'

hé
liu

m
 (c

m
3  T

P
N

 / 
cr

ay
on

 U
O

2 R
E

P
 9

00
) MOX 47,5 GWj/tM

Volume d'hélium de remplissage : 450 cm3 TPN (25 bars)
Volume de gdf produit pendant l'irradiation : 2200 cm3 TPNH

el
iu

m
 p

ro
du

ct
io

n 
(c

m
3

N
TP

/ro
d)

Irradiation time (years)

MOX 47,5 GWd/t

Filling volume of helium: 450 cm3 NTP
Volume of fission gases produced during irradiation: 2200 cm3  NTP

 

Figure 70. Helium cumulated volume produced in a MOX fuel rod during irradiation (Poinssot et al., 2001) 

Moreover, helium production due mainly to α decay continues after irradiation (Figure 71). 
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Figure 71. Helium cumulated volume produced versus time in UOX and MOX fuel  
with a burnup of 47.5 GWd·t-1 (from CESAR4) 

Table XXXVII summarizes the helium concentrations reached in UOX and MOX fuel with a 
burnup of 47.5 GWd·t-1 after unloading from the reactor. Note that in MOX fuel, the quantity of 
helium produced during 300 years by α decay is roughly equal to the quantity of fission gases formed 
during irradiation. The quantities indicated correspond to the mean value in the pellet; the helium 
concentrations can be locally 2 to 4 times higher than the mean value, particularly in zones of high 
local burnup such as the rim or the Pu-rich aggregates. 
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Table XXXVII. Helium concentration versus time in UOX and MOX fuel  
with a burnup of 47.5 GWd·t-1 calculated with the CESAR4 code 

 [He] 
%at.atiHM

-1 
 

Time (years) UOX MOX 

2 0.06 0.18 
10 0.07 0.23 
100 0.13 0.58 
300 0.20 1.00 

10.000 0.68 3.56 
100.000 1.31 6.24 

 

4.4.2 Helium behavior in nuclear fuel during irradiation 

Helium behavior in the fuel under irradiation was assessed by macroscopic observation after 
removal from the reactor. The results allow the helium mobility to be compared with that of the fission 
gases at high temperatures. 

4.4.2.1 PWR fuel rods 

With highly pressurized rods of the type used in PWRs, the quantity of helium determined by 
volumetric analysis of MOX fuel rods after irradiation was slightly lower or in some cases equal to the 
initial filling load (Figure 72). 
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Figure 72. Helium quantities recovered after irradiation  
compared with the helium initially present (Blanpain et al., 1997) 

This can be explained by diffusion of helium atoms from the free volumes into the grains (an 
infusion phenomenon) due to the effect of the over-concentration on the surface free surface until an 
equilibrium concentration is reached. Above this equilibrium, if helium production continues, the 
phenomenon is reversed and helium is released into the free volumes. This equilibrium should control 
helium displacement in the rod after it is removed from the reactor. 
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4.4.2.2 Lightly pressurized rods 

Measurements on lightly pressurized (1 to a few bars) MOX fuel rods with a burnup ranging 
from 7 to 64 GWd·t-1 showed a significant correlation between helium and fission gas releases in the 
reactor: the measured helium release was systematically greater than the fission gas release 
(Table XXXVIII). Helium diffusion thus appears to be significantly higher than fission gas release 
regardless of the rod thermal conditions or burnup. 

Table XXXVIII. Correlation between fission gas and helium fractions released in the reactor  
in lightly pressurized MOX fuel rods (Billaux et al., 1989) 

Fission gas (RFG) and helium (RHe) release (% / creation) 

Fission gases Helium 

RFG < 2 0 < RHe < 15 
10 < RFG < 15 40 < RHe < 70 

RFG > 35 50 < RHe < 100 
 

4.4.2.3 Conclusion 

Macroscopic observations of helium behavior in the rod while in the reactor revealed helium 
diffusion in the UO2 exceeding that of the fission gases at high temperatures. The above observations 
provide only qualitative data on helium transport properties in UO2. Experimental quantification at 
smaller small is discussed in the following paragraph. 

4.4.3 Helium properties in UO2 

Three types of experiments can be distinguished in the literature for determining the helium 
solubility and diffusion coefficient in UO2: 

• infusion experiments in which a UO2 sample is pressurized with helium at different temperatures 
and the quantity trapped in the sample is measured; 

• studies of implanted helium profiles in UO2 disks after annealing at different temperatures 
(Sauvage et al., 2004); 

• helium release measurements as the temperature rises in Pu-doped UO2 samples or spent fuel 
samples. 

The results of these experiments are reported below. 

4.4.3.1 Solubility 

Ab initio calculations were performed by Petit et al. (2001) to determine the helium properties 
in UO2. The results indicate that helium is soluble in stoichiometric and super-stoichiometric UO2 
containing uranium vacancies without any increase in the crystal lattice parameter. More recent work 
by Crocombette (2002) gives slightly positive helium incorporation energies in UO2, however, 
although much lower than for xenon or krypton. Given the uncertainties on this type of model, 
calculations alone are unable to substantiate helium solubility in UO2. Nevertheless, these findings are 
consistent with the idea that helium is soluble in UO2 to some extent20 unlike the fission gases. 
Analyses by optical and scanning electron microscopy of UO2 disks implanted with 3He showed signs 
of flaking after annealing for one hour at 500 and 600°C, with a local implanted He concentration of 1 
at% (Guilbert et al., 2003). This phenomenon occurs when the gas coalesces and precipitates to form 
bubbles, and indicates a solubility limit below 1 at% (i.e. 3 at·atiHM

-1). It is not observed after annealing 
                                                      
20 Helium solubility is less than 0.5 at% in ceramics (Roudil et al., 2004c) 



Synthesis on the spent fuel long-term evolution 

103 

for one hour at 600 and 1000°C when the maximal implanted helium concentration is 0.2 at.% 
(Guilbert et al., 2004). 

Rufeh et al. (1965) studied helium migration at 1200°C in pressurized UO2 particles (infusion 
experiment). They inferred a solubility limit of 6.71 × 10-4 cm3(STP)·gUO2

-1·atm-1. For a pressure of 
nearly 60 bars (the internal pressure at room temperature of the rods on removal from the reactor: see 
Chapter V) this implies a solubility limit of 0.04 cm3 per gram of oxide21. This is nearly the quantity of 
helium found in UOX fuel a hundred years after removal from the reactor, and ten times lower than 
the concentration reached on average in a MOX fuel pellet after same period (MOX fuel is subject to 
very strong local heterogeneities due to the presence of Pu-rich aggregates). The solubility limit in a 
UO2 monocrystals is lower: 2.4 × 10-5 cm3(STP)·gUO2

-1·atm-1 (Sung, 1967). 

The solubility limits proposed by Rufeh et al. (1965) indicate that as helium is formed it should 
precipitate in the form of bubbles in MOX fuel as soon as it is removed from the reactor, and in UOX 
fuel a century after removal. However, the presence of irradiation defects—particularly vacancies—in 
the spent fuel should increase the helium solubility. For example, the quantity of helium that infuses 
under irradiation appears to be considerably greater than the published helium solubility limits in UO2. 

4.4.3.2 Helium diffusion of thermal origin 

On the basis of their infusion experiments at high helium pressures, Rufeh et al. (1965) 
proposed a helium diffusion coefficient in UO2 of 1.5 × 10-17 m2·s-1 at 1200°C. This is roughly 500 
times higher than the xenon diffusion coefficient measured by the authors at the same temperature. 
Conversely, the activation energy values proposed in the literature at such high temperatures are 
widely scattered (Table XXXIX). The authors concentrated on the helium diffusion properties in 
PuO2 grains or pellets to study the effects of helium release on the microstructure. Their observations 
suggest that helium release at these temperatures (> 1000°C) cannot be explained by a simple atomic 
diffusion mechanism, but involves trapping and migration via intra- or intergranular bubbles and along 
the grain boundaries (Guilbert et al., 2004; Ronchi and Hiernaut, 2004). The intrinsic diffusion 
coefficient of helium in UO2 thus cannot be simply extrapolated using Arrhenius laws obtained at 
these high temperatures. 

Table XXXIX. Summary table of published data on activation energies 

Reference Material Temperature  
(°C) 

Ea  
(eV) Interpretation and remarks 

Sung, 1967 UO2 
monocrystal 1200°C 0.6 Infusion experiment under He pressure 

(pressure-dependent) 

Angelini  
et al., 1970 PuO2 

< 1100°C 
> 1100°C 

0.8 
3.7 

He diffusion via bubbles at high temperatures 
by diffusion of Pu vacancies, not effective 
at low temperatures 

Stark, 1969 PuO2 600–900°C 2.0–2.4 He release cannot be attributed to a simple 
diffusion process  

 

Roudil et al. (2004c) measured the evolution of the implanted 3He profiles in sintered UO2 disks 
after annealing for several hours in reducing atmosphere at temperatures between 800 and 1000°C. 
The diffusion coefficients determined from these observations depend on the implantation dose 
(Figure 73). The corresponding Arrhenius laws are indicated in Table XL. The value at 1200°C 
calculated from Eq (26) is 10-17 m2·s-1, close to the value reported by Rufeh et al. (1965). The lower 
diffusion coefficient measured at a high implantation dose could be due to trapping in helium bubbles 
that are not mobile at the temperatures studied, or in implantation defects. 

                                                      
21 1 cm3 (STP).gUO2

-1 ≈ 0.38 at% 
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Table XL. Apparent helium diffusion coefficients in UO2 versus implantation dose (Roudil et al., 2004c)  
(Boltzmann constant kB = 8.61 × 10-5 eV·K-1) 

F < 3 × 1015 He/cm2 
(local concentration approx. 0.06 at% at implantation peak) DHe (m2·s-1) = 7.0 × 10-9 exp(-2 ±0.1/kBT)  (26) 

F ≈ 3 × 1016 He/cm2 
(local concentration approx. 0.6 at% at implantation peak) DHe (m2·s-1) = 3.5 × 10-10 exp(-2 ±0.1/kBT) (27) 

 

Ronchi and Hiernaut (2004) measured helium release from a variety of samples (UO2, 
(U,Pu)O2, irradiated UOX and MOX fuels) in Knudsen cells at rising temperatures up to 2100 K. They 
interpreted the measurement data using two helium release models. The first involved a helium 
trapping-desorption mechanism in the bubbles, and the second a definitive trapping mechanism. 
Fitting the models to the experimental data allowed the authors to propose a diffusion coefficient in 
the (U0.9, Pu0.1)O2 grains with damage equivalent to 0.6 dpa22: 

DHe (m2·s-1) = 8.0 × 10-7·exp(–1.99/kBT) (28) 

A damage level of 0.6 dpa is reached 180 years after unloading in the case of UOX fuel with a 
burnup of 47.5 GWd·t-1, or after 15 years in MOX fuel with the same burnup (Peuget, pers. com.). 

The helium diffusion coefficients in UO2 and (U,Pu)O2 proposed by Roudil et al. (2004c) and 
by Ronchi and Hiernaut (2004) are shown in Figure 73. In each case the activation energy of diffusion 
is about 2 eV. However, the pre-exponential diffusion coefficient in (U,Pu)O2 calculated by Ronchi 
and Hiernaut (2004) is two orders of magnitude higher than the value proposed by Roudil et al. 
(2004c) for UO2. These differences can be attributed in part to the difference between the quantity and 
nature of the atomic defects created by α self-irradiation in the doped material23 and those created in 
the matrix by implanting 3He ions24. Experiments are now in progress on samples doped with actinides 
(Cm, Pu) with damage levels of about 0.3 dpa to confirm and quantify the effect of α self-irradiation 
damage on the acceleration of thermally-driven helium diffusion. The intragranular diffusion 
coefficient estimated by Ronchi and Hiernaut is very indirect, as it is based on fitting a helium 
migration model integrating several mechanisms subject to considerable uncertainties. 

The diffusion coefficient of helium in UO2 for a low implantation fluence varies from about 
10-26 to 10-23 m2·s-1 at temperatures between 300 and 400°C (Roudil et al., 2004c). The helium 
coefficient in (U0.9, Pu0.1)O2, with a damage level of approximately 0.6 dpa, varies from about 10-24 to 
10-21 m2·s-1 over the same temperature range (Ronchi and Hiernaut, 2004). 

Given its low solubility in UO2, at the high concentrations reached in spent fuel, part of the 
helium should precipitate and accumulate in the form of intragranular bubbles, slowing the release 
from the grains, but possibly resulting in gas swelling. The effect of the formation of intra- and 
intergranular bubbles on the mechanical strength of the grain boundaries is discussed in § 4.5.2. 

                                                      
22 dpa: mean number of displacements per atom 
23 Damage related to α self-irradiation: 0.6 dpa 
24 Damage less than 0.5 dpa according to the SRIM code for a peak helium concentration exceeding the mean 
helium concentration produced in the (U0,9, Pu0,1)O2 samples. 



Synthesis on the spent fuel long-term evolution 

105 

1.E-50

1.E-46

1.E-42

1.E-38

1.E-34

1.E-30

1.E-26

1.E-22

1.E-18

1.E-14
100 1000Temperature (°C)

H
e 

di
ffu

si
on

 c
oe

ffi
ci

en
t (

m
2 .s

-1
)

 UO2 - F < 3e15 He/cm2 (Roudil et al., 2004c)

UO2 - F = 3e16 He/cm2 (Roudil et al., 2004c)

(U,Pu)O2 - (Ronchi et Hiernaut ,2004)

Xénon - (Davies and Long, 1963)

200 300 400 

 

Figure 73. He diffusion coefficients in UO2 and (U, PuO2) reported by various authors 

4.4.3.3 Role of defects and grain boundaries 

A recent study by Ronchi and Hiernaut (2004) concerned different types of samples: 
unirradiated uranium and plutonium oxides, the rim zone of a UOX fuel pellet (95 GWd·t-1) and MOX 
fuel (18 to 45 GWd·t-1). The authors concluded that helium release cannot be described by a simple 
diffusion mechanism, but can be broken down into two phases. The first corresponds to atomic 
diffusion and controls the short-range migration to the sinks (grain boundaries, dislocations, etc.). The 
corresponding activation energy depends on the burnup, increasing from 2 eV in unirradiated (U0.9, 
Pu0.1)O2 to 3.1 eV in UOX with a burnup of 95 GWd·t-1. The increasing activation energy could be 
related to helium trapping in inter- and intragranular fission gas bubbles in the spent fuel. 

The second step, for which the activation energy is low, corresponds to gas release from the 
sink (grain boundaries, etc.) as the temperature rises. According to the authors, the low activation 
energy corresponding to migration on dislocation networks or grain boundaries could account for the 
embrittlement of uranium and plutonium oxide pellets highly saturated with helium (Figure 74). 

 

Figure 74. Separation of grain boundaries observed by SEM in a PuO2 pellet stored for 40 years in nitrogen 
atmosphere (Ronchi and Hiernaut, 2004). The damage reached in these samples should correspond to the value 

reached in MOX fuel after one hundred years of cooling (Peuget, pers. com.). 
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These results are consistent with the helium release observed during vacuum annealing of MOX 
fuel by the CEA (Figure 75). The helium release exceeded the fission gas release regardless of the 
annealing temperature, as could be expected considering their respective diffusion properties. 
Significant helium release is nevertheless measured even at 350°C and cannot be explained by 
diffusion in the UO2 grains (see § 4.4.3.2). The helium released (in a vacuum) apparently corresponds 
to a fraction of the helium already present at the grain boundaries on removal from the reactor. The 
helium diffusion coefficient in the grain boundaries thus appears to be several orders of magnitude 
greater than in the grains, as previously noted for fission gases in Chapter III. 

0,00%

10,00%

20,00%

30,00%

40,00%

50,00%

60,00%

70,00%

80,00%

350°C/1h 500°C/1h 750°C/1h 1000°C/1h 1250°C/1h

Fr He

FR Xe+Kr

 

Figure 75. Fission gas and helium fractions released during vacuum annealing in successive one-hour steps 
for 4-cycle MOX fuel versus the annealing temperature (Ravel, pers. com.) 

4.4.3.4 Diffusion coefficient enhanced by alpha self-irradiation 

Only the athermal diffusion coefficients of the heavy metal atoms (U, Pu), the fission gases and 
the volatile fission products were determined in a reactor or under external ion bombardment (see 
Chapter III). No specific data are available for helium, which could be extrapolated to α self-
irradiation effects. An experimental study is now in progress to obtain the missing data (see § 4.3.2.1). 
At 1200°C, the thermal diffusion coefficient of helium is two orders of magnitude higher than for the 
fission gases, and this difference increases at lower temperatures (see Figure 73). The helium 
diffusion coefficient accelerated by α self-irradiation should thus be higher than that of the fission 
gases. 

The diffusion coefficient accelerated by α self-irradiation adopted today for the fission gases is 
about 10-25 m2·s-1 for recent spent fuel (< 100 years); this value does not allow for possible trapping in 
the bubbles (see 4.3.1.4). Figure 76 compares the diffusion coefficient accelerated by α self-
irradiation calculated over time from Eq (25) for UOX fuel (47.5 GWd·t-1) with the thermal diffusion 
coefficients for helium in UO2 (Roudil et al., 2004c) and (U,Pu)O2 (Ronchi and Hiernaut, 2004). The 
latter depend on the spent fuel temperature, for which decay is partially imposed by the interim storage 
or disposal concepts, whereas the diffusion coefficient under α self-irradiation diminishes with the α 
activity of the fuel, beginning about a hundred years after removal from the reactor. 
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Figure 76. (Top) helium thermal diffusion coefficient in UO2 and (U,Pu)O2 versus temperature  
between 100 and 400°C. (Bottom) diffusion coefficient enhanced by α self-irradiation  

in UOX fuel (47.5 GWd·t-1) versus the time after unloading from the reactor 

Based on the concepts adopted at this time (see Chapter V) and the diffusion coefficients 
proposed above, thermal diffusion predominates during the first two to six years in dry interim 
storage, depending on the type of fuel, after which it is superseded by diffusion accelerated by α self-
irradiation. 

4.4.4 Summary – Helium behavior in spent fuel 

The helium diffusion coefficient in UO2 is several orders of magnitude higher than that of 
xenon; it varies from 10-26 m2·s-1 to 10-23 m2·s-1 for temperature between 300°C and 400°C. Thermal 
diffusion of helium is significantly affected by: 
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1) the presence of irradiation defects such as fission gas bubbles, which tend to trap helium and 
slow down its diffusion; 

2) damage arising from α self-irradiation, which appears to accelerate its diffusion; the study by 
Ronchi and Hiernaut (2004) indicates a diffusion coefficient ranging from 10-24 to 10-21 
m2·s-1 in (U0.9, Pu0.1)O2 for temperature between 300 and 400°C. 

Figure 77 shows the influence of the diffusion coefficient on the α decay helium fraction 
released from the UO2 grains versus time. 
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Figure 77. Effect of the value of the diffusion coefficient on the cumulative helium fraction  
released from grains UO2 assumed spherical with a 4 µm radius (Booth’s model – from Bernard et al., 2002) 

The fission gas diffusion coefficient accelerated by α self-irradiation based on the value 
measured in a reactor or irradiator is currently estimated at about 10-25 m2·s-1 during the first hundred 
years after removal from the reactor. Although no reactor data are available for helium, the behavior 
observed under thermal conditions suggests that the coefficient under α self-irradiation should be 
higher for helium than for the fission gases. 

In the present state of knowledge, various scenarios can still be considered: 

• helium released from the grains diffuses via the grain boundaries to reach free volumes in the 
rod; 

• helium released from the grains accumulates at the grain boundaries in the form of bubbles 
or in preexisting fission gas bubbles; 

• a fraction of the helium precipitates in the form of intragranular bubbles that should inhibit 
release from the grains. 

The consequences of these situations on the mechanical strength of the grain boundaries will be 
considered in the following paragraph. 

4.5 EVOLUTION OF THE MICROSTRUCTURE 

Pellet swelling observed in the reactor is due to the cumulative irradiation damage (slight), to 
the production of fission products and, above 45 GWd·t-1, to the formation of fission gas bubbles (see 
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Chapter II, § 4.1). Once unloaded from the reactor, the cumulative effect of self-irradiation damage 
together with the changes in the chemical composition and helium production can also lead to swelling 
and modify the mechanical condition of the pellet. 

The fuel chemical composition varies with the disappearance of radioactive isotopes and the 
formation of new elements, although this evolution remains relatively limited and does not lead to fuel 
oxidation in a closed system (see § 4.2). The chemical form of the elements in the fuel should thus not 
vary over time and lead to swelling except for molybdenum, which can form MoO2 inserted in the 
crystal lattice (Martin et al., 2004). The risk of swelling due to the formation of MoO2 must still be 
evaluated. 

The risk of microscopic swelling, corresponding to the evolution of the crystallographic 
structure due to cumulative self-irradiation damage is estimated in § 4.5.1. The consequences of the 
formation of helium bubbles on the mechanical stability of the grain boundaries are discussed in § 
4.5.2. 

4.5.1 Microscopic swelling 

Solid swelling related to irradiation damage in the reactor is limited (see Chapter II). A 
bibliographical survey allowed to evaluate the effects of α and β self-irradiation damage on the lattice 
parameter (Peuget and Morelon, pers. com.). The main results are summarized below. 

4.5.1.1 Risk of matrix amorphization 

Some materials lose their crystallographic structure and become amorphous as a result of 
irradiation damage. Amorphization studies were carried out by Matzke and Whitton (1966) and 
Naguib and Kelly (1975) on materials observed under heavy ion bombardment. The authors reported 
various criteria for predicting matrix amorphization. Regardless of the criterion, UO2 and PuO2 are 
among the materials that do not become amorphous under irradiation by heavy ions (Matzke, 1982). 

Simulated displacement cascades created in a UO2 monocrystal by a uranium atom with an 
incident energy of 80 keV confirmed the absence of amorphization in this type of material in which 
defects created by the displacement cascades were extensively recombined (Rarivomanantsoa et al., 
2004). 

 

4.5.1.2 Lattice parameter variations 

Figure 78 consolidates published data illustrating the curves of microscopic swelling versus the 
mean number of displacements per atom (dpa). It also indicates the correspondence between the 
number of dpa and the time after removal from the reactor for UOX fuel (60 GWd·t-1) and MOX fuel 
(47.5 GWd·t-1). The correspondence was determined by considering the variation of the cumulative α 
dose versus time and assuming 1500 displacements per α disintegration. 
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Figure 78. Variation of the lattice parameter of UO2, PuO2 and (U,Th)O2 matrices  
versus the mean number of displacements per atom for different irradiation sources:  

α alone, α + recoil nucleus (Peuget and Morelon, pers. com.) 

In each case the lattice parameter reached saturation with respect to the dpa, due to 
recombination of the defects created by displacement cascades. The difference in behavior between 
mono- and polycrystalline samples irradiated by α particles can be attributed to the role of the grain 
boundaries as defect sinks. 

The differences observed between the two irradiation sources—α irradiation alone and α self-
irradiation—highlight the important role of the recoil nucleus. It creates about six times more atom 
displacements than the α particle, and they are more localized. The spatial overlap of the atom 
displacements in the cascade induced by the recoil nucleus is thus greater than in the case of α 
irradiation alone (recombination of Frenkel pairs). 

The relative increase in the lattice parameter reaches a saturation value between 0.25 and 0.35% 
in materials containing α-emitters, UO2 and (U,Pu)O2. The different levels observed in uraninites 
could be related to the presence of chemical elements that stabilize monovacant defects, or to the 
presence of lead. As the chemical composition of spent fuel is subject to relatively limited 
modifications (see 4.2.1), any coupling between chemical changes in the material and point defects 
can be disregarded. In addition, the lead concentration remains low25. 

These results show that saturation of the microscopic swelling as a result of α decay is reached 
for a dose of about 1 dpa. The resulting relative increase in the lattice parameter is approximately 
0.4%, which corresponds to a 1% volume increase. Saturation of the lattice parameter should occur 
very rapidly after the fuel is removed from the reactor (between 3 and 6 years for MOX fuel, after 
about fifteen year UOX fuel) and should not vary thereafter. 

                                                      
25 The lead concentration after 100 000 years in MOX fuel with a burnup of 47.5 GWd·t-1 is 8 × 10-3 wt%. 
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4.5.2 Mechanical stability of the grain boundaries 

The grain boundaries in which fission gas bubbles and metallic precipitates accumulate during 
the residence time in the reactor (see Chapter II) form the “weakest” part of the pellet after irradiation: 

• fractographs of spent fuel on removal from the reactor show intergranular failures in the coolest 
zones of the pellet (Figure 79) whereas they were transgranular prior to irradiation (see Chapter 
II); 

• rapid fuel annealing tests result in decohesion at the grain boundaries; 

• exposing the spent fuel matrix to oxidizing atmosphere should cause the grain boundaries to open 
(Leenaers et al., 2003). 

 

Figure 79. Example of intergranular failure in the pellet intermediate zone (Dehaudt et al., 2000) 

Failures at the grain boundaries, which Ronchi and Hiernaut (2004) attribute to helium 
accumulation, have been observed in a PuO2 pellet stored for 40 years in nitrogen atmosphere 
(Figure 74). However, the level of damage reached in this pellet is not specified by the authors26. 
Recent observations of 238PuO2 pellets have shown a similar behavior for a cumulated dose of 4 × 1020 
α/g which corresponds to the level of cumulated damage reached in MOX fuel after 107 years of 
cooling. Similar observations are necessary today in samples with damage levels between 10 and 30 
dpa —the value reached in MOX fuel 1,000 to 10,000 years after removal from the reactor. A 
theoretical study of the effect of intra- and intergranular accumulations of helium bubbles is now in 
progress. Until today, no certainty exists concerning the process which could cause to the opening of 
grain boundaries. 

4.5.3 Summary 

The irradiation damage generated in the UO2 matrix is due mainly to displacement cascades 
created by α radioactivity, especially by the recoil nucleus emitted with each disintegration. The 
cumulative effect of irradiation damage is limited in the UO2 matrix because of extensive 
recombination of the defects. The results discussed above have shown that (i) cumulative α self-
irradiation damage does not lead to amorphization of the material, which conserves its cubic 

                                                      
26 According to the authors, the pellet was conserved under inert atmosphere. A study by Clinard and Rohr 
(1980) showed that PuO2 pellets rapidly become fragmented in air, producing fines in less than 4 months; the 
fragmentation rate increased with the material porosity (effect of bad sintering). Thus even a brief exposure to air 
could have had serious consequences on the cohesion of the grain boundaries. 
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crystallographic structure; (ii) the value of the lattice parameter remains constant for doses exceeding 
about 1 dpa; (iii) this saturation value corresponds to a relative increase of about 0.4%, i.e. to a 1% 
volume increase. 

Following irradiation and α self-irradiation damage in the reactor, saturation of the lattice 
parameter should occur very rapidly after the fuel is unloaded from the reactor. No further microscopic 
swelling should be expected. Nevertheless, macroscopic swelling due to the formation of helium 
bubbles cannot be disregarded today. A study is now in progress to estimate its effects on the 
mechanical stability of the grain boundaries. 

4.6 SUMMARY AND CONCLUSIONS 

The consequences of the high residual radioactivity and temperature on the chemical and 
physical characteristics of spent fuel pellets in a closed system were evaluated in the light of current 
knowledge. The principal results include the following: 

• the modified chemical composition and diminishing temperature do not appear to affect the 
oxidation state of spent fuel, in which the oxygen potential is controlled by the Mo/MoO2 
couple; 

• the diffusion coefficient under α self-irradiation was estimated on the basis of the expected 
effects of α radioactivity on atom mobility in UO2 and the effects of fission observed in the 
reactor. The resulting radionuclide diffusion coefficient under α self-irradiation is about 
10-25 m2·s-1 during the first hundred years after removal from the reactor, then diminishes 
with the α activity of the fuel, although major uncertainties existence concerning the 
effectiveness of this mechanism, which must be validated by the ongoing experimental 
program; 

• thermal diffusion of helium largely exceeds that of fission gases in UO2, but remains low at 
temperatures below 400°C; helium diffusion enhanced by α self-irradiation should also 
exceed that of the fission gases. Moreover, the helium solubility appears to be limited; 
according to data obtained by Rufeh et al. (1965) in UO2, which must still be confirmed for 
spent fuel, its solubility limit should be reached a hundred years after removal of UOX fuel 
from the reactor, and immediately in the case of MOX fuel; 

• the relative increase in the lattice parameter due to the accumulation of self-irradiation 
damage remains limited to a value near 0.4%, and is reached rapidly after removal from the 
reactor; this value corresponds to a volume increase of about 1%. 

The consequences of the formation of intra- and intragranular helium bubbles on the mechanical 
strength of the grain boundaries, embrittled by irradiation in the reactor, are currently unknown. Pellet 
cracking in time cannot be excluded, and a theoretical assessment of this issue is now in progress. 
Microscopic observation of doped UO2 pellets having sustained cumulative α self-irradiation damage 
approaching the levels reached after 1000 to 10000 years of cooling will supplement the existing data. 
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4.7 ANNEX 

Table XLI. Elemental fission product and actinide inventory calculated using the CESAR5 code  
in UOX fuel (burnup: 60 GWd·t-1) 

 ELEMENT     INITIALE  100 ans 300 ans 1 000 ans 10 000 ans
Actinides

Tl 0,000E+00 5,632E-11 8,274E-12 1,593E-12 1,611E-11
Pb 0,000E+00 2,910E-03 4,549E-03 5,629E-03 4,771E-01
Bi 0,000E+00 2,990E-08 6,048E-07 2,774E-05 3,921E-02
Po 0,000E+00 4,143E-09 7,698E-08 1,265E-06 6,186E-05
At 0,000E+00 1,046E-18 9,379E-18 1,387E-16 1,744E-14
Rn 0,000E+00 2,808E-10 2,882E-09 3,954E-08 1,816E-06
Fr 0,000E+00 2,943E-14 1,263E-13 1,393E-12 1,627E-10
Ra 0,000E+00 3,619E-05 4,472E-04 6,150E-03 2,825E-01
Ac 0,000E+00 7,646E-07 1,527E-06 4,146E-06 3,910E-05
Th 0,000E+00 1,100E-01 4,548E-01 1,867E+00 1,973E+01
Pa 0,000E+00 1,413E-03 2,569E-03 6,600E-03 5,936E-02
U 1,000E+06 9,238E+05 9,240E+05 9,244E+05 9,276E+05
Np 0,000E+00 1,110E+03 1,584E+03 2,431E+03 2,838E+03
Pu 0,000E+00 1,076E+04 1,046E+04 1,008E+04 7,021E+03
Am 0,000E+00 2,051E+03 1,578E+03 6,977E+02 1,208E+02
Cm 0,000E+00 1,809E+01 1,412E+01 1,326E+01 6,009E+00
Bk 0,000E+00 1,787E-39 0,000E+00 0,000E+00 0,000E+00
Cf 0,000E+00 4,568E-05 3,188E-05 9,784E-06 3,016E-09

Total actinides 1,000E+06 9,377E+05 9,377E+05 9,377E+05 9,376E+05
Terres rares - Lanthanides

Y 0,000E+00 7,745E+02 7,744E+02 7,744E+02 7,744E+02
La 0,000E+00 2,160E+03 2,160E+03 2,160E+03 2,160E+03
Ce 0,000E+00 4,244E+03 4,244E+03 4,244E+03 4,244E+03
Pr 0,000E+00 1,991E+03 1,991E+03 1,991E+03 1,991E+03
Nd 0,000E+00 7,288E+03 7,288E+03 7,288E+03 7,288E+03
Pm 0,000E+00 7,298E-10 8,136E-33 0,000E+00 0,000E+00
Sm 0,000E+00 1,445E+03 1,439E+03 1,437E+03 1,437E+03
Eu 0,000E+00 2,338E+02 2,399E+02 2,415E+02 2,415E+02
Gd 0,000E+00 3,872E+02 3,872E+02 3,872E+02 3,872E+02
Tb 0,000E+00 7,487E+00 7,487E+00 7,487E+00 7,487E+00
Dy 0,000E+00 7,325E+00 7,325E+00 7,325E+00 7,325E+00
Ho 0,000E+00 1,203E+00 1,201E+00 1,195E+00 1,183E+00

Total  Lanthanide 0,000E+00 1,854E+04 1,854E+04 1,854E+04 1,854E+04
Précipités oxyde

Rb 0,000E+00 6,291E+02 6,291E+02 6,291E+02 6,291E+02
Sr 0,000E+00 6,586E+02 5,763E+02 5,756E+02 5,756E+02
Zr 0,000E+00 7,047E+03 7,129E+03 7,130E+03 7,125E+03
Nb 0,000E+00 5,711E-02 1,685E-01 5,583E-01 5,559E+00
Cs 0,000E+00 2,782E+03 2,570E+03 2,568E+03 2,566E+03
Ba 0,000E+00 4,931E+03 5,143E+03 5,146E+03 5,148E+03

Total précipités o 0,000E+00 1,605E+04 1,605E+04 1,605E+04 1,605E+04
Métalliques

Mo 0,000E+00 6,072E+03 6,072E+03 6,072E+03 6,072E+03
Tc 0,000E+00 1,353E+03 1,352E+03 1,349E+03 1,310E+03
Ru 0,000E+00 4,250E+03 4,250E+03 4,250E+03 4,250E+03
Rh 0,000E+00 7,174E+02 7,174E+02 7,174E+02 7,174E+02
Pd 0,000E+00 2,916E+03 2,916E+03 2,916E+03 2,915E+03
Ag 0,000E+00 1,376E+02 1,376E+02 1,376E+02 1,380E+02
Cd 0,000E+00 2,073E+02 2,073E+02 2,073E+02 2,073E+02
In 0,000E+00 2,837E+00 2,838E+00 2,838E+00 2,838E+00
Sn 0,000E+00 1,390E+02 1,387E+02 1,384E+02 1,351E+02
Sb 0,000E+00 2,618E+01 2,641E+01 2,642E+01 2,642E+01
Te 0,000E+00 9,088E+02 9,089E+02 9,092E+02 9,125E+02

Total métallique 0,000E+00 1,673E+04 1,673E+04 1,673E+04 1,669E+04
Gaz et volatils

Br 0,000E+00 3,636E+01 3,636E+01 3,636E+01 3,636E+01
Kr 0,000E+00 5,816E+02 5,815E+02 5,815E+02 5,815E+02
I 0,000E+00 4,118E+02 4,118E+02 4,118E+02 4,116E+02

Xe 0,000E+00 9,565E+03 9,565E+03 9,565E+03 9,565E+03
Total gaz et volat 0,000E+00 1,059E+04 1,059E+04 1,059E+04 1,059E+04

Métalloïdes
Ge 0,000E+00 9,483E-01 9,483E-01 9,483E-01 9,483E-01
As 0,000E+00 2,215E-01 2,215E-01 2,215E-01 2,215E-01
Se 0,000E+00 9,476E+01 9,475E+01 9,475E+01 9,470E+01

Total métalloïde 0,000E+00 9,593E+01 9,592E+01 9,592E+01 9,587E+01
Total global 1,000E+06 9,997E+05 9,997E+05 9,997E+05 9,996E+05

Masses en g/tMLi
   INITIALE  100 ans 300 ans 1 000 ans 10 000 ans

3,029E-17 4,794E-18 1,836E-18 1,847E-17
1,570E-09 2,461E-09 3,551E-09 5,486E-07
3,201E-14 6,877E-13 3,159E-11 4,466E-08
4,692E-15 8,726E-14 1,434E-12 7,017E-11
1,144E-24 1,028E-23 1,522E-22 1,913E-20
2,726E-16 3,086E-15 4,241E-14 1,949E-12
3,144E-20 1,355E-19 1,499E-18 1,752E-16
3,793E-11 4,710E-10 6,480E-09 2,977E-07
8,001E-13 1,597E-12 4,333E-12 4,087E-11
1,136E-07 4,703E-07 1,931E-06 2,041E-05
1,453E-09 2,639E-09 6,778E-09 6,096E-08

1,000E+00 9,233E-01 9,236E-01 9,240E-01 9,271E-01
1,115E-03 1,592E-03 2,442E-03 2,851E-03
1,069E-02 1,039E-02 1,001E-02 6,973E-03
2,023E-03 1,557E-03 6,875E-04 1,186E-04
1,768E-05 1,379E-05 1,294E-05 5,867E-06
1,727E-45 0,000E+00 0,000E+00 0,000E+00
4,412E-11 3,078E-11 9,437E-12 2,895E-15

1,000E+00 9,371E-01 9,371E-01 9,371E-01 9,371E-01

2,070E-03 2,070E-03 2,070E-03 2,070E-03
3,696E-03 3,696E-03 3,696E-03 3,696E-03
7,162E-03 7,162E-03 7,162E-03 7,162E-03
3,359E-03 3,359E-03 3,359E-03 3,359E-03
1,196E-02 1,196E-02 1,196E-02 1,196E-02
1,181E-15 1,316E-38 0,000E+00 0,000E+00
2,306E-03 2,296E-03 2,294E-03 2,294E-03
3,636E-04 3,732E-04 3,757E-04 3,758E-04
5,913E-04 5,913E-04 5,913E-04 5,913E-04
1,120E-05 1,120E-05 1,120E-05 1,120E-05
1,076E-05 1,076E-05 1,076E-05 1,076E-05
1,735E-06 1,731E-06 1,723E-06 1,706E-06
3,153E-02 3,153E-02 3,153E-02 3,153E-02

1,734E-03 1,734E-03 1,734E-03 1,734E-03
1,775E-03 1,558E-03 1,556E-03 1,556E-03
1,804E-02 1,825E-02 1,825E-02 1,824E-02
1,461E-07 4,310E-07 1,428E-06 1,422E-05
4,945E-03 4,577E-03 4,573E-03 4,569E-03
8,551E-03 8,919E-03 8,923E-03 8,926E-03
3,504E-02 3,504E-02 3,504E-02 3,504E-02

1,480E-02 1,480E-02 1,480E-02 1,480E-02
3,250E-03 3,248E-03 3,240E-03 3,147E-03
9,906E-03 9,906E-03 9,906E-03 9,906E-03
1,657E-03 1,657E-03 1,657E-03 1,657E-03
6,555E-03 6,555E-03 6,555E-03 6,554E-03
3,002E-04 3,003E-04 3,003E-04 3,013E-04
4,434E-04 4,434E-04 4,434E-04 4,434E-04
5,876E-06 5,880E-06 5,880E-06 5,880E-06
2,696E-04 2,690E-04 2,685E-04 2,621E-04
5,093E-05 5,139E-05 5,142E-05 5,142E-05
1,671E-03 1,671E-03 1,672E-03 1,678E-03
3,890E-02 3,890E-02 3,890E-02 3,880E-02

1,068E-04 1,068E-04 1,068E-04 1,068E-04
1,628E-03 1,628E-03 1,628E-03 1,628E-03
7,617E-04 7,617E-04 7,617E-04 7,614E-04
1,696E-02 1,696E-02 1,696E-02 1,696E-02
1,945E-02 1,945E-02 1,945E-02 1,945E-02

2,984E-06 2,984E-06 2,984E-06 2,984E-06
7,024E-07 7,024E-07 7,024E-07 7,024E-07
2,782E-04 2,782E-04 2,782E-04 2,780E-04
2,819E-04 2,819E-04 2,819E-04 2,817E-04

1,000E+00 1,062E+00 1,062E+00 1,062E+00 1,062E+00

Fraction atomique / ensemble cations initiaux
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Table XLII. Elemental fission product and actinide inventory calculated using the CESAR5 code  
in MOX fuel (burnup: 60 GWd·t-1) 

 ELEMENT     INITIALE  100 ans 300 ans 1 000 ans 10 000 ans
Actinides

Tl 0,000E+00 7,842E-12 1,257E-12 5,209E-13 1,948E-11
Pb 0,000E+00 4,064E-04 6,961E-04 4,599E-03 2,546E+00
Bi 0,000E+00 1,671E-08 7,768E-07 7,718E-05 1,801E-01
Po 0,000E+00 1,181E-08 3,334E-07 6,522E-06 3,380E-04
At 0,000E+00 7,165E-19 1,502E-17 4,414E-16 8,181E-14
Rn 0,000E+00 7,249E-10 1,272E-08 2,043E-07 9,923E-06
Fr 0,000E+00 1,536E-14 1,524E-13 4,125E-12 7,592E-10
Ra 0,000E+00 1,118E-04 1,978E-03 3,178E-02 1,543E+00
Ac 0,000E+00 3,378E-07 5,114E-07 1,273E-06 3,532E-05
Th 0,000E+00 3,385E-01 1,926E+00 8,959E+00 9,877E+01
Pa 0,000E+00 6,336E-04 9,971E-04 2,363E-03 5,131E-02
U 8,950E+05 8,513E+05 8,533E+05 8,561E+05 8,780E+05
Np 0,000E+00 1,849E+03 5,115E+03 1,095E+04 1,382E+04
Pu 1,036E+05 7,067E+04 6,862E+04 6,593E+04 4,475E+04
Am 1,365E+03 1,430E+04 1,102E+04 4,941E+03 8,907E+02
Cm 0,000E+00 2,303E+02 1,945E+02 1,831E+02 8,539E+01
Bk 0,000E+00 1,271E-38 0,000E+00 0,000E+00 0,000E+00
Cf 0,000E+00 3,579E-04 2,484E-04 7,405E-05 1,983E-08

Total actinides 1,000E+06 9,384E+05 9,383E+05 9,381E+05 9,377E+05
Terres rares - Lanthanides

Y 0,000E+00 3,904E+02 3,904E+02 3,904E+02 3,904E+02
La 0,000E+00 1,955E+03 1,955E+03 1,955E+03 1,955E+03
Ce 0,000E+00 3,855E+03 3,855E+03 3,855E+03 3,855E+03
Pr 0,000E+00 1,851E+03 1,851E+03 1,851E+03 1,851E+03
Nd 0,000E+00 6,388E+03 6,388E+03 6,388E+03 6,388E+03
Pm 0,000E+00 9,485E-10 1,057E-32 0,000E+00 0,000E+00
Sm 0,000E+00 1,659E+03 1,637E+03 1,631E+03 1,631E+03
Eu 0,000E+00 3,213E+02 3,429E+02 3,486E+02 3,486E+02
Gd 0,000E+00 4,588E+02 4,588E+02 4,588E+02 4,588E+02
Tb 0,000E+00 1,672E+01 1,672E+01 1,672E+01 1,672E+01
Dy 0,000E+00 2,017E+01 2,017E+01 2,017E+01 2,017E+01
Ho 0,000E+00 1,836E+00 1,833E+00 1,824E+00 1,806E+00

Total  Lanthanid 0,000E+00 1,692E+04 1,692E+04 1,692E+04 1,692E+04
Précipités oxyde

Rb 0,000E+00 3,429E+02 3,430E+02 3,430E+02 3,430E+02
Sr 0,000E+00 3,420E+02 3,009E+02 3,005E+02 3,005E+02
Zr 0,000E+00 4,873E+03 4,914E+03 4,914E+03 4,911E+03
Nb 0,000E+00 4,152E-02 1,227E-01 4,069E-01 4,052E+00
Cs 0,000E+00 3,729E+03 3,517E+03 3,514E+03 3,510E+03
Ba 0,000E+00 4,716E+03 4,929E+03 4,931E+03 4,935E+03

Total précipités 0,000E+00 1,400E+04 1,400E+04 1,400E+04 1,400E+04
Métalliques

Mo 0,000E+00 5,679E+03 5,679E+03 5,679E+03 5,679E+03
Tc 0,000E+00 1,384E+03 1,383E+03 1,380E+03 1,340E+03
Ru 0,000E+00 5,085E+03 5,085E+03 5,085E+03 5,085E+03
Rh 0,000E+00 1,373E+03 1,373E+03 1,373E+03 1,373E+03
Pd 0,000E+00 4,919E+03 4,919E+03 4,919E+03 4,918E+03
Ag 0,000E+00 3,204E+02 3,204E+02 3,205E+02 3,213E+02
Cd 0,000E+00 4,166E+02 4,166E+02 4,166E+02 4,166E+02
In 0,000E+00 6,755E+00 6,758E+00 6,758E+00 6,758E+00
Sn 0,000E+00 2,278E+02 2,273E+02 2,268E+02 2,210E+02
Sb 0,000E+00 4,796E+01 4,834E+01 4,837E+01 4,837E+01
Te 0,000E+00 1,089E+03 1,089E+03 1,090E+03 1,095E+03

Total métalliques 0,000E+00 2,055E+04 2,055E+04 2,054E+04 2,050E+04
Gaz et volatils

Br 0,000E+00 3,152E+01 3,152E+01 3,152E+01 3,152E+01
Kr 0,000E+00 3,384E+02 3,384E+02 3,384E+02 3,384E+02
I 0,000E+00 5,689E+02 5,689E+02 5,689E+02 5,687E+02

Xe 0,000E+00 8,905E+03 8,905E+03 8,905E+03 8,905E+03
Total gaz et volati 0,000E+00 9,844E+03 9,844E+03 9,844E+03 9,844E+03

Métalloïdes
Ge 0,000E+00 9,117E-01 9,117E-01 9,117E-01 9,117E-01
As 0,000E+00 3,003E-01 3,003E-01 3,003E-01 3,003E-01
Se 0,000E+00 7,328E+01 7,328E+01 7,328E+01 7,324E+01

Total métalloïdes 0,000E+00 7,449E+01 7,449E+01 7,449E+01 7,445E+01
Total global 1,000E+06 9,997E+05 9,997E+05 9,995E+05 9,990E+05

Masses en g/tMLi
   INITIALE  100 ans 300 ans 1 000 ans 10 000 ans

0,000E+00 8,980E-18 1,441E-18 5,988E-19 2,233E-17
0,000E+00 4,653E-10 7,974E-10 5,302E-09 2,943E-06
0,000E+00 1,903E-14 8,852E-13 8,795E-11 2,053E-07
0,000E+00 1,340E-14 3,781E-13 7,397E-12 3,833E-10
0,000E+00 7,864E-25 1,648E-23 4,845E-22 8,979E-20
0,000E+00 7,777E-16 1,364E-14 2,192E-13 1,065E-11
0,000E+00 1,647E-20 1,641E-19 4,445E-18 8,182E-16
0,000E+00 1,178E-10 2,084E-09 3,349E-08 1,626E-06
0,000E+00 3,544E-13 5,365E-13 1,336E-12 3,708E-11
0,000E+00 3,505E-07 1,995E-06 9,276E-06 1,023E-04
0,000E+00 6,527E-10 1,026E-09 2,433E-09 5,289E-08
8,957E-01 8,520E-01 8,540E-01 8,568E-01 8,790E-01
0,000E+00 1,858E-03 5,140E-03 1,101E-02 1,389E-02
1,030E-01 7,021E-02 6,816E-02 6,549E-02 4,445E-02
1,349E-03 1,411E-02 1,087E-02 4,866E-03 8,730E-04
0,000E+00 2,239E-04 1,890E-04 1,780E-04 8,300E-05
0,000E+00 1,216E-44 0,000E+00 0,000E+00 0,000E+00
0,000E+00 3,420E-10 2,373E-10 7,067E-11 1,881E-14
1,000E+00 9,384E-01 9,384E-01 9,384E-01 9,384E-01

1,045E-03 1,045E-03 1,045E-03 1,045E-03
3,351E-03 3,351E-03 3,351E-03 3,351E-03
6,514E-03 6,514E-03 6,514E-03 6,514E-03
3,127E-03 3,127E-03 3,127E-03 3,127E-03
1,049E-02 1,049E-02 1,049E-02 1,049E-02
1,537E-15 1,713E-38 0,000E+00 0,000E+00
2,645E-03 2,611E-03 2,602E-03 2,602E-03
5,009E-04 5,349E-04 5,439E-04 5,439E-04
7,011E-04 7,012E-04 7,012E-04 7,012E-04
2,505E-05 2,505E-05 2,505E-05 2,505E-05
2,966E-05 2,966E-05 2,966E-05 2,966E-05
2,650E-06 2,645E-06 2,632E-06 2,606E-06
2,843E-02 2,843E-02 2,843E-02 2,843E-02

9,467E-04 9,468E-04 9,468E-04 9,468E-04
9,232E-04 8,143E-04 8,133E-04 8,133E-04
1,244E-02 1,255E-02 1,255E-02 1,254E-02
1,063E-07 3,143E-07 1,042E-06 1,038E-05
6,625E-03 6,256E-03 6,252E-03 6,244E-03
8,186E-03 8,556E-03 8,560E-03 8,567E-03
2,912E-02 2,912E-02 2,912E-02 2,912E-02

1,384E-02 1,384E-02 1,384E-02 1,384E-02
3,328E-03 3,326E-03 3,319E-03 3,223E-03
1,184E-02 1,184E-02 1,184E-02 1,184E-02
3,175E-03 3,175E-03 3,175E-03 3,175E-03
1,104E-02 1,104E-02 1,104E-02 1,104E-02
7,001E-04 7,001E-04 7,002E-04 7,021E-04
8,931E-04 8,931E-04 8,931E-04 8,931E-04
1,401E-05 1,401E-05 1,401E-05 1,401E-05
4,417E-04 4,407E-04 4,397E-04 4,286E-04
9,344E-05 9,420E-05 9,425E-05 9,425E-05
2,008E-03 2,008E-03 2,009E-03 2,020E-03
4,737E-02 4,737E-02 4,736E-02 4,726E-02

9,267E-05 9,267E-05 9,267E-05 9,267E-05
9,499E-04 9,498E-04 9,498E-04 9,498E-04
1,054E-03 1,054E-03 1,054E-03 1,054E-03
1,583E-02 1,583E-02 1,583E-02 1,583E-02
1,793E-02 1,793E-02 1,793E-02 1,793E-02

2,882E-06 2,882E-06 2,882E-06 2,882E-06
9,536E-07 9,536E-07 9,536E-07 9,536E-07
2,164E-04 2,164E-04 2,164E-04 2,162E-04
2,202E-04 2,202E-04 2,202E-04 2,201E-04

1,000E+00 1,061E+00 1,061E+00 1,061E+00 1,061E+00

Fraction atomique / ensemble cations initiaux
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Figure 80. Part of the total activity of the radionuclides of the chains 4n, 4n+1, 4n+2,4n+3 in UOX fuel with a 
burnup of 60 GWd t-1 (CESAR5 calculations) 
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Figure 81. Part of the total activity of the radionuclides of the chains 4n, 4n+1, 4n+2,4n+3 in MOX fuel with a 
burnup of 60 GWd t-1 (CESAR5 calculations)
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Chapter 5. LONG-TERM BEHAVIOR OF THE FUEL ROD 
AND FUEL ASSEMBLY AFTER IRRADIATION 

5.1 INTRODUCTION 

In order to understand the fuel rod cladding behavior during interim storage, it is necessary to 
identify and understand the aging and damage mechanisms liable to result in cladding failure. They 
depend not only on the metallurgical state of the cladding and the mechanical stresses exerted by the 
rod internal pressure after removal from the reactor, but also on the temperature conditions 
encountered during transport and interim storage. 

In dry interim storage, during which the rod temperatures remain high, the following 
mechanisms could lead to cladding failure: 

• Creep under the effect of the internal pressure in the rod. This mechanism is thermally activated: 
inasmuch as the temperature decreases over time and the pressure diminishes accordingly as the 
pellet-clad gap increases with the deformation, the risk of creep failure should be higher during 
transport and the beginning of the interim storage period. However, over the long-term—a hundred 
years for interim storage—the fission gases released in the free volumes at the grain boundaries on 
removal from the reactor and the helium formed by alpha decay can raise the internal pressure and 
offset the effects of the temperature drop and deformation. 

• Stress corrosion cracking due to the presence of aggressive fission products—notably iodine—with 
the stresses arising from the high internal pressure. 

• Degradation from the effects of oxygen and hydrogen. 

In underwater interim storage the temperature remains low and creep deformation—which 
occurs only at high temperatures—is inexistent, although there is a risk of cladding corrosion 
underwater. Furthermore, after irradiation in the reactor the zirconium alloy components are oxidized 
and contain hydrides. The hydrides can be reoriented by prolonged exposure to relatively high 
temperatures (in transport) followed by cooling under stress, leading to embrittlement of the material 
at room temperature, and failure when subjected to external mechanical loading, for example during 
retrieval of the fuel assemblies. 

This chapter reviews the current state of knowledge of the mechanical properties of the cladding 
and fuel assembly materials after irradiation, and their potential evolution under dry or underwater 
interim storage conditions. The metallurgical state of the cladding and structural materials on removal 
from the reactor, i.e. the initial state preceding transport and interim storage, which determines its 
long-term mechanical behavior, is described in paragraph 5.2. Paragraph 5.3 describes the 
investigation of the high-temperature mechanical behavior of the cladding, while the risks of damage 
to fuel rods at low temperatures, under conditions representative of underwater interim storage, are 
described in paragraph 5.4. The risk of mechanical failure of the fuel assemblies as a result of handling 
or impact is discussed in paragraph 5.5. 
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5.2 STATE OF THE FUEL ROD AND ASSEMBLY ON REMOVAL FROM A 
PWR 

5.2.1 Modification of the cladding properties in the reactor 

Fuel rod cladding tubes are made of zirconium alloys with the compositions indicated in 
Table XLIII (see Chapter I). The fuel elements that could be not reprocessed and placed in an interim 
storage are the rods used in assemblies of the AFA concept fabricated by FRAMATOME-ANP (AFA-
2G, AFA-3G, AFA-3GLr) made of stress-relieved optimized low-tin Zircaloy-4 or recrystallized M5TM 
alloy. 

Table XLIII. Main components of zirconium alloys used in AFA-2G fuel assembly (wt%) 

Designation Zircaloy-4 (low-Sn) M5TM 

Zr Remainder Remainder 
Sn 1.35 ± 0.15 * impurity 

Fe 0.21 ± 0.03 0.03 

Cr 0.10 ± 0.03 impurity 

O 0.125 ± 0.035 0.14 

C 0.014 ± 0.006 impurity 
Nb impurity 1.00 
Si 0.005- 0.012 impurity 
S impurity 0.002 

* This value corresponds to the low-tin alloy (the maximum limit for standard Zircaloy-4 is 1.70%) 

5.2.1.1 Modification of the pellet-clad gap 

Under irradiation the gap between the pellets and the cladding gradually diminishes as a result 
of: 

• relocation of fuel fragments in the free volume; 

• fuel swelling (see Chapter II); 

• diametral deformation of the cladding due to creep under the effect of the external coolant pressure, 
which is substantially higher than the pressure inside the rod. 

Under nominal EDF PWR operating conditions with UOX fuel, the gap is fully closed at high-
temperature between the end of the first cycle and the end of the second cycle for Zircaloy-4 cladding 
tubes; this corresponds to a burnup between 15 and 20 GWd·t-1. For M5TM alloy clads, the gap is 
closed between the end of the second cycle and the end of the third cycle, i.e. for a burnup between 
about 30 GWd·t-1 and 40 GWd·t-1 (Dehaudt et al., 2000). 

Analyses of fuel removed from PWRs operated by EDF showed that under stable power 
conditions the residual gap at low temperature tends to disappear more rapidly when the average 
power level during irradiation was high (P > 200 W·cm-1) (Figure 82). When the burnup exceeds 50 
GWd·t-1, the residual low-temperature gap is nil. 
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Figure 82. Low-temperature residual diametral gap between pellets and cladding versus burnup  
(Dehaudt et al., 2000) 

5.2.1.2 Internal cladding oxidation 

The cladding inner face is oxidized by the chemical interaction that occurs when strong contact 
is established between the cladding and the pellets as the gap is closed. Oxidation develops with 
increasing burnup: zirconia is formed irregularly, first in spots more than 5 µm thick, then covering 
the entire surface to a thickness that slowly increases and stabilizes at about 9 ± 2 µm (Figure 83). 
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Figure 83. Thickness of the internal zirconia layer (UOX and MOX) versus burnup  
(Dehaudt et al., 2000) 
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5.2.1.3 External cladding oxidation 

5.2.1.3.1 Rods with Zircaloy-4 cladding 

The oxide thickness that forms along the rod depends on the thermal history of the 
metal/zirconia interface. The external zirconia thickness measured on the rods increases from the 
bottom of the rod up to level 6 (900 MWe version)27, then diminishes over the last two levels 
(Figure 84). On the “roller-coaster” profile the minima correspond to the grid positions. This profile 
arises from the regular increase in the external temperature from the bottom to the top of the rod, and 
to the temperature drop at the metal-oxide interface opposite the grids and at either end of the rod (see 
Chapter II). 

The overall oxide thickness increase with the burnup is attributable first of all to the time during 
which the rod is maintained at high temperature in contact with the coolant. The zirconia thickness at 
level 6—the most heavily corroded level—remains below 100 µm after 4 irradiation cycles. 
Disparities sometimes occur at different positions on the same rod (Figure 85). 

 

Figure 84. Zircaloy-4 clads: axial zirconia thickness versus number of cycles  
(Dehaudt et al., 2000) 

 

Figure 85. Zircaloy-4 rod irradiated for 5 cycles: typical axial zirconia thicknesses distribution  
along four generatrices (Dehaudt et al., 2000) 

                                                      
27 Level 8 in a 1300 MWe PWR 
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Examination results for Zircaloy-4 clads at EDF sites since 1985 have led to the establishment 
of a statistically representative empirical bounding relation between the thickness, e in µm, of the 
zirconia layer corresponding to the mean azimuthal value at the most oxidized level of the rod, and the 
burnup, BU in MWd·t-1 (Vrignaud and Dugué, 1994): 

e = 9.7 × 10-9 × (BU)2.1 (29) 

On experimental rods, partial flaking of the zirconia layer was sometimes observed for the 
highest oxide thicknesses at high burnup levels. It consists of small scales that detach from the 
zirconia layer. They adversely affect the heat exchange between the cladding and coolant; this can 
accelerate the oxidation beneath the flaking zones, and form a hydride blister (a zone with a high 
concentration of hydrides) resulting in local embrittlement of the cladding at low temperatures. Under 
EDF PWR nominal operating conditions (< 52 GWd.t-1), this flaking phenomenon is not observed. 

5.2.1.3.2 Rods with M5TM alloy cladding 

The corrosion kinetics of M5TM alloy is much slower than that measured on Zy-4 clads 
(Figure 86). 

 

Figure 86. Oxidized thickness versus burnup and type of alloy (Mardon et al., 2004) 

The mean zirconia thickness on M5TM rods at level 6 (900 MWe version) does not exceed 
25 µm after 6 cycles. The corrosion may have an unusual appearance, however, notably beneath the 
grids with springs in alloy 718 and particularly the lower ones, where the zirconia thickness can be 
locally slightly higher, up to 35 µm. This type of corrosion principally occurs at the beginning of 
irradiation beneath the lower grids: zirconia thickness slightly evolves with increasing burnup. 

5.2.1.4 Cladding microstructural changes in the reactor 

5.2.1.4.1 Structural modifications due to irradiation 

The two major Zircaloy-4 structural transformations arising from in-pile irradiation per se are: 

• a change in the dislocation structure with the creation of ‘a’ and ‘c’ loops; these irradiation defects 
cause the alloy to become harder and less ductile (Figure 87 and Figure 88); 

• a change in the precipitation of intermetallic phases (the most common being Zr(Fe,Cr)2), leading 
to amorphization during which iron and—to a lesser extent—chromium leave the precipitates and 
dissolve in the zirconium matrix. This can result in a secondary precipitation forming new, small 
ZrFeCr, Zr5Sn3 or Zr(Fe,Cr)2 precipitates. Amorphization never occurs uniformly along the 
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cladding, and is less severe at high irradiation temperatures, i.e. on the upper portion of the rod 
(Gilbon and Simonot, 1994). 

 

Figure 87. Stress-relieved unirradiated Zircaloy-4 (upper photo) with very elongated or 
flattened grains, and stress-relieved irradiated Zircaloy-4 (lower photo) having grains of 
the same shape as before irradiation but with a “hazy” or grayish microstructure due to 

irradiation defects (‘a’ loops in particular) (Gilbon and Doriot, pers. com.) 

 

Figure 88. Detail of ‘a’ loops (small black circular zones) in stress-relieved irradiated 
Zircaloy-4. Micrographic image along g = 10–10 near the base plane of a flattened grain 

(Gilbon and Doriot, pers. com.) 

5.2.1.4.2 Structural modifications due to corrosion 

When Zircaloy is oxidized by water (external corrosion, see paragraph 5.2.1.3), water reduction 
releases hydrogen, some of which is absorbed by the cladding. Measurements of spent fuel cladding 
tubes have shown a correlation between the hydrogen concentration and the oxidized cladding 
thickness (Figure 89), according to the following empirical relation (Bordier, pers. com.)28: 

[H] (ppm) ≈ 8e (µm) (30) 

                                                      
28 Absorbed fraction of hydrogen in M5TM is lower than in Zy-4. For M5TM,the hydrogen content remains lower 
than 100 ppm in the examined spent fuel rods. 
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Figure 89. Relation between the overall hydrogen concentration and the cladding oxide 
thickness for Zircaloy-4: CEA data (Bossis, 2004) 

As soon as the solubility limit is reached at the reactor operating temperature, hydrogen 
precipitates in the form of platelets. Hydrides precipitate where their energy of formation is lowest. 
The platelets are oriented epitaxially on the base planes, or at right angles to the tensile loads. In 
material irradiated under “normal” PWR operating conditions, as in unirradiated material not 
subjected to stress loading, hydrides precipitate on the {10-17} plane at 14.7° from the base plane, i.e. 
with a circumferential orientation. 

The hydride occupancy increases with the hydrogen concentration in the material (Bailly, 1997). 
Moreover, under irradiation the temperature gradient in the cladding thickness results in a non-uniform 
hydrogen distribution, as it tends to migrate toward cooler zones, i.e. toward the cladding outer 
surface. The micrographic images of irradiated clads (Figure 90) show the hydride distribution 
observed on a cross section of the tube after irradiation. 
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Zircaloy-4, 5 cycles, level 6 

 
 

M5TM alloy, 6 cycles, level 4 

Figure 90. Micrographic images of irradiated clads showing the hydride 
distribution in the cladding thickness (Bossis, 2004) 

5.2.1.5 Mechanical properties of the cladding on removal from the reactor 

The higher concentration of irradiation defects—especially ‘a’ loops—results in significant 
hardening. The elastic limit and the failure limit increase regularly with the irradiation dose up to a 
saturation level. Similarly, the ductility decreases. Figure 91 and Figure 92 illustrate this variation of 
the mechanical properties with the integrated dose. 



Synthesis on the spent fuel long-term evolution 

126 

 

Figure 91. Bursting properties at 350°C of stress-relieved Zircaloy-4 clads versus fluence  
(ultimate tensile strength Rm, elastic limit Rp0,2, uniform elongation Ar) (Hugot, pers. com.) 

Figure 92. Tensile strength and ductility at 350°C of stress-relieved irradiated PWR Zircaloy-4 clads  
(ultimate tensile strength Rm, elastic limit Rp0,2, uniform elongation Ar, and total elongation At) (Hugot, pers. 

com.) 

The thermal creep behavior is also affected by the irradiation dose. The material creep rate 
decreases as the irradiation increases, as shown in Figure 93. 
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Figure 93. Effect of fluence on thermal creep of stress-relieved irradiated Zircaloy-4 
cladding after 240 h (T = 400 °C and σθ-σr = 130 MPa) 

5.2.2 Cladding stress configuration on removal from the reactor 

5.2.2.1 Internal pressure in PWR rods 

The pressure increase measured in the rod on removal from the reactor is due to fission gas 
release (see Chapter III) and to the reduction in the free volumes (cladding creep under the external 
pressure of the coolant, fuel swelling, etc.) which diminish from about 17 cm3 in the unirradiated rod 
to about 12 cm3 after irradiation. At room temperature (20°C) the internal pressure in a rod with a 
burnup of 60 GWd·t-1 is about 40 bars, compared with an initial helium pressure of 26 bars. Rods with 
M5TM alloy cladding are generally less pressurized initially and conserve a lower internal pressure on 
removal from the reactor (Figure 94). MOX fuel rods are always pressurized initially to 26 bars, 
hence the more uniform pressures measured at room temperature on removal from the reactor for the 
same burnup (Figure 95). The room temperature pressures on removal from the reactor are higher for 
MOX fuel. 
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Figure 94. Internal pressure of UOX rods at 20°C after 
irradiation (CEA “CRACO” database) 
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Figure 95. Internal pressure of MIMAS MOX rods at 20°C after 
irradiation (CEA “CRACO” database) 

5.2.2.2 Estimated hoop stress on removal from the reactor 

In transport and dry interim storage, during which the temperature remains high, the primary 
expected cause of cladding damage is creep. Creep strain is controlled by the mean component (σθm) 
of the hoop stresses (σθθ) exerted on the cladding wall. The σθm values calculated for 5-cycle UOX and 
4-cycle MOX fuel, for which the end-of-life internal pressure (pint) at 300 K is between 40 and 60 bars, 
are shown in Figure 96. 
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Figure 96. Mean hoop stress σθm versus temperature and internal pressure at room temperature, 
assuming uniform external and internal zirconia thicknesses (respectively 100 µm and 10 µm) and that zirconia 

layer exhibits no mechanical strength (Bouffioux, pers. com.) 

The cladding creep strain diminishes the internal pressure by increasing the free volume (see 
paragraph 5.3.3.1). 

5.2.3 Modification of the fuel assembly structure in the reactor 

The metallurgical and mechanical properties of the structural materials are modified in the 
reactor by the effects of irradiation and corrosion of the microstructure in the same way as the 
cladding. 

5.2.3.1 Guide tubes 

The initial microstructure of the Zircaloy-4 guide tubes is recrystallized, unlike the cladding 
material in Zircaloy-4 which is stress-relieved. Moreover, the guide tubes are subjected to different 
conditions in the reactor than the clads: the temperature is lower and there is no temperature gradient 
in the tube wall and no internal pressure either. 

5.2.3.1.1 Oxidation-hydridation of the guide tubes 

In the reactor the internal and external guide tubes in contact with the primary coolant become 
oxidized. The axial temperature gradient results in an oxide layer of variable thickness over the length 
of the guide tube. Circumferential and even radial cracks can be observed by optical microscopy in the 
oxide layers. Conversely, no flaking has been observed during examinations by EDF; the maximum 
thickness per face does not exceed 37 µm (4-cycle rod). The internal and external zirconia layers are 
identical, except for some lots in which the guide tube inner wall was oxidized more quickly (Averty, 
pers. com.). 

Hydridation occurs simultaneously with oxidation, and the maximum concentrations measured 
after 4 cycles are about 500 ppm 29 in the hottest zone (level 6). The absorbed hydrogen fraction is 
about 15%, which is consistent with published data correlating hydridation and oxidation. At room 
temperature the hydrogen solubility limit in Zircaloy is virtually zero, and the hydrogen in the material 
largely precipitates as hydrides. The hydride distribution in the guide tube thickness is much more 
uniform than in the fuel rod cladding, but varies from one lot to another: tubes with higher tin content 
and an internal oxide layer thicker than the outer layer exhibit precipitated hydrides on the inner wall. 
                                                      
29 Maximal concentration = 726 ppm 
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The other guide tubes have larger hydride concentrations at mid-thickness. The guide tube 
microstructure results in a more random orientation of the precipitated hydrides, rather than 
circumferential as in the clads. Hydrogen content increases over the height of the tube following the 
oxidation gradient (Figure 97). 

 
Niveau 3 Niveau 6 

Figure 97. Hydride distribution in a guide tube wall irradiated for 3 cycles(EDF data) 

5.2.3.1.2 Tensile properties 

Tensile tests performed by EDF on guide tubes at room temperature and at 325°C showed that 
irradiation and hydridation modify the mechanical properties of the guide tubes in the same way as the 
cladding tubes (see paragraph 5.2.1.5). Figure 98 shows the results obtained on guide tubes irradiated 
for 4 cycles. The variation in the mechanical properties is more pronounced in samples from the upper 
portion of the assembly. 
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Figure 98. Variation of tensile properties at room temperature in guide tubes irradiated for 4 cycles (ultimate 
tensile strength Rm, elastic limit Rp0,2, uniform elongation Ar and total elongation A) (ED data) 

5.2.3.2 Grids 

As for other Zircaloy components, oxidation and hydridation of the grids increase toward the 
top of the assembly. The maximum hydrogen concentrations measured at grid 7 are about 200 ppm for 
a burnup of 45 GWd·t-1. The weld seams in confined zones between grid straps and in heat-affected 
zones (HAZ) are significantly more oxidized than the strips or the weld metal zone. 

The hydride distribution is different between the welds, the HAZ and the strips (Figure 99). At 
hydrogen concentrations of 200 ppm in the fusion zone, the hydrides are found as large flakes 
(~50 µm). At the interface between the weld metal and the heat-affected zone is a narrow region (0.1–
0.2 mm) free of hydrides. Within the HAZ, the hydride flakes are smaller than in the welds (~25 µm). 
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In the strip, the hydrides are clustered in aggregates uniformly distributed in the thickness and mostly 
parallel with the faces. 

 

Figure 99. Hydridation in a cruciform weld on grid 7 at 45 GWd·t-1 (EDF data) 

In the weld seams between the grid straps on the grid faces, cracks are sometimes observed by 
EDF even on grids with low hydride content (Figure 100). The cracks coincide with hydrides that 
precipitated where the weld metal binds the inner and outer grid straps (at the edge of the confined 
zone). The cause of the cracking could not be determined: sample preparation, mechanical failure, 
delayed hydride cracking (DHC). This phenomenon indicates local embrittlement in the grid 
assembly. 

 

 

Figure 100. Cracking due to hydrides in the weld metal (front weld): EDF data 

5.2.4 Summary: Condition of the cladding and structural materials 
on removal from a PWR 

Under irradiation in a reactor, the microstructure of the cladding and structural materials 
changes due to irradiation itself (modifications in the dislocation structure) and to corrosion (oxidation 
and hydridation). The result is significant hardening of the materials. 

The thickness of the oxidized layer in fuel rod claddings depends on the axial temperature 
profile during irradiation and on the type of alloy used. The maximum thickness is observed at level 6 
(in a 900 MWe PWR) but it generally does not exceed 100 µm in Zircaloy-4 and is about 25 mm in 
M5TM after 6 irradiation cycles. Internal oxidation remains limited to about 10 µm. 

Fission gas release in the free rod volumes and pellet swelling during irradiation (see Chapter II) 
cause the internal rod pressure on removal from the reactor to exceed the initial pressurization value. 
For UOX fuel rods with Zircaloy-4 clads the average is 40 bars (at room temperature) for an initial 
helium pressure of 26 bars and a burnup of 60 GWd·t-1. Under the same conditions, the pressure is 
slightly higher (50 bars) for MOX fuel. 

The next section addresses the effect of the temperature on the mechanical properties of spent 
fuel cladding. 
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5.3 CLADDING BEHAVIOR AT HIGH TEMPERATURES 

Spent fuel subassemblies discharged into the reactor cooling pool remain in their end-of-life 
condition during this interim storage period. Interim pool storage maintains the spent fuel assemblies 
at low temperatures (about 50°C) as long as their residual power is considered high, to limit thermally 
activated phenomena such as thermal creep or generalized corrosion. Under these conditions over 
relatively short time periods (less than 20 years) no significant changes are expected in the spent fuel 
assembly in the pool. During transport or dry interim storage, however, the cladding is subjected to 
high temperature fields that could lead to: 

• partial or total recovery of irradiation damage; 

• dissolution of the existing hydrides; 

• precipitation of hydrides during cooling (their size and orientation depend on the cooling rate and 
the stress state of the material. 

5.3.1 Rod temperature conditions in dry interim storage 

The temperatures that can be expected during transport and dry interim storage depend on the 
type of fuel, burnup and pool cooling time, as well as on the concepts implemented for transport and 
interim storage30. 

The results of rod temperature calculations in interim storage vaults comprising square shafts 
capable of containing two assemblies vertically are indicated here for discussion only. The rod 
temperature versus time is plotted in Figure 101 and Figure 102 for different interim storage 
durations depending on the type of fuel assembly and the prior pool cooling time. The maximum 
temperature at the beginning of interim storage versus the pool cooling time and the axial temperature 
profile variation over time are shown in the figures in 5.7. 

100

150

200

250

300

350

400

450

0 1 2 3 4 5 6 7 8

Durée d'entreposage (ans)

Te
m

pé
ra

tu
re

 (°
C

) UO2 - 3 ans
UO2 - 2,5 ans
UO2 - 2 ans
UO2 - 1,6 an
MOX - 10 ans
MOX - 5 ans

Combustible et 
durée de refroidissement 

avant entreposage

Type of fuel and 
duration of cooling 
before storage in 

years)

Time (years)

3 y.
2.5 y.
2 y.
1.6 y.
10 y.
5  y.

100

150

200

250

300

350

400

450

0 1 2 3 4 5 6 7 8

Durée d'entreposage (ans)

Te
m

pé
ra

tu
re

 (°
C

) UO2 - 3 ans
UO2 - 2,5 ans
UO2 - 2 ans
UO2 - 1,6 an
MOX - 10 ans
MOX - 5 ans

Combustible et 
durée de refroidissement 

avant entreposage

Type of fuel and 
duration of cooling 
before storage in 

years)

Time (years)

3 y.
2.5 y.
2 y.
1.6 y.
10 y.
5  y.

 

Figure 101. Temperature of the hottest rods in UOX (33 GWd·t-1) and MOX (43.5 GWd·t-1) fuel assemblies 
versus time during the early years of interim vault storage (8 UOX assemblies or 4 MOX assemblies per shaft)  

(Riou and Maunier, pers. com.) 

                                                      
30 The maximum transport temperature recommended today by EDF and FRAMATOME is 420°C. 
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Figure 102. Temperature of the hottest rods in UO2 (33 GWd·t-1) and MOX (43.5 GWd·t-1) fuel assemblies 
versus time during interim storage in a vault (8 UO2 assemblies or 4 MOX assemblies per shaft):  

(a) during the early years for different cooling times; (b) during the first 100 years  
(Rampal and Amoignon, pers. com.) 

The initial interim storage temperature can be controlled to ensure it is below 400°C by 
modulating the pool cooling time. 

The residual thermal power in MOX fuel assemblies is higher than in UOX assemblies, and the 
temperature of MOX fuel rods remains more than a hundred degrees Celsius higher than for UOX rods 
during the first hundred years of interim storage. The temperature of UOX rods diminishes rapidly to 
about 150°C after 6 years of interim storage. MOX fuel rods reach about 300°C during the same 
period, diminishing to 200°C after a hundred years. 

5.3.2 Microstructural evolution of the materials with the temperature 

The long-term behavior of spent fuel cladding tubes depends on the material microstructural 
state after irradiation, but also on its evolution over time at the temperatures expected in transport and 
interim storage (see paragraph 5.3.1). The conditions under which recovery and recrystallization occur 
in Zircaloy-4 with and without stress loading were investigated for the hydrided non irradiated 
material and for the irradiated material. 

5.3.2.1 Recovery and recrystallization of stress-relieved Zircaloy-4 

5.3.2.1.1 Stress-relieved hydrided Zircaloy-4 without stress loading 

Studies of strain-hardening defect recovery in hydrided Zircaloy-4 revealed a delay in recovery 
due to the presence of hydrogen in the material at concentrations above 100 ppm (Figure 103). 
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(b) at 520°C 

Figure 103. Effect of hydrogen on recovery and recrystallization of stress-relieved Zircaloy-4 (Gras, pers. com.) 

This effect is enhanced at higher hydrogen concentrations and lower annealing temperatures. 
The activation energy expressed as Q/R can be roughly estimated from the hydrogen concentration [H] 
as follows (Legras, pers. com.):  

Q/R (K) = 45878 + 34 [H] (ppm) (31) 

The data established for a hydrided material without stress loading led to a Johnson-Mehl-
Avrami law to calculate the recovered fraction from the temperature and duration of annealing. 
According to this model, only high-temperature transport (> 470°C) can initiate recovery in a hydrided 
material with 300 ppm hydrogen. 

5.3.2.1.2 Stress-relieved hydrided Zircaloy-4 with stress loading 

In the same way as for the hydrided material without stress loading, the tests under load showed 
that hydrogen very sharply slows down material recovery. With the material in the as-received state, 
annealing at 470°C for 4, 6 or 10 days (under load or not) resulted in recovery. On a tube containing 
600 ppm of hydrogen, no sign of material recovery was visible after annealing (Figure 104). 
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Figure 104. Tensile tests at room temperature of stress-relieved Zircaloy-4 (as-received and hydrided states) 
with and without stress loading at 470°C 

5.3.2.1.3 Recovery and recrystallization of irradiated stress-relieved Zircaloy-4 

Detailed TEM observation of the microstructure showed that above 500°C, recrystallization, 
annealing of irradiation defects and reprecipitation of additional elements are nearly complete 
(Figure 105). At test temperatures below 500°C, any recrystallization was not significant. It appeared 
to be favored by deformation, and by testing at high temperatures and/or for extended durations. At 
least partial annealing of the ‘a’ loops also appeared to occur above 400°C (Cappelaere et al., 2001). 

 

Figure 105. Recrystallized microstructure and reprecipitation of dissolved elements after 10 days at 520°C  
(Doriot and Perinet, pers. com.) 

The results obtained with irradiated material are in good agreement with the relation established 
for recovery and recrystallization of strain-hardening defects in stress-relieved hydrided Zircaloy-4. 
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Moreover, a 10-day residence time at 470°C was found to affect the subsequent creep behavior at 
400°C at 150 MPa: test specimens subjected to prior high temperature treatment exhibited higher 
creep kinetics than the other specimens (Figure 106). The increased ductility can be attributed to the 
gradual recovery of irradiation defects, in agreement with the microstructural observations. 

-0,001

0

0,001

0,002

0,003

0,004

0,005

0 10 20 30 40 50 60 70

time (days)

ho
op

 st
ra

in

470°C 80 MPa

470°C 120 MPa

470°C  0 MPa

after a previous period 

without previous period

 

Figure 106. Effect of prior creep testing for 10 days at 470°C on the creep behavior of  
stress-relieved irradiated Zircaloy-4 (Cappelaere et al., 2001) 

5.3.2.1.4 Summary 

The tests with stress-relieved hydrided or irradiated Zircaloy-4 lead to the conclusion that 
respectively recovery of strain-hardening defects or irradiation defects for 10 days at 470°C has an 
observable effect on the mechanical behavior of the material. In the hydrided material, the higher the 
hydrogen concentration in the material, the slower the recovery kinetics. 

At a finer scale, irradiated material microstructure observations showed that partial annealing of 
the ‘a’ loops can be observed above 400°C. 

5.3.2.2 Variation of the hydride distribution in the cladding 

After irradiation the hydrides are distributed nonuniformly in the cladding along both the height 
and thickness of the rod. Most of the hydrides are circumferentially oriented. The risks of 
redistribution or reorientation of the hydrides modifying the mechanical behavior of the cladding at 
room temperature (see paragraph 5.4.2) are considered below. 

5.3.2.2.1 Reorientation of the hydrides 

In the event of cooling under stress, for example between transport and interim storage, or 
within dry interim storage, precipitation of the hydrogen present in the pressurized cladding can lead 
to the formation of radial hydrides, whereas they are circumferential on removal from the PWR. The 
CEA and EDF have undertaken research to determine the conditions of hydride “reorientation” and to 
infer the consequences on the mechanical behavior of the cladding at high temperature during interim 
storage and at room temperature on retrieval. 

The first step was to supplement published data by determining the conditions under which 
radial hydrides form during cooling under stress 31from temperatures above 350°C. A reorientation 
                                                      
31 During these tests, the internal pressure is constant 
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stress threshold was identified in unirradiated and irradiated material, above which radial hydrides 
form. The higher the temperature before cooling, the lower the threshold value (Figure 107). The 
figure shows that the temperature-stress range that can be expected during transport and interim 
storage may be affected by hydride reorientation. 
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Figure 107. Hydride reorientation conditions (CEA tests) and comparison with 
published data 

Moreover, for the same initial temperature, the radial hydride fraction increases with the stress. 
This is illustrated in Figure 108 for stress-relieved unirradiated Zircaloy-4 hydrided to 200 ppm with 
an initial temperature of 400°C. The initial circumferential orientation of the hydrides becomes 
primarily radial as the stress loading increases, passing through a mixed hydride configuration at 
intermediate stress levels, at which both circumferential and radial orientations coexist. 
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Figure 108. Radial hydride fraction versus stress loading in stress-relieved Zircaloy-4  
hydrided to 200 ppm of hydrogen (initial temperature before cooling: 400°C) (Chaise et al., pers. com.) 
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5.3.2.2.2 Axial hydrogen migration 

The hydrogen distribution and rod temperature are not uniform on removal from the reactor. 
The possibility was investigated that the concentration and temperature gradients could lead to axial 
hydrogen migration toward the cooler zones at either end of the rods during gradual cooling, which 
could embrittle the plugs weld seams. 

Supersaturation—which is necessary for hydride precipitation—would first appear in the cooler 
zones at the ends of the rod. In order to restore the chemical equilibrium between the hydrogen in 
solution and the precipitated hydrogen, a hydrogen stream is established from the zones in which 
hydrogen is still supersaturated to the precipitation zones (Lemaignan, pers. com.). 

Migration due to the effect of these gradients has been estimated for UOX and MOX assemblies 
under temperature conditions corresponding to those indicated in Figure 102 (vertical interim storage 
in a vault) with a temperature gradient of about 150°C/m at the upper plug (Cappelaere et al., 2001). 
The bounding axial variation of the calculated hydrogen distribution profile in a MOX fuel rod after 
100 years of interim storage is shown in Figure 109. These findings indicate low axial hydrogen 
migration under these conditions. 

 

Figure 109. Hydrogen distribution in MOX fuel rod cladding after 100 years of interim storage 

5.3.2.2.3 Summary 

The studies described above show that the hydride reorientation stress threshold can be reached 
during interim storage. The effect of radial hydride precipitation in the material on the room 
temperature mechanical behavior of the cladding is discussed in paragraph 5.4.2. 

Axial redistribution of the hydrides should be low under interim storage conditions. 

5.3.3 Cladding creep behavior 

In the range of temperature and stress level concerned by the dry storage, according to the 
deformation mechanisms mapping of (Ashby,1972), dislocation climb-controlled glide creep seems to 
predominate.   

The thermal creep response is classically described by three stages:  

• during the primary or transient stage, an intergranular stress field appears because of the 
viscoplastic anisotropy, inducing a slowing of the creep rate. This stage is characterized by an 
increasing of the dislocations density; 
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• the secondary or stationary creep stage is characterized by a stationary creep rate and a stationary 
dislocations density; 

• the creep rate increases during the tertiary creep stage and leads to rupture. 

5.3.3.1 Hoop stress evolution 

The pressure inside the rod varies during the interim storage period under the opposing effects 
of various phenomena: 

• the release of helium or fission gases in the gap (see Chapter III) and gaseous swelling of the 
pellets as helium formed by alpha decay precipitates in the form of bubbles, contribute to 
increasing the pressure; 

• the temperature decrease over time and the increasing free volumes due to creep strain tend to 
reduce the pressure. 

The overpressure that should be created by the complete release into the free rod volumes of 
the helium formed by alpha decay in MOX fuel irradiated at 47.5 GWd t-1 is 125 bars at 250°C after 
one hundred years of cooling, yielding an additional tangential stress of 91 MPa (Poinssot et al., 
2001). This is an extremely conservative calculation, however, since it is based on the release of all the 
helium from the UO2 grains—considering the element mobility expected during interim storage (see 
Chapter IV), this appears to be an unrealistic assumption—and does not take into account the pressure 
drop resulting from cladding deformation. 

5.3.3.2 Creep model 

The creep laws developed to date (see Annex) are in good agreement with these observations as 
long as there is no acceleration of the creep behavior, i.e. for small deformations. However, creep tests 
performed by the CEA showed that under certain conditions early creep acceleration can occur with 
small deformations—typically between 0.5 and 1%—and are underestimated by the existing models. 
The progressive recovery of irradiation defects appears to be responsible for this increased ductility, as 
confirmed by TEM observation of the microstructure. This phenomenon increases with the test 
temperature and duration. Stress loading also appears to enhance this phenomenon, although this must 
still be confirmed. 

Work is now in progress to model the recovery of irradiation defects and to extend the validity 
range compared with the available models32. The proposed approach is described in Annex. 

5.3.3.3 Mechanical criterion for cladding integrity 

Peehs et al. formalized a failure criterion corresponding to 1% creep strain as a conservative 
limit to prevent the onset of tertiary creep (Spiker et al., 1997). Nevertheless, the authors emphasize 
that an irradiated cladding can withstand deformations above 1% without failure, as also indicated by 
the failure strain values measured on irradiated clads during creep testing by the CEA (Figure 110). 
This phenomenon is attributed to significant recovery of irradiation defects resulting in increased 
ductility of the irradiated material in the stress range expected in transport and interim storage. 

                                                      
32 380–420°C, 150–250 MPa 
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Figure 110. Failure strain of stress-relieved Zircaloy-4 clads irradiated for 4 cycles  
versus stress and temperature (nr: no rupture) (Limon et Lehmann, 2004) 

CEA test results with low and high stress loading of unirradiated and irradiated stress-relieved 
Zircaloy-4 were analyzed to propose a preventive criterion for cladding failure due to creep under 
internal pressure. Calculations with a program known as MISTRAL (MaterIal STRAin Laws) yielded 
the following results: 

• In each case, tertiary creep without damage can be explained by strain due to increased stress. 

• With the exception of high stress levels in irradiated material with low ductility, failure occurs 
mainly by the resulting plastic instability. 

However, reliable failure prediction would require a very accurate viscoplasticity model with 
allowance for recovery from irradiation hardening. A conservative criterion against creep failure under 
internal pressure was proposed by Limon and Lehmann (2004) It is based on a theoretical analysis (in 
which strain-hardening is disregard) of plastic instability in the unirradiated material and an empirical 
approach for irradiated material. The criterion is expressed in terms of a maximum permissible strain 
versus the stress and fast neutron fluence (Limon et Lehmann, 2004): 
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where θσ′  and pl
θε  are the rational values of the stress (σθθ–σrr) and hoop creep strain at any 

given instant, and φt is the fast neutron fluence. The m0 and σc parameter values are 1 and 34 MPa, 
respectively, a = 0.000011 and b = 0.2 for φt in n·m-2. 

In the range applicable to interim storage, this criterion yields a maximum permissible strain 
above 2% for a 4-cycle irradiated material (Figure 111). It is less severe than the 1% criterion in the 
range of conditions applicable to interim storage, but is still conservative because the effects of 
recovery of irradiation defects that increase the cladding ductility during creep were not taken into 
account in developing this criterion. 
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Figure 111. Maximum permissible strain versus stress and fluence (Limon et Lehmann, 2004) 

5.3.3.4 Summary 

In transport and dry interim storage, the cladding is deformed due to the temperature and 
internal pressure. The latter varies over time as the temperature decreases and the cladding is 
deformed—both of which tend to reduce the pressure—and helium or fission gas is released into the 
free volumes in the rod—which tends to increase the pressure. 

A model integrating the effect of recovery from irradiation defects on the cladding creep 
behavior revealed by microstructural observations is now being developed. It will extend the validity 
range beyond that of the laws currently proposed in the literature. 

Studies founded on the existing CEA test database have made it possible to propose a 
conservative failure criterion based on a theoretical analysis approximating plastic instability in 
unirradiated material and an empirical approach for irradiated material. Under the conditions expected 
during interim storage, it indicates a maximum permissible strain exceeding 2% for a 4-cycle 
irradiated CWSR Zircaloy-4 cladding. 

5.3.4 Risk of stress corrosion cracking 

This section addresses another failure risk that is also thermally activated. The development of 
stress corrosion cracking (SCC) requires both mechanical stress loading and an aggressive chemical 
environment. Failures with a morphology characteristic of SCC have been observed in an 
experimental reactor following strong pellet-cladding interaction during power transients. Iodine was 
identified as the species responsible for stress corrosion (Lemaignan, 1996). The risk of failure arising 
from this mechanism under transport and interim storage conditions was the subject of a dissertation 
(Walle, 2002), from which the main findings are discussed below. 

5.3.4.1 SCC failure mechanism 

The SCC failure mechanism can be broken down into four phases (Walle, 2002): 

• the inception stage characterized by the formation of solid zirconia and iodine compounds on the 
metal surface and by incompatible deformation phenomena between grains favorable to the 
inception of intergranular cracking; 

• a slow propagation stage combined with intergranular crack propagation; this stage could account 
for 80% of the time to material failure; 

• rapid propagation combined with transgranular crack propagation; 
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• rupture when the hoop stress localized in the residual thickness exceeds the failure limit. 

There is a stress threshold, defined as the stress below which material failure is not observed 
within a specified time during laboratory testing. This threshold is equal to about 300 MPa for 1000 
hours of testing with unirradiated material, and about 200 MPa for 100 hours of testing with irradiated 
material. The stress threshold value measured in the laboratory is thus apparently reached in an 
experimental reactor during power transient tests. 

Laboratory tests were also carried out to determine an iodine concentration threshold below 
which the SCC mechanism cannot occur. The values obtained were highly scattered, however, and 
difficult to interpret because it is difficult in the laboratory to reproduce the complex chemical 
environment in a spent fuel rod. 

Table XLIV compares the temperature and stress conditions expected in transport and interim 
storage with the conditions under which SCC is observed in the reactor. During interim storage the 
stress levels are substantially lower than in the reactor, and remain below the stress threshold defined 
by laboratory tests, which, however, last less than 1000 hours (about 40 days). 

Table XLIV. Comparison of interim storage conditions and in-reactor SCC conditions (Walle, 2002) 

Context Duration Temperature Hoop stress σθθ* 

Power transient A few minutes T > 350°C > 300 MPa 
Transport 10–20 days T < 450°C < 150 MPa 
Dry interim storage 0–1 year 250°C < T < 400°C 75 MPa < σθθ< 160 MPa 

 1–10 years 150°C < T < 400°C for UOX fuel 
300°C < T < 400°C for MOX fuel 

50 MPa < σθθ < 110 MPa 
100 MPa < σθθ < 125 MPa 

 10–100 years T < 400°C for UOX fuel 
T < 400°C for MOX fuel 

σθθ < 50 MPa 
σθθ < 75 MPa 

* Calculated stress without taking into account the potential release of He or fission gases during interim storage nor cladding 
creep strain (see paragraph 5.3.3.1) 

5.3.4.2 Chemical species involved 

Iodine, the most aggressive element reacting with zirconium, is considered responsible for the 
SCC observed in an experimental reactor. It reacts with zirconium to form zirconium iodides with 
various stoichiometries depending on its availability in gaseous form in the rod, where it can interact 
with the cladding. It was shown in Chapter IV that the oxygen potential and thus the chemical form of 
the elements in the rod does not change as long as the fuel is under inert atmosphere (in the cladding 
or a leaktight canister). The quantity of gaseous iodine in the rod during transport and interim storage 
thus depends on its chemical form in the spent fuel pellet on removal from the reactor. 

Based on calculations at thermodynamic equilibrium, Walle (2002) identified the following 
equilibria controlling the iodine partial pressure in the rod (where angle brackets < > designate solid 
species): 

2<CsI> +<UO2> + O2 ↔ <Cs2UO4> + 2I 

2<CsI> +<Mo> + 2O2 ↔ <Cs2MoO4> + 2I 

and defined two reactor operating scenarios: 

• Under nominal PWR operating conditions, chemical equilibrium calculations indicate that all the 
iodine present in the spent fuel is trapped as CsI (see Chapter II). 

• Under severe operating conditions (accident situation) the available iodine concentration in gaseous 
form in the rod could be controlled by the formation of either cesium uranate or cesium molybdate. 
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5.3.4.3 Conclusions 

If iodine is present in the rod as CsI, its partial pressure is too low to induce SCC. Only the 
formation of cesium molybdate in the reactor could result in a significant interaction with the cladding. 
The temperature is the critical parameter in this case. The risk of failure by SCC can be disregarded if 
the temperature remains below 420°C during transport and below 315°C in dry interim storage (Walle, 
2002). At higher temperatures, the risk is limited by the availability of oxygen and by kinetic 
constraints. 

It is important to note, however, that the scenarios considered are based on calculations at 
equilibrium among compounds whose presence was not demonstrated by microstructural analysis 
performed by Thomas (1992) on high-burnup fuel. Equilibrium conditions do not appear to be reached 
at PWR operating temperatures. 

5.3.5 Cladding oxidation resistance in air 

The oxidation kinetics of Zircaloy in air or in water are initially parabolic, then linear; the 
transition between the two regimes occurs when the zirconia thickness reaches about 2 µm (Gras, pers. 
com.). Considering the thickness of the oxide layer already formed in the reactor (40–100 µm: see 
paragraph 5.2.1), the clads would be oxidized at a constant rate in the event of exposure to air. 

The oxidation kinetics established in air with unirradiated material at an oxygen partial pressure 
of 0.2 atmosphere can be used to estimate the cladding oxidation rate under these conditions. An 
exhaustive review of published findings allowed to propose the following relation for the oxidation 
rate constant, kox, in the post-transition range according to the temperature (Gras, pers. com.): 

kox (g·m-2h-1) = 4.37 × 106 exp(–13780 / T (K)) (33) 

This value yields an oxidized metal thickness, kZr, (metal loss33) of: 

kZr (µm Zr·year-1) = 1.67 × 1010 exp(–13780 / T (K)) (34) 

Eq (34) applied to a temperature of 540°C for 7 days predicts a metal loss of 14 µm, i.e. the 
formation of an additional 21 µm layer of zirconia. This value is in agreement with the results of 
oxidation tests on pristine or pre-oxidized specimens (Table XLV). 

Table XLV. Effect of 7 days in air at 540°C on oxidation of Zircaloy-4 (Gras, pers. com.) 

Description of test specimens Results after 7 days in air 
at 540°C 

Initial state e ZrO2 
(µm) 

[H] 
(ppm) 

e ZrO2 total 
(µm) 

[H] 
(ppm) 

Control specimen  
(unoxidized AFA Zircaloy-4) 0 3 20 80 

Oxidized for 200 days in vapor phase 
(400°C) 30 750 40–50 810 

Oxidized for 990 days in primary medium 
(360°C) 20 260 35 280 

Oxidized in 1200 ppm Li – 60 ppm B 300 ≈ 6 000 300 ≈ 6 000 
 

At 500°C, the Zircaloy oxidation kinetics in the post-transition range vary with the oxygen 
partial pressure according to a (PO2)0.15 law  Assuming this result is temperature-independent, the 
influence of the oxygen partial pressure is then substituted into Eq (7) to obtain the following, with PO2 
in atmospheres: 

                                                      
33 Calculation based on a zirconia density of 5.6 g·cm-3 assuming a zirconia thickness of 100 µm corresponds to a 
metal loss of 65 µm. 
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kZr (µm Zr·year-1) = 2.13 × 1010 (PO2)0.15 exp(–13780 / T (K)) (35) 

With these hypotheses, the oxygen partial pressure does not appear to have a significant effect 
on the Zircaloy oxidation rate: inert atmosphere containing 1% air is only half as “oxidizing” as pure 
air (Figure 112). According to the above equation, the annual metal loss is about 4 µm at 350°C. 
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Figure 112. Oxidation kinetic of Zircaloy in air (Po2 = 0,2 atm.) or in He (or Ar)+1 % air (PO2 = 2 10-3 atm.) versus 
temperature (Gras, pers. com.) 

5.3.6 Summary: Cladding behavior at high temperatures 

In transport and dry interim storage the cladding temperature remains relatively high (about 
400°C at the beginning of interim storage). At these temperatures the cladding can sustain creep 
deformation under the effect of the high internal pressure on removal from the reactor (some 40 bars at 
room temperature). The laws proposed in the literature can be used to calculate the strain as a function 
of the stress applied at temperatures below 420°C. A creep model that allows for recovery from 
irradiation defects as revealed by microstructural observations is now being developed to extend the 
validity range of these laws. 

Studies founded on the existing CEA test database have made it possible to propose a 
conservative failure criterion based on a theoretical analysis approximating plastic instability in 
unirradiated material and an empirical approach for irradiated material. Under the conditions expected 
during interim storage, this criterion indicates a maximum permissible strain exceeding 2% in a 4-
cycle irradiated Zircaloy-4. 

The development of stress corrosion cracking has also been assessed in the literature. Iodine 
was identified as the aggressive species; SCC is controlled by the gaseous iodine concentration likely 
to react with the cladding material. After standard PWR operating conditions the gaseous iodine 
concentration in the spent nuclear fuel appears to be too low to induce SCC. 

At temperatures below 400°C, the Zircaloy-4 oxidation rate appears to be limited. 

5.4 CLADDING BEHAVIOR AT LOW TEMPERATURES 

The creep and stress corrosion cracking mechanisms are thermally activated phenomena, and do 
not appear at pool interim storage temperatures below 50°C. Under these conditions, the mechanisms 
that can lead to cladding failure are either corrosion or embrittlement induced by hydrides in the 
material on removal from the PWR. 
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5.4.1 Risk of cladding corrosion in a fuel storage pool 

In a spent fuel storage pool, fuel assemblies are held at temperatures below 50°C in deionized 
water, and the cladding and structural materials are subject to corrosion. The following section 
examines cladding corrosion. 

5.4.1.1 Generalized corrosion 

Generalized corrosion of zirconium alloys in water at low temperatures (below 150°C) is 
extremely limited and thus difficult to measure. Published findings reviewed by Johnson et McGinnes 
(2002) are summarized in Table XLVI. 

Table XLVI. Zircaloy corrosion rates reported in the literature for various external conditions (Johnosn et 
McGinnes, 2002) 

Reference Material Aqueous medium Temperature Corrosion rate
(nm·year-1) 

Rothman (1984) Irradiated Zircaloy  150°C ~1 
Johnson (1977) Irradiated Zircaloy Hanford River, deaerated 90°C 3–5 
Videm (1981) Unirradiated Zircaloy KBS groundwater, aerated  0.1–1 
Mattsson et al. 
(1984, 1990) Titanium Saturated bentonite 

groundwater  ~2 

 

The cladding corrosion rate in pool storage can be estimated by extrapolating values measured 
in water at high temperatures (> 250°C), assuming generalized corrosion follows an Arrhenius law 
over the entire temperature range with an experimentally determined activation energy of 115 kJ·mol-1. 
One day in water at 320°C is thus equivalent to 8 × 105 years in water at 50°C, i.e. the Zircaloy 
corrosion rate in pool water at 50°C is about 3 × 10-9 times the rate in the reactor. 

Some types of pollution can have an undesirable effect, however, particularly fluoride ions at 
high concentrations (see below). 

5.4.1.2 Pitting corrosion 

Experience with fuel rods up to 40 years old (in 1999) revealed no evidence of pitting corrosion 
in fuel storage pools. Electrochemical studies of Zircaloy-4 pitting corrosion in various media also 
showed that Zircaloy-4 in the metallic or oxidized state is subject to pitting corrosion in the presence 
of chloride ions regardless of the temperature between 40 and 80°C (Gras, pers. com.). The only 
corrosion demonstrated by these studies was observed in the presence of fluoride ions, which at high 
concentrations (1000 mg·L-1) cause generalized corrosion on Zircaloy metal. 

5.4.1.3 Galvanic corrosion 

Zircaloy-4 metal is passivated in highly oxidizing water (dissolved O2 + 15 mg·L-1 H2O2) at 
80°C, and its free corrosion potential becomes lower than that of 18-10 stainless steel and nickel-
chromium alloys. Nevertheless, the potential difference—which may reach 200 mV—and the effects 
of coupling are too small to suggest a significant risk of galvanic corrosion of Zircaloy-4. The 
potential difference is virtually nil (< 50 mV) for hydrided or oxidized Zircaloy (i.e. on removal from 
the reactor) and the risk of coupling is negligible (Gras, pers. com.). 
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5.4.2 Mechanical strength of the cladding at low temperatures 

Hydrided Zircaloy exhibits low ductility at low temperatures (see paragraph 5.2.1.5), raising the 
risk of brittle failure at room temperature when subjected to particular mechanical stresses, for 
example during handling of fuel assemblies or rods. 

A review of the current state of knowledge concerning the mechanical properties of Zircaloy at 
near-room temperatures in the hydrided, irradiated and irradiated-hydrided states, indicated that the 
elastic limit and rupture limit were affected above all by irradiation, whereas the failure elongation 
was affected by irradiation and by hydridation (Maunier, pers. com.). The total cladding elongation 
can reach several percent— even 10%—in both the longitudinal and transverse directions, however, 
revealing remanent deformability. In the case of bursting failure the ductility is lower and the rupture 
is more brittle. 

The influence of the hydride orientation on the intrinsic brittleness of the unirradiated cladding 
material at low temperatures has also been investigated by conventional bursting tests and by more 
elaborate bending tests simulating a handling incident during retrieval of spent fuel packages after 
interim storage at 20°C and 150°C. The results obtained with both types of tests show that the hydride 
orientation has no effect on the material strain law (Figure 113 and Figure 114). However, the 
bursting tests revealed a lower circumferential deformation at failure that was more notable with 
higher radial hydride fractions, indicating embrittlement of the material (Figure 113). 

 

Figure 113. Comparison of bursting failure stresses  
versus the hydride orientation for a hydrogen concentration of 200 ppm (Chaise et al., pers. com.) 
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Figure 114. Cladding bending behavior versus temperature and hydride orientation (Chaise et al., pers. com.) 

5.4.3 Summary: Cladding behavior at low temperatures 

The corrosion rate of irradiated Zircaloy-4 depends on the temperature and on the characteristics 
of the aqueous medium. The values reported in the literature (under conditions that are not always 
specified) are extremely low—about one nanometer per year. 

The low-temperature mechanical properties of the cladding are seriously affected by irradiation 
in the reactor. The elastic limit and rupture limit generally diminish. A study of the effect of the 
hydride orientation on the mechanical behavior of the cladding also revealed increasing embrittlement 
of the material as the radial hydride fraction increased. 

5.5 MECHANICAL BEHAVIOR OF THE FUEL ASSEMBLY 

The structural materials used in fuel assembly components are described in Table XLVII. The 
only identified problem concerning structural materials is their low-temperature behavior on retrieval 
of the assemblies at the end of interim storage. 
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Table XLVII. Structural materials in fuel assembly skeleton components (kg/fuel assembly) 

AFA-2GE (900 Mwe) AFA-2LE(1300/1450 Mwe)* 
Part of structural element 

UOX MOX UOX 

Cladding (Zircaloy 4)   

 Instrumentation tube 0.5 0.6 
 Guide tubes 11.6 13.3 
 Rod plugs 1.9 1.9 
 Rod cladding tubes 105.9 123.5 

End grids   

 Zircaloy 4 strapping 1.3 1.3 
 Inconel springs 0.2 0.2 

Mixing vane grids   

 Zircaloy 4 strapping 4.3 5.5 
 Inconel springs 0.6 0.7 

Top nozzle   

 AISI 304/304L body 7.2 8.8 
 Inconel springs 1.3 1.5 
 AISI 304 bushings 0.3 0.3 

Bottom nozzle   

 AISI 304/304L body 5.6 7.5 
 Inconel particle filter 0.06 0.05 
 AISI 304 screw 0.23 0.23 

Rods – miscellaneous   

 AISI 302 spring 3.0 2.7 
 AISI 304 shim ** – 1.7  

* Assembly comprising 264 standard (UOX) rods with long plugs. 
** Structural component found only in MOX fuel assemblies 

5.5.1 Results of experience 

Few studies are available today on the evolution of the mechanical properties of the assembly 
skeleton during underwater interim storage, or on the consequences of retrieval from interim storage 
on its behavior. One analysis is based on the lessons of prior experience. 

5.5.1.1 EPRI interim storage 

A feasibility study of dry interim storage in inert gas (helium) of spent fuel assemblies with a 
burnup up to 35 GWd·t-1 was undertaken in the United States in a instrumented Castor V/21 storage 
cask. The Electric Power Research Institute (EPRI) examined twenty-one 15 × 15 assemblies placed in 
interim storage for 14 years at a maximum temperature of about 350°C (NUREG-CR-6831). No 
structure-related problems were encountered when the assemblies were withdrawn from the cask. 

5.5.1.2 Simulated accident situation 

An accident situation during retrieval of spent fuel assemblies was simulated by the CEA to 
identify the zones most exposed to a risk of failure (Laporte, pers. com.). One of the situations studied 
involved an assembly not fully removed from its storage vault and subjected to horizontal loads. The 
maximum loads that must not be exceeded to avoid any risk of rod failure in the case of a jammed 
assembly were calculated for the three configurations shown in Figure 115. The calculated results 
showed that very light loads were sufficient to cause failure (Table XLVIII). 
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Table XLVIII. Static horizontal loads exerted on the top of the fuel assembly resulting in rod failure  
(assumed material properties: 100 ppm H, E = 88.4 GPa and Ys0.2 = 568 MPa,  

failure at 1% plastic deformation) 

Configuration (1): load-bearing surfaces: base and grid 1 
(3): base embedded 

(2): rods bearing against the edge of the 
storage vault or shaft 

Point of failure Between grids 1 and 2 At upper contact level 
AFA 900 560 N 130 N 
AFA 1300 660 N 160 N 

 

 

Figure 115. Generic static bending situations studied by the CEA (case (1), (2) and (3)) (Laporte, pers. com.) 

The impact resistance of fuel assemblies was also studied. Impact does not involve a risk of 
failure with the overhead crane operating at the rated speed (0.133 m·s-1). Static loads are more 
penalizing. 

5.5.2 Low-temperature behavior of structural materials 

Only the low-temperature behavior of structural materials other than zirconium alloy (already 
discussed in paragraph 4) is considered here. 

5.5.2.1 Corrosion 

The main risk to which the materials are exposed in underwater interim storage is corrosion, 
which depends on the initial condition of the materials in storage and the surrounding medium, and on 
the effects of irradiation. The corrosion rates of stainless steels and alloy 718 must still be assessed 
under the conditions expected in underwater interim storage. 

5.5.2.2 Mechanical strength 

5.5.2.2.1 Guide tubes 

Although some of the hydrides can return to solution during dry transport, there is no risk of 
radial hydride precipitation in the guide tubes, which are not subjected to internal pressure. Only 
homogenizing of the hydrides in the tube thickness could occur, since axial hydrogen migration should 
be negligible (see paragraph 5.3.2.2.2). The mechanical properties of the irradiated guide tubes should 
thus not change significantly during cooling. 
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Low-temperature mechanical characterization of guide tubes after irradiation showed a sharp 
increase in hardness with the fluence, and very low elongation values indicating embrittlement of the 
material. The guide tube is made of recrystallized material that is much more sensitive to irradiation 
hardening than the stress-relieved Zircaloy-4 cladding. Brittle zones are observed on the fracture face 
even at low hydride concentrations (e.g. at level 2). These zones are increasingly numerous at higher 
hydrogen concentrations (Averty, pers. com.). The guide tube weld seams on the lower plugs and 
upper sleeves are located in low-stress areas where corrosion and hydridation remain low. These zones 
should not constitute a critical point in the guide tube under restriction that axial migration of 
hydrogen could lead to radial hydrides precipitation for example in the welded zones. 

5.5.2.2.2 Grids 

Metallographic examination results confirm that irradiated weld seams constitute a point of 
weakness where the hydride concentration and orientation enhance the risk of failure of the outer 
straps on impact. Possible dissolution during transport of a fraction of the hydrides in the most 
seriously hydrided grids followed by reprecipitation should not result in additional degradation, 
however. 

The spot welds securing the grids to the guide tubes have not been submitted to special 
metallographic examination, as they are broken by torsion loads during sampling of the guide tubes. 
The possible failure of these welds spots during interim storage does not jeopardize the integrity of the 
fuel assembly. 

5.6 SUMMARY AND CONCLUSIONS 

The properties of the cladding and structural materials are affected by irradiation in the reactor. 
In general, irradiation causes oxidation and hydridation of the materials, and hardening induced by the 
irradiation defects. The principal mechanisms that could then lead to cladding damage are: 

• creep, stress corrosion cracking, oxidation and hydride reorientation under dry conditions, i.e. at 
high temperatures (in transport and dry interim storage); 

• corrosion and embrittlement of materials following hydridation in water, i.e. at low temperatures 
(in underwater interim storage). 

Creep laws have been proposed for Zircaloy-4 cladding, but their extrapolation to the long term 
seems today limited. Studies in progress are based on a semi-empirical approach, based on long term 
creep tests (> 1 year) coupled with microstructural analyses. They should allow to propose a new 
creep model with a more extended validity domain (notably in time). The reach of the rupture criterion 
which is about 2% in storage conditions for a 4 cycles irradiated Zircaloy-4 cladding will depend on 
the fuel rod temperature history after removal from the reactor. 

Conditions of radial hydrides formation in the cladding have also been studied. From the 
obtained results, it appears that the proportion of radial hydrides increases with stress. 

Finally, oxidation and corrosion kinetics are very low in the temperature domain of concern for 
storage in air or in pool. 
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5.7 ANNEX 

5.7.1 Temperature conditions in dry interim storage 

The following figures supplement the information provided in paragraph 5.3.1 
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Figure 116. Maximum rod temperature versus pool cooling time in UOX (33 GWd·t-1)  
and MOX (43.5 GWd·t-1) fuel assemblies (8 UOX assemblies or 4 MOX assemblies per shaft).  
The storage vault contains 72% UOX and 28% MOX; for a given cooling time the temperature  

of either type of fuel varies according to the cooling time of the other type of fuel (Guérin, pers. com.) 
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Figure 117. Temperature profile of the hottest rods in UO2 (33 GWd·t-1) and MOX (43.5 GWd·t-1)  
fuel assemblies cooled for 10 years during the first 100 years of interim storage in a vault  

(8 UOX assemblies or 4 MOX assemblies per shaft) (Guérin, pers com.) 

5.7.2 Creep strain law 

The laws proposed in the literature for the temperature/stress range are discussed below, 
together with the current development approach. 

 Limon et al. (in Poinssot 2001) 
This creep law developed for Zircaloy-4 (former standard) is based on short-term creep tests (up 

to 60 days) performed on cladding segments sampled from the lower levels of fuel rods irradiated for 
4 cycles at temperatures between 380°C and 420°C under stress loads ranging from 150 to 250 MPa 
(Bredel et al., 1999). The strain rate is related to the stress, temperature and strain as follows: 
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where ε is the hoop strain (-), σ the stress (MPa), T the temperature (K) and t the time (s), and 
with the following parameter values: 

p = 0.9; εo = 0.000045; V0 = 3.47 × 107 s-1; σc = 34 MPa; Ta = 32000 K. 

 Bouffioux et al. (2001) 
This creep law developed for Zircaloy-4 (former standard) is based on short-term creep tests (up 

to 60 days) performed on cladding segments sampled from the lower levels of fuel rods (Bredel et al., 
1999), the results of in-reactor rod thermomechanical behavior monitoring programs, and tests 
performed by the CEA and EDF (Bouffioux et al., 2001) on unirradiated material. The validity range 
of this law covers temperatures from 350°C to 420°C and stress levels between 50 MPa and 250 MPa. 

The strain, ε (%) is expressed in terms of the hoop stress, temperature and fluence, and is 
written explicitly as follows, distinguishing two components (primary and secondary): 

tfTKtfT tKt ×Φ×σ+×η+⋅Φ×σε=ε θθεθθ )(),()1ln()(),( 11  
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Φt being the fast neutron fluence (n·cm-2). 

An implicit formulation of this law can be established by applying the following strain-
hardening rule to the primary component, εp: 

)(),()/exp()(),( 11 1 tKpt fTKfT
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d
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ε
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The parameter values in this law are indicated in the following table. 
 

Parameter Unit Value Parameter Unit Value 

η s-1 3.66 × 10-5 ao MPa-1 0.01453 

A1 % MPa- n1 20867.2 C1 - 0.0879 

n1 - 1.986 C2 - 0.9121 
Q1 K 13748 λ1 n-1·cm2 5.722 × 10-22 
A2 %/s 3.85 × 1010 λ2 n-1·cm2 3.246 × 10-22 
n2 - 1.715 C3 - 0.00305 
Q2 K 27628.7 C4 - 0.99695 

 

 Model currently under development 
The cladding material is orthotropic in the principal directions (r, θ, z) and these directions are 

also assumed to be the principal stress and strain directions. Assuming normality (widely 
acknowledged for slippage deformation), creep strain can be calculated according to an equivalent 
strain ε* using the following relation: 

** v
dt

d
ij

ij ⋅
σ∂
σ∂

=
ε  
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in which: 

• σ* is an equivalent stress depending on the effective stresses ijijij XS −σ=  

• v* is the equivalent strain rate, related to the stresses exclusively by σ*. 

The expression for the equivalent strain rate: 

v* = V(σ*,ε**,T,ψ) 

depends on: 

• the thermal and mechanical stresses at time t: 

– stresses σij (via σ*) 

– temperature T 

• two internal variables describing the material history: 

– equivalent plastic strain, ε**, reflecting the isotropic strain-hardening related to the deformation, 
and possibly offset by recovery, 

– a variable, ψ, corresponding to irradiation hardening related to the irradiation defect density, 
possibly offset by recovery. 

No change is expected in the sign of the stress (due to recycling, for example), nor any sudden 
drop in the stress level during interim storage. It is thus not indispensable to take into account the 
internal stresses Xij, which in any event would be difficult to determine from simple creep tests. 

The possible establishment of steady-state creep conditions is accounted for by a relation such 
as the following: 

v* = v1·(ε** + ε*0)(-p1) 

which is similar to the model proposed by Limon et al. (in Poinssot 2001), but with the addition 
of a term describing the evolution of the strain-hardening variable ε**: 

( )rsev
dt

d ′−=
ε ***  

to account for the offsetting effect of damage recovery on strain-hardening. 

The general form of v1 is as follows, with strain rate variations versus the temperature and stress 
assumed similar to those in the model advanced by Limon et al. (in Poinssot 2001): 
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 Law describing the evolution of the irradiation hardening variable ψ 
The variable ψ, corresponding to irradiation hardening related to the irradiation defect density, 

is assumed to be controlled by the following equation: 

( ) ( ) ( )( )*,*,**,, bvaTTT
dt
d

rdrsd +ψεσψ′−ψψ′−φψ′=
ψ  

The first term reflects hardening due to the fast neutron flux, and is applicable only in the 
reactor but not during interim storage. The remaining terms describe static and dynamic recovery of 
irradiation hardening. At the initial instant of interim storage, ψ can be assumed equal to the fast 
fluence if recovery is negligible in the reactor. 

 Anisotropy 
The equivalent stress σ* according to Hill’s model is expressed thus: 
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222 )()()(* θθθ σ−σ+σ−σ+σ−σ=σ rzzzzr HHH  

where Hr, Hθ, and Hz are Hill’s anisotropy coefficients and σr, σθ, and σz are the main stresses in 
cylindrical coordinates. 

Identification of the model parameters will be based on the short and long term creep tests 
performed on unirradiated and irradiated Zircoloy-4. 
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Chapter 6. OXIDATION OF THE SPENT FUEL ROD IN AIR 

6.1 INTRODUCTION 

As described in Chapter IV, the evolution of a spent fuel pellet in a closed system—in its 
leaktight cladding or in inert atmosphere—is controlled mainly by the high residual α radioactivity. 
UO2 is not a thermodynamically stable compound in air, however, and spent fuel oxidizes at a rate that 
depends on the temperature and on intrinsic pellet characteristics such as the specific surface area. 

Oxidation has multiple effects on radionuclide behavior in the rod and on the mechanical 
strength of the pellet: 

• An increase in the oxidation state accelerates the intrinsic diffusion of radionuclides in the UO2 
grains (see Chapter III); 

• As they become oxidized, the chemical form of the elements in the rod can be modified, increasing 
their volatility in some cases (Ru, for example); 

• The crystallographic transformation of UO2 to U3O8 involves considerable swelling—about 36%—
causing the grain boundaries to open and making the accumulated radionuclides accessible to air or 
water; in addition, the resulting increase in the specific surface area and the presence of an oxidized 
surface layer accelerates leaching of the material following water ingress into the rod; 

• Pellet swelling due to oxidation increases the cladding stress level, resulting in propagation of the 
initial defect; the increasing size of the cladding defect accelerates oxygen diffusion in the rod and 
releases radionuclides from the rod. 

Nevertheless, at the low temperatures (< 400°C) expected during extended dry interim storage, 
spent fuel oxidation is limited by kinetic factors. This chapter describes the current state of knowledge 
concerning spent fuel rod oxidation mechanisms, and their consequences on cladding defect 
propagation and radionuclide release from the rod. 

Section 6.2 reviews studies of UO2, which constitutes about 80 wt% of the spent fuel, and 
whose oxidation behavior is better known. The next section considers the oxidation of spent fuel 
fragments to discern the effects of irradiation on the oxidation kinetics; in this case, the oxygen supply 
is limited. The last section deals with the rod alteration kinetics, and particularly the effects of 
oxidation on cladding defect propagation. The structural and morphological evolution of the material 
during oxidation and the corresponding kinetics are considered for each of the configurations studied. 

6.2 OXIDATION OF UNIRRADIATED UO2 

The oxidation mechanisms and kinetics of pure UO2 have been extensively studied in the 
literature. As spent fuel consists of about 80 wt% UO2, it is indispensable to have a thorough 
understanding of how this material evolves in air before addressing the issues of the more complex 
material constituting spent fuel. 

6.2.1 The oxidation reaction 

The oxidation of UO2 to U3O8 involves at least the following steps: 

• oxygen incorporation, 

• oxygen diffusion, 

• several structural transformation steps. 
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Each of these steps must be identified and characterized in order to determine the oxidation 
mechanisms. As this approach is relatively difficult, it is generally considered sufficient to identify and 
describe the steps having a significant effect on the oxidation kinetics. Under heterogeneous kinetic 
conditions (gas-solid reaction in this case), the conventional approach consists in identifying the 
limiting step—i.e. the slowest reaction mechanism—governing the overall kinetics. According to this 
hypothesis, the rate of all the other mechanisms involved in the reaction is equal to the rate of the 
limiting step. The oxidation kinetics can thus be determined from the sample weight gain 
corresponding to the oxygen incorporation mechanism. Most of the oxidation kinetic studies in the 
literature are based on thermogravimetric analysis (TGA). 

The validity of the limiting step hypothesis can be verified by measuring the reaction rate before 
(Vg) and after (Vd) a limited temperature increase (Figure 118). 
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Figure 118. Ratio of reaction rates before and after a temperature variation (Vd/Vg)  
versus the degree of reaction progress (Rousseau et al., 2004) 

According to the limiting step hypothesis, the Vd/Vg ratio depends only on the temperature 
before and after the change: the ratio should be constant regardless of the degree of reaction progress. 
However, Figure 118 allowed to identify four different steps of UO2 to U3O8 oxidation: 

• from 0 to 2 hours, (Vd/Vg) is virtually constant at 1.3; 

• from 2 to 6 hours, (Vd/Vg) varies from 1.5 to 6; 

• from 6 to 12 hours, (Vd/Vg) is constant at 8; 

• from 12 to 24 hours, (Vd/Vg) decreases from 8 to 6. 

These results showed that the limiting step hypothesis is only partially verified. Two approaches 
were then proposed: 

• the first (macroscopic approach), generally adopted in the literature, assumes two successive 
oxidation steps in which the mechanisms follow the limiting step hypothesis; 

• the second (microscopic approach) consists in describing the oxidation kinetics by a more 
complex formalism consistent with small-scale observations. 

Most of the results discussed here are based on the first approach, but they are considered in the 
light of recent results obtained using the second approach. 
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6.2.2 Oxidation mechanisms 

The following paragraphs describe the structural and morphological evolution of UO2 powder 
and sintered pellets during oxidation. The oxidation mechanisms and kinetics are then described 
according to the two approaches mentioned above. 

6.2.2.1 Structural evolution 

Because of the number of uranium oxidation states (3+, 4+, 5+, 6+), the uranium oxide 
composition range is very extensive (Figure 119). Their structural properties are described in 
Table XLIX. 

 

Figure 119. U-O system phase diagram for UO2-UO3  

At temperatures below 400°C, the following phases can be identified by order of increasing O 
content: UO2, UO2+x, U4O9-y, U3O7, U3O8. The first three, UO2, UO2+x and U4O9-y, have a cubic fluorine 
structure (cfc), whereas U3O7 has a quadratic structure with a c/a ratio near 1 (virtually cubic structure) 
and the structure of the U3O8 phase is orthorhombic. 

This structural evolution divided into two broad ranges is consistent with the macroscopic 
density variation with the O/U ratio, which increases in a linear manner from UO2 (10.96 g·cm-3) to 
U3O7 (11.20 g·cm-3), then drops rapidly for U3O8 (8.34 g·cm-3). Increasing the O/U ratio up to 7/3 
contracts the specific volume of the material, but above this value the specific volume increases. 

This structural evolution is classically represented by: 

UO2 → UO2+x → (α-U3O7 →) β-U3O7 → U3O8 
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The shoulder observed on the UO2 diffraction lines at the beginning of oxidation is often 
interpreted as the superstoichiometric phase UO2+x. The oxygen solubility in this phase is temperature-
dependent: it increases by x values of about 0.01 at 100°C and 0.25 at 1100°C. As the existence range 
of UO2+x is very limited, the observed shoulder more probably corresponds to U4O9. 

Table XLIX. Structure of uranium oxides 

Phase O/U ratio Crystallographic system Crystal lattice parameters 

Oxides with fluorine structure (lower oxides) 
UO2 2.00 Cubic a = 547.0 
UO2+x 2 < 2+x < 2.25 Cubic 544.5 < a < 547.0 

α-U4O9-y 245,2
4

9235,2 <
−

<
y  Rhombohedral 4 x 544.1 < a < 4 x 544.4 

α = 90.078° 

β-U4O9 2.25 Cubic a = 4 × 543.8 
γ-U4O9 2.25 Cubic a = 4 × (548.5 ± 1.5) 
α-U3O7” 2.27-2.33 Quadratic a = 547.2; c = 539.7 
β-U3O7 2.33 Quadratic a = 536.3; c = 553.1 
γ-U3O7 (U16O37) 2.31 Quadratic a = 540.7; c = 549.7 

δ-U3O7 (U8O19) 2.375 Monoclinic a = 537.8; b = 555.9 
c = 537.8; β = 90.29° 

γ-U2O5 2.50 Monoclinic a = 541.0; b = 548.1 
c = 541.0; β = 90.49° 

Oxides with lamellar structure (higher oxides) 
α-U2O5 2.50 Hexagonal a = 388.5; c = 408.2 
β-U2O5 2.50 Hexagonal a = 381.3; c = 1318 
U2O5 2.50 Orthorhombic a = 673; b = 3171; c = 829 

U3O8-z 64,2
3

860,2 <
−

<
z  Orthorhombic a = 675; b = 1032-1092; c = 829 

α-U3O8 2.660-2.667 Orthorhombic a = 671.5; b = 1196; c = 414.6 
α′-U3O8 2.67 Hexagonal a = 681.5; c = 413.6 
β-U3O8 2.67 Orthorhombic a = 707; b = 1145; c = 830 
δ-U3O8 2.67 Orthorhombic a = 670; b = 1246; c = 851 
U12O35 2.92 Orthorhombic a = 691; b = 392; c = 412 
α-UO3 3.00 Orthorhombic a = 684; b = 4345; c = 415.7 

 

The emergence of a plateau corresponding to the formation of U3O7 on the weight gain curves 
depends on the heating conditions (Figure 120 and Figure 121) and on the intrinsic characteristics of 
the powder or sintered pellet sample. 

The quadratic phase U3O7 is detected above an O/U ratio of between 2.16 and 2.25, depending 
on the grain size (Anderson, 1953; Gronvold, 1955; Blackburn et al., 1958; Aronson et al., 1957; De 
Marco et al., 1959). U3O7 is transformed into U3O8 at an increasing rate above 250°C, and in particular 
above 275°C in powder form (Dehaudt, pers. com.). Finally, when the kinetic conditions result in 
incipient oxidation at temperatures above 250°C, U3O8 forms without identifiable intermediate phases 
(Hoekstra et al., 1961; Mazoyer, 1996; Lozano, 1998). 
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Figure 120. Effect of heating rate on U3O7 identification 
(Ohashi et al., 1974) 

Figure 121. Effect of temperature under isothermal 
conditions on U3O7 identification (Aronson et al., 1957) 

In situ X-ray diffraction (XRD) analysis during oxidation of UO2 powder provides a better 
understanding of the structural evolution versus the macroscopic O/U ratio. The variation of the lattice 
parameter shows that the phases are not stoichiometric during the first oxidation step, confirming the 
existence of an oxygen gradient as generally acknowledged in the literature (Figure 122). The higher 
resolution of XRD also suggests that the phase identified as α-U3O7 in the literature is in fact U4O9 
(Figure 123). 
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Figure 122. Lattice parameter variations versus oxidation state (Desgranges and Poinssot, 2003) 

By comparing the XRD and TGA results for the same powder under identical temperature and 
atmospheric conditions, Rousseau et al. (2004) determined the crystalline phases in the four ranges 
revealed by measuring the ratio of the oxidation reaction rates before and after a temperature change 
(Vd/Vg) (see Figure 118): 

• from 0 to 2 hours, (Vd/Vg)  was constant and UO2 was converted to U4O9; 

• from 2 to 6 hours, (Vd/Vg) increased, and three phases coexisted: UO2, U4O9 and U3O7; 

• from 6 to 12 hours, (Vd/Vg) was constant and U3O8 was formed from U3O7; 

• from 12 to 24 hours, (Vd/Vg)  decreased and U3O8 coexisted with U3O7. 



Synthesis on the spent fuel long-term evolution 

162 

 

26 28 30 32 34 36

0

50

100

150

200

250

UO2 initial

200

002

        Phase
orthorhombique

Distorsion quadratique

Phase secondaire
  cubique

UO2
200

UO2
111

In
te

ns
ity

2 theta

U3O8

β-U3O7

U4O9

et pas
α-U3O7

26 28 30 32 34 36

0

50

100

150

200

250

UO2 initial

200

002

        Phase
orthorhombique

Distorsion quadratique

Phase secondaire
  cubique

UO2
200

UO2
111

In
te

ns
ity

2 theta

U3O8

β-U3O7

U4O9

et pas
α-U3O7

 

Figure 123. X-ray diffraction analysis of UO2 powder at different oxidation states 
(Rousseau et al., 2004) 

6.2.2.2 Morphological evolution 

The morphological evolution of the material during oxidation depends on its initial (intrinsic) 
physical characteristics. The difference between powder and sintered pellets are considered below. 

6.2.2.2.1 Powder 

By measuring the variation in the 
specific surface area and the area per unit 
volume at different stages of oxidation it is 
possible to discriminate between the effects 
of density variations and of crack formation 
on the specific surface area (Figure 124). 
The increase in the area per unit volume due 
to cracking is observed in powder as early 
as the cubic-to-quadratic transformation 
when UO2 is converted to U3O7.05 (O/U 
ratio: 2.35) forming crystallite 
agglomerates. Gilardi (1993) also showed 
that grain fragmentation increased with the 
initial grain size. 

Observations of powder with a 
particle size of about one micrometer have 
shown that the formation of U3O8 depends 
on the initial grain size, and that the 
crystallites formed are smaller than the 
initial crystallites and their size remains 
constant during oxidation (Desgranges and 
Poinssot, 2003). The disaggregation of 
U3O7 crystallites during the conversion to 
U3O8 still requires morphological 
characterization. 

 

Figure 124. Variations in the specific surface area (top)  
and area per unit volume (bottom) (Gilardi, 1993) 
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6.2.2.2.2 Sintered pellets 

Observing the oxidation of sintered samples reveals an incubation period of very slow weight 
gain (Figure 125), followed by the establishment of a generally linear kinetic regime. The duration of 
the incubation period diminishes as the temperature increases (Figure 126). 
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Figure 125. Example of weight gain  
(Bachellerie et al., 1997) 

 

Figure 126. Effect of T and PO2 on the incubation 
period (Tucker, 1987) 

 

During the induction period, a layer of 
UO2+x and then U3O7 forms on the sample 
surface, limiting oxygen diffusion. The 
conversion to UO2+x or U3O7 denser than UO2 
favors the opening of the grain boundaries 
and the emergence of cracks. Oxidation then 
progresses through the creation of diffusion 
paths to the continuously renewed surface, 
which explains the observed linear kinetics 
(Figure 127). 

The U3O8 phase finally appears in the 
cracks on the surface of the U3O7 layer, 
leading to a reduction in the grain size 
(Lozano, 1998). 

 

Figure 127. Oxidation process of a uranium dioxide pellet 
(Tempest et al., 1988) 
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6.2.3 Oxidation kinetics 

The oxidation kinetics have been described in the literature on the assumption that there are two 
limiting steps, one corresponding to the conversion of UO2 to U3O7, and the other to the conversion of 
U3O7 to U3O8. The other crystalline phases are not taken into account in this approach since their 
formation does not limit the kinetics. The limiting steps and the way they are characterized in the 
literature are described below for powder and sintered pellets (macroscopic approach). The limitations 
of this approach are then discussed (microscopic approach). 

6.2.3.1 Macroscopic description 

6.2.3.1.1 Powder 

 First step: UO2 → U3O7 
The shape of the weight gain curves identifies the reaction mechanisms in the limiting step 

approach: the oxidation of UO2 begins with parabolic weight gain curves attributed to the formation of 
U3O7, controlled by oxygen diffusion through the oxidized layer that forms on the surface. The growth 
of a U3O7 surface layer of thickness τ following parabolic oxidation kinetics is expressed thus: 

( )[ ] ktrz =α−−=τ 3111  where 





−⋅=

RT
EATk aexp)(  (36) 

t is the time (s), k the reaction constant (m2·s-1), α the degree of reaction progress, r the initial 
radius of the powder grain or aggregate (m), z the molar volume ratio of the surface layer and the 
initial product, R the ideal gas constant (8.31 J·mol-1·K-1), T the temperature (K), and Ea the activation 
energy (J·mol-1). Activation energies of between 90 and 120 kJ·mol-1 are reported in the literature for 
the first step (Table L). The relation proposed by McEachern and Taylor (1998) for k versus the 
temperature can be used under these conditions: 

ln(k) = –95.7 × 103/RT – 17.33 (37) 

Table L. Activation energies of U3O7 formation in unirradiated UO2 powder and pellets  
(McEachern and Taylor, 1998) 

Reference Sample material Temperature range  
(°C) 

Ea  
(kJ·mol-1) 

Anderson et al. (1955) UO2 powder 131–164.5 104 
Aronson et al. (1957) UO2 powder 161–350 102 
Blackburn et al. (1958) UO2 powder and pellets 125–280 90.8 
Walker (1965) UO2 powder 143–211 120 ± 8 
Gilardi (1993) UO2 powder 100–400 96 

 

The reaction by which U4O9 forms U3O7 is disregarded in this approach. 

 Second step: U3O7 → U3O8 
The weight gain during the second step is represented by an “S” curve. In the limiting step 

approach, the kinetics of U3O8 formation can be approximated by a nucleation-growth process that is 
generally represented by an Avrami-Erofe’ev law of the following form: 

( ) ( )[ ] ( ) tTkg ⋅=α−−=α 311ln  (38) 

where k(T) is the kinetic constant expressed in s-1. The kinetic constant k(T) based on the best fit 
with the bibliographical data proposed by McEachern and Taylor (1988) is: 
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ln(k) = –146.35 × 103/RT + 20.53 (39) 

However, the activation energy values proposed in the literature for the nucleation-growth 
mechanisms in this step are highly dispersed (Table LI) and reflect different behavior according to the 
nature of the material (powder grain size), the temperature and the degree of reaction progress in the 
second step (Gilardi, 1993). The approach proposed here is thus a simplified representation of the 
mechanism and kinetics of U3O8 formation. 

Table LI. Activation energy of formation of U3O8 (McEachern and Taylor, 1998) – References are given in the 
original paper 

Reference Temperature range 
(°C) Sample material Method Ea 

(kJ·mol-1) 

Aronson and Roof (1957) 278–325 UO2 powder Gravimetric 146 
Saito (1975) 315–360 UO2 powder Gravimetric 127.6 
Ohashi et al. (1987) 300–450 UO2 microspheres Gravimetric ~100 a 
Landspersky et al. (1967) 365–400 UO2 powder DTA 161.5 
Walker (1965) 312–352 UO2 powder Gravimetric 134.7 
Boase and Vandergraaf (1977) 200–350 UO2 powder Gravimetric 163 
Mazoyer in Poinssot et al. (2201) 265–308 UO2 powder Gravimetric 200 

a varies with the oxygen partial pressure 

6.2.3.1.2 Sintered pellets 

 First step: UO2 → U3O7 
Oxidation of sintered UO2 pellets or disks actually begins after an incubation period (see 

§ 6.2.2.2.2) during which a U3O7 surface layer forms. The variation over time is linear rather than 
parabolic as in the case of powder, indicating that the surface layer is breached by microcracks. The 
thickness variation of the oxidized layer is given by: 

t(T)kτ l ⋅=  (40) 

with the kinetic constant kl (s-1) given by McEachern (1997) based on a bibliographical survey: 

ln(kl) = –98.6 × 103/RT – 2.513 (41) 

The activation energy is similar to that of the parabolic regime observed for powder samples. 

 Second step: U3O7 → U3O8 
The formation of U3O8 is governed by the same kinetics as for powder of low specific surface 

area insofar as the material is already largely fragmented at this stage (see § 6.2.2.2.2). The activation 
energies proposed in the literature based on this simplified approximation of the mechanisms involved 
are highly variable—as for the powder samples—and their interpretation is subject to the same 
difficulties (Table LII). 



Synthesis on the spent fuel long-term evolution 

166 

Table LII. Activation energy of formation of U3O8 (McEachern and Taylor, 1998) – Rererences are given in the 
original paper 

Reference Temperature range 
(°C) Sample material Method Ea  

(kJ·mol-1) 

Walker (1965) 279–361 UO2 pellet Gravimetric 110.5 
Taylor and Wood (1992) 200–300 CANDU pellet XRD 124–139 
Boase and Vandergraaf (1977) 330–350 CANDU pellet Gravimetric 170 
Boase and Vandergraaf (1977) 350–450 CANDU pellet Gravimetric 67 
You et al. (1993) 250–350 Pellet fragments DTA 143 
You et al. (1993) 350–400 Pellet fragments Gravimetric 109 

 

Tucker (1987) carried out tests with fresh CANDU fuel to calculate the time necessary for 
“complete” transformation of the U3O8 pellet, tp (hours), according to the following relation: 

tp (h) = 7.762 × 10-15·exp(19632/T) (42) 

This relation is subject to considerable uncertainty, however, as it is difficult to determine 
experimentally the true end point of the reaction. 

6.2.3.2 Microstructural model 

A finite differences model of the oxidation of a grain was proposed by Desgranges and Poinssot 
(2003) to describe the oxidation mechanism beyond the limiting step hypothesis. In this model the 
grain is divided into annular zones. The oxidation kinetics are controlled by oxygen diffusion in the 
solid phases (UO2, U3O7, U3O8) and by flows at the system interfaces. The formation of U3O8 results 
in gradual disaggregation of the grain (Figure 128). 

The model allowed the authors to account for the shape of the weight gain curves reported in the 
literature for powder samples irrespective of the grain size (Figure 129). 
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Figure 128. Finite differences model of the oxidation of a UO2 grain (Desgranges and 
Poinssot, 2003) 
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(b) Large grains 

Figure 129. UO2 powder oxidation kinetics versus grain size (Desgranges and Poinssot, 2003) 

The model appears to provide a satisfactory description of the oxidation of UO2 to U3O7 in that 
it accounts for the previously observed existence of two simultaneous reaction fronts in the grain. In 
this approach, the formation of U3O8 is due to oxygen accumulation exceeding a critical concentration 
in the UO2 lattice. The formation of U3O8 is thus not exclusively a function of the thermodynamic 
properties of the oxidation reaction as in the macroscopic approach, but includes terms that describe 
the way in which incorporated oxygen is distributed in the sample. If the incorporated oxygen diffuses 
quickly, the oxygen concentration is virtually constant in the sample, which will be almost uniformly 
transformed into U3O8 (as in the case of powder samples). If oxygen does not diffuse rapidly in the 
sample, oxygen will accumulate at the surface and U3O8 will form locally, while the remainder of the 
sample is not oxidized (as in the case of pellets). From this perspective, is not surprising to observe the 
formation of U3O8 in UO2 pellets after a few hundred hours of oxidation at about 200°C, as revealed 
by X-ray absorption spectroscopy (EXAFS). 

This type of model can be used to calculate oxidation behavior using the same set of physical 
parameters regardless of the sample geometry. However, this microstructural approach requires 
characterization of the incorporation and diffusion steps in both phases (U4O9 and U3O7) as well as the 
U3O8 formation and oxygen incorporation mechanisms, which are not known at this time. 

6.2.4 Effect of the composition of the air 

The oxidation kinetics indicated above were established in “dry” air, i.e. at low relative 
humidity (< 20% at room temperature). The following section considers the effects of higher relative 
humidity on the UO2 oxidation kinetics. Gamma irradiation of the air near the spent fuel can also form 
nitrogen oxides at concentrations depending mainly on the external ventilation conditions. The effects 
of NO2 on UO2 oxidation are also discussed. 

6.2.4.1 Effects of humidity 

6.2.4.1.1 Hydrated forms of uranium oxides 

There are no hydrated compounds until the cationic uranium sublattice has been entirely 
converted from valence (IV) to valence (VI), except for a natural phase, ianthinite, incorporating 
U(IV). Conversely, the different forms of UO3 oxidize easily, hence the high potential mobility of 
uranium once it reaches valence (VI). The seven hydrated forms of UO3 oxides and the conditions 
under which they are obtained are described in Table LIII. 
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Table LIII. Hydrated forms of uranium oxides: uranyl hydrates and hydroxides 

Phase Crystallographic 
system Crystal lattice parameters Formation conditions 

U3O8(OH)2 Triclinic 
a = 680.2; α = 108.5° 
b = 741.7; β = 125.5° 
c = 555.6; γ = 88.2° 

Forms at temperatures between 330 
and 430°C 

UO3, 0.8H2O Orthorhombic a = 1023; b = 689; 
c = 428  

α-UO2(OH)2 Orthorhombic a = 424.2; b = 1030.2; 
c = 686.8 

Dehydrated form of schoepite formed at 
temperatures of about 330°C 

β-UO2(OH)2 Orthorhombic a = 564.4; b = 628.7; 
c = 993.7 

Hydration of UO3 at temperatures 
between 200°C and 290°C 

γ-UO2(OH)2 Monoclinic a = 641.9; b = 551.8 
c = 556.1; β = 112.8° 

Secondary phase obtained during 
preparation of the β form 

UO2(UO3)5, 10H2O Orthorhombic a = 1152; b = 715; 
c = 3030  

UO3, 2H2O Orthorhombic a = 1397.7; b = 1669.6;  
c = 1467.2 

Natural compound (schoepite) obtained 
by hydrating UO3 at room temperature 

 

6.2.4.1.2 Formation of uranyl hydrates UO3, xH2O 

Danroc (1982) demonstrated that a thin layer of uranyl hydrate (UO3, 2H2O) formed when the 
relative humidity exceeded 60% in air during oxidation below 100°C—and even at room temperature. 
At 100°C, the hydrate composition was (UO3, 0.8H2O). 

Experiments by Taylor et al. (1989, 1991, 1995) at 200°C and 225°C on sintered UO2 disks 
showed the presence of U3O8 and dehydrated schoepite crystal with a relative humidity between 30% 
and 70% at the test temperature over periods of less than 20 days. This phenomenon was not observed 
with a relative humidity of less than 30%. 
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6.2.4.1.3 Kinetic effect 

Danroc (1982) determined the 
fraction of (UO2+x and UO3,xH2O) species 
contributing to the increase in the total 
O/U ratio during oxidation. The author 
showed that the higher the temperature, 
the larger the increase in the internal 
oxidation and the smaller the hydrate 
fraction (Figure 130). When the particle 
stoichiometry reaches 2.05 at 60°C or 
2.06 at 80°C, the total O/U ratio rapidly 
increases, indicating that the formation of 
hydrates exceeds internal oxidation. 

The curves for dry oxidation of 
UO2 to U3O7 (given by Eq (36) and 
Eq (37)) and for moist oxidation of 
powder at 80 and 100°C reported by 
Danroc (1982) are shown in Figure 131. 
Note that the O/U ratio corresponding to 
dry oxidation according to the law 
proposed in § 6.2.3.1.1 is higher than 
reported for UO2+x formed in the presence 
humidity (Danroc, 1982). 

 

Figure 130. Oxidation in the presence of humidity: formation of 
hydrates and internal oxidation. The line marked “UO2+x 
oxidation” corresponds to dry oxidation (Danroc, 1982) 

Two hypotheses were proposed to account for these differences (Dehaudt, pers. com.): 

1) The kinetic law proposed for dry oxidation overestimates the oxidation progress at low 
temperatures (80°C and 100°C in this case). 

2) A fraction of the initial UO2+x surface layer is converted to hydrate by the presence of 
water and oxygen. 

Nevertheless, these observations suggest that for a relative humidity exceeding 30% at the test 
temperature, water vapor accelerates oxidation of material with the formation of uranium(VI) 
hydroxides on the surface. This effect becomes increasingly important as the oxidation temperature 
diminishes. 
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Figure 131. Oxidation of moist powder: overall O/U ratio, internal oxidation to UO2+x,  

and molar fraction of hydrates formed: (a) 80°C, (b) 100°C (Dehaudt, pers. com.) 

6.2.4.2 Influence of NO2 

According to White et al. (1983), the NO2 volume concentration in the atmosphere of a spent 
fuel container could reach several hundred ppm up to 1 vol%. For example, Johnson et al. (1985) 
measured a relative NO2 concentration of 0.25% in air in contact with spent fuel in a ventilated 
enclosure. McEachern et al. (1998a) studied the effects of low NO2 concentrations (< 1%) on the 
oxidation kinetics of sintered UO2 disks at temperatures between 224 and 269°C. Their findings are 
indicated in Figure 132 and Figure 133. The presence of NO2 appears to significantly accelerate the 
oxidation of UO2 even at low concentrations (0.1%). 
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Figure 132. Thickness of the U3O7 layer formed on UO2 disks heated in different 
atmospheres (Air/ NO2) at 224, 245 and 269°C (McEachern et al., 1998a) 
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Figure 133. U3O8 fraction formed over time at 275°C 
(McEachern et al., 1998a) 

-12

-10

-8

-6

-4

-2

0

0 0,2 0,4 0,6 0,8 1 1,2

[NO2] (%mol)

Ln
(k

ap
p)

 (k
ap

p e
n 

h
-3
) 1% NO2

0,1% NO2

0,5% NO2

Air

-12

-10

-8

-6

-4

-2

0

0 0,2 0,4 0,6 0,8 1 1,2

[NO2] (%mol)

Ln
(k

ap
p)

 (k
ap

p e
n 

h
-3
) 

-12

-10

-8

-6

-4

-2

0

0 0,2 0,4 0,6 0,8 1 1,2

[NO2] (%mol)

Ln
(k

ap
p)

 (k
ap

p e
n 

h
-3
) 

-12

-10

-8

-6

-4

-2

0

0 0,2 0,4 0,6 0,8 1 1,2

[NO2] (%mol)

Ln
(k

ap
p)

 (k
ap

p e
n 

h
-3
) 1% NO2

0,1% NO2

0,5% NO2

Air

1% NO2

0,1% NO20,1% NO2

0,5% NO20,5% NO2

AirAir

 

Figure 134. Variation of the rate constant of U3O8 
formation versus the NO2 concentration  

(McEachern et al., 1998a) 

XPS34 examination revealed a layer of highly oxidized material (beyond U3O8) that increased 
the oxygen gradient on the surface and thus accelerated the formation of U3O7 (diffusion-controlled 
step). The authors proposed the following mechanism to account for this result: 

UO2s + NO2gas ↔ UO3surface + NOgas 
2NOgas + O2 ↔ 2NO2gas 

                                                      
34 X-ray photoelectron spectroscopy 
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The rate constant at 275°C in a simplified representation of the second oxidation step is two 
orders of magnitude higher than the value obtained in air at low NO2 concentrations (Figure 134). 

The CEA carried out tests to investigate the oxidation of sintered pellets at a lower temperature 
(170°C) with NO2 concentrations ranging from 20 ppm to 1% (Figure 135). As observed at higher 
temperatures with similar concentrations, the linear oxidation kinetics observed in this initial step were 
faster than for UO2 pellets (Eq (40) and Eq (41)) but slower than proposed for UO2 powder with grains 
10 µm in diameter (Eq (36) and Eq (37)). The experiments at 170°C did not reveal any acceleration of 
oxidation due to an increase in the NO2 concentration from 20 ppm to 1%. 

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0 100 200 300 400 500

T emps (jours)

A
va

n
ce

m
en

t

Air/NO2 1% Air/NO2 20ppm

t(170) poudre t(170) pastille 

Poudre

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0 100 200 300 400 500

T emps (jours)

A
va

n
ce

m
en

t

Air/NO2 1% Air/NO2 20ppm

t(170) poudre t(170) pastille 

PoudrePoudre

powder pellet

Powder

Time (days)

Ad
va

n c
e  

o f
 o

xi
d a

ti o
n  

o f
 U

O
2

to
 U

3O
7

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0 100 200 300 400 500

T emps (jours)

A
va

n
ce

m
en

t

Air/NO2 1% Air/NO2 20ppm

t(170) poudre t(170) pastille 

Poudre

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0 100 200 300 400 500

T emps (jours)

A
va

n
ce

m
en

t

Air/NO2 1% Air/NO2 20ppm

t(170) poudre t(170) pastille 

PoudrePoudre

powder pellet

Powder

Time (days)

Ad
va

n c
e  

o f
 o

xi
d a

ti o
n  

o f
 U

O
2

to
 U

3O
7

 

Figure 135. Oxidation of sintered pellets in air at 170°C (CEA tests). Also shown are 
the oxidation kinetics for powder grains 10 µm in diameter given by Eq (36) and 

Eq (37) (t(170) powder), and for a pellet given by Eq (40) and Eq (41) (t(170) pellet). 

The combined effects of NO2 and water vapor (0.3% relative humidity at 200°C) on the 
oxidation of sintered UO2 pellets at 200°C were also studied. Figure 136 compares the measured 
weight gain with the value corresponding to oxidation of UO2 powder and pellets in dry air according 
to the laws proposed in the literature. Under these conditions, oxidation of the pellet was much faster 
than oxidation in air of powder with the same grain size (the pellet was completely reduced to powder 
after about a hundred days). 
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Figure 136. Weight gain of a sintered UO2 pellet subjected to oxidation under moist 
air flow (Tdewpoint = 25°C, RH = 0.3% at 200°C) with 1% NO2 (CEA tests) 
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6.2.5 Effect of other elements (Pu, fission products) in the UO2 matrix 

The oxidation mechanisms and kinetics of the pure UO2 matrix have been studied in relative 
detail in the literature. MOX fuel, however, contains a dispersion of Pu-rich granules [Pu/(U+Pu) = 
24–30 at%] in a UO2 matrix. After irradiation, the lanthanides account for a significant fraction of the 
fission products. They are soluble in the UO2 fluorine lattice as trivalent cations Ln3+. Yttrium is 
included in this category because of its similar physical and chemical behavior. The influence of Pu3+, 
Pu4+, Th4+ ions and trivalent cations of the lanthanide series on the stability of the cubic phase has been 
extensively studied in the literature (Anderson and Johnson, 1953; Anderson et al., 1954; Wilson 
et al., 1961; Hill, 1962; Bertram et al., 1964). Only the conclusions of a bibliographical summary of 
the data on this subject are mentioned here (Gras, pers. com.). 

The observations reported in the literature show that extraneous elements in the matrix (Pu, 
lanthanides) favor the formation of U4O9+y oxides with a high O/M ratio as an intermediate phase 
rather than U3O7 (Campbell, et al., 1989a; 1989b; Choi et al., 1996). Natural uraninite, which contains 
a significant impurity fraction, oxidizes by forming a cubic compound, U4O9+y (Janeczek et al., 1993). 
The general oxidation process is thus: 

UO2 → U4O9+y (cubic)/U3O7 (quadratic) → U3O8 

Published studies have shown that plutonium (Rouault and Girardin, 1987) or lanthanides and 
other trivalent cations in solid solution delay the formation of the lamellar oxide U3O8 which forms at 
higher temperature after longer period of time (Wilson et al., 1961; McEachern et al., 1998b). 

6.2.6 Summary 

Dry oxidation has been addressed in the literature in terms of the limiting step hypothesis that 
breaks down oxidation into two steps: 

• the first step describes the oxidation of UO2 to U3O7 in which limiting step is oxygen 
diffusion in the U3O7 layer. The kinetics are correctly represented by a parabolic law 
(Eq (36)) for powder and by a linear law (Eq (40)) after an incubation period for pellets; the 
activation energy for the first step is relatively well known (~ 96 kJ·mol-1) with little 
variation among the authors. However, recent XRD analyses have revealed the emergence of 
an intermediate U4O9 phase; 

• the second oxidation step results in the formation of U3O8 by a less well known nucleation-
growth mechanism. The approach developed to calculate the activation energy for this 
mechanism, routinely represented by an Avrami-Erofe’ev law, gives widely dispersed values 
for the activation energy depending on the authors; a more mechanistic approach to the 
formation of U3O8 combining experimentation and modeling is now pursued by the CEA to 
improve the model proposed in the literature. 

When the relative humidity exceeds 30% at the test temperature, water vapor significantly 
accelerates the oxidation of UO2 with the formation of uranium(VI) hydrates. This effect is 
increasingly important at lower temperatures. NO2 gas produced by radiolysis of the air near the spent 
fuel also accelerates the oxidation rate even at low concentrations in air (< 0.1%). 

Finally, the presence of extraneous elements in UO2 enhances the stability of the fluorine 
structure, favoring the formation of the cubic oxide U4O9+y (rather than quadratic oxide U3O7) and 
delaying the formation of the lamellar oxide U3O8, which forms at higher temperatures after longer 
durations. 

The oxidation mechanisms and kinetics of UO2 have been extensively studied in the literature. 
The oxidation of the more complex spent fuel system is described in the following section. 
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6.3 OXIDATION OF THE SPENT FUEL PELLET 

The composition of spent fuel on removal from the reactor is an important factor in 
understanding the phases likely to form during oxidation. Table LIV shows the cationic fraction of the 
fission products and actinides forming the cubic phase, corresponding to doping the UO2 with about: 

• 7.4 at%·atiHM
-1 in UOX fuel, comprising ~1 at%·atiHM

-1 divalent cations, ~2.4 at%·atiHM
-1 

trivalent cations and ~ 3.8 at%·atiHM
-1 tetravalent cations; 

• 12.7 at%·atiHM
-1 in MOX fuel, comprising ~0.9 at%·atiHM

-1 divalent cations, ~1.2 at%·atiHM
-1 

trivalent cations and ~ 10.5 at%·atiHM
-1 tetravalent cations. 

This composition situates the average composition of spent UO2 fuel with respect to the 
observed composition of doped UO2 pellets (see § 6.2.5). As noted in the conclusion of the preceding 
section, extraneous elements in the spent fuel should help stabilize the cubic phase up to high O/M 
values, and thus delay the emergence of the lamellar U3O8 structure. 

Table LIV. Proportions of different element classes:  
fission products—primarily divalent, trivalent and tetravalent—and tetravalent actinides  

in UOX and MOX fuel with a burnup of 60 GWd·t-1, 100 years after removal from the reactor (CESAR5) 

Atomic fraction (%) excluding oxygen 
Element class 

UOX MOX 
Σ (Sr, Ba) 1.04 0.91 
Σ (Y, La, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho) 2.44 1.25 
Σ (Zr, Ce) 2.53 1.9 
Σ (Np, Pu, Am, Cm, Bk, Cf) 1.38 8.64 
U 92.61 87.3 

 

This section describes the oxidation mechanisms and kinetics of irradiated UOX and MOX fuel 
pellets or fragments exposed to air. It is based on published observations of UOX fuel and on CEA test 
results with UOX and MOX fuel. 

6.3.1 Oxidation mechanisms 

This paragraph describes the structural and morphological variations observed during oxidation 
of spent fuel fragments at temperatures below 400°C. 

6.3.1.1 Effect of irradiation on structural evolution 

Work performed by Einziger et al. (1986, 1992) on PWR UOX fuel with a burnup of between 
27 and 48 GWd·t-1 showed that oxidation is characterized by two steps: as for unirradiated UO2, the 
first step is observable only when the temperature does not exceed 250°C. In this case, however, a 
cubic fluorine structure forms instead of the quadratic phase U3O7. The O/M ratio of this cubic phase 
is between 2.35 and 2.40 at 175–195°C. No direct relation between the burnup and the O/M ratio 
could be established (Figure 137). However, the quadratic phase (U3O7) has been reported in CANDU 
fuel with low burnup (< 8 GWd·t-1) (McEachern and Taylor, 1998) 
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Figure 137. Oxidation of PWR fuel fragments in dry air at 195°C versus burnup 
(Einziger et al., 1992) 

At temperatures between 283 and 380°C, the oxidation rate accelerates when the O/M ratio is 
above 2.4, tending toward a final value of between 2.7 and 3. U3O8 is detected when the O/M ratio 
reaches 2.59 (Figure 138). 

 

Figure 138. O/M ratio of Turkey Point fuel fragments at temperatures above 250°C 
(Einziger et al., 1986) 

Oxidation tests were carried out by the CEA at a lower temperature (200°C) on UOX and MOX 
fuel fragments with a burnup of 41 GWd·t-1 to compare the behavior the two types of fuel at the same 
burnup (Figure 139). 
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Figure 139. Oxidation in air at 200°C of UOX (left) and MOX (right) fuel fragments  
with a burnup of 41 GWd·t-1 (Desgranges et al., 2001) 

The data show that in UOX fuel the weight gain remains parabolic up to 1600 hours, then varies 
only slightly and in a nearly linear manner up to 6000 hours. Internal porosity appears to form during 
the linear portion of the weight gain curve. Electron microprobe analysis confirmed that U3O8 did not 
form during this oxidation interval. By analogy with the observed behavior of unirradiated UO2, the 
linear weight gain phase can be attributed to the formation of U3O7 or to oxygen incorporation in 
nonstoichiometric U4O9, for which the existence range is extended by the presence of fission products. 

In MOX fuel a distinction must be made between the UO2 matrix and the aggregates. The UO2 
matrix appears to be completely transformed into U3O7 after 400 hours of heat treatment in MOX, 
whereas 2500 hours are necessary for UOX fuel. Conversely, the aggregates are not completely 
oxidized after 1255 hours of heat treatment, and the onset of the second step appears to be delayed 
with respect to UOX fuel. In samples analyzed between 5000 and 6000 hours of oxidation, the oxygen 
concentration was higher in the aggregates than in the matrix (Figure 140). These results show that 
the conversion of UO2 to U4O9 is slower at high Pu concentrations or high burnup values, which is 
consistent with the conclusion that extraneous elements in the matrix tend to retard its oxidation. They 
also show a greater oxygen incorporation capacity when Pu concentrations or burnup values are high. 
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Figure 140. Quantitative electron microprobe cross sectional scan of an aggregate (CEA tests) 

6.3.1.2 Morphological evolution 

There is also an incubation period for the oxidation of spent fuel fragments (Figure 141), 
although it is much shorter than for fresh fuel pellets (Figure 142). It is only revealed by weight gain 
measurements performed at sufficiently short intervals. 
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Figure 141. Typical weight gains measured during heat treatment  

of spent MOX fuel fragments at 200°C in air (CEA tests) 

 
Figure 142. Comparative behavior of irradiated UOX (Point Beach) fuel fragments  

and unirradiated fuel pellets during oxidation at 230°C (Campbell et al., 1989) 

Thomas et al. (1989) observed spent fuel with a burnup of 27 GWd·t-1 after oxidation at 155 and 
175°C, noting that from the outset the fuel oxidized preferentially along the grain boundaries. These 
are particularly fragile after irradiation: microcracks resulting from stresses generated by contraction 
of the lattice parameter during the transition from UO2 to UO2+x propagate along them even at low 
O/M ratios. At higher temperatures (295°C), intergranular decohesion is compounded by intragranular 
cracking, which originates on the grain surface (Desgranges et al., 2001). As with fresh sintered 
pellets, U3O8 eventually forms together with grain decohesion and spallation at 360°C (Einziger and 
Strain, 1986). 

Metallographic examination during oxidation of spent fuel at 200°C revealed the physical 
evolution of the fragment during the oxidation process. These observations showed that some grains in 
UOX fuel are oxidized to mid-radius while others are fully oxidized (Figure 143). The oxidation 
kinetics thus appear to be controlled by a complex oxidation front inside the fragment, but not inside 
the grains. After 6000 hours of oxidation, the UOX fragment is cracked, but the cracking occurs inside 
the fragment (Figure 144). No satisfactory explanation is currently available for this internal cracking. 
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Figure 143. UOX fuel fragment after 5000 hours 
of heating in air at 200°C (CEA tests) 

 

Figure 144. Photo of a UOX fuel fragment after 5000 
hours of oxidation in air at 200°C (CEA tests) 

6.3.1.3 Radionuclide mobility during oxidation 

Microprobe observations of UOX fuel show that complete conversion to U3O7 (O/M = 2.4) does 
not modify the fission product distribution after up to 6000 hours of oxidation at 200°C: they remain 
uniformly distributed in the matrix (Figure 145). As the main fission products are found at cationic 
sites, oxygen migration on the anionic lattice does not appear to affect the cationic lattice or fission 
product diffusion in the grains. Conversely, the fission products in the grain boundaries are liable to be 
released since intergranular cracks appear even during the first phase of oxidation. 
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Figure 145. FP distribution on a cross section of a UOX fragment oxidized for about 6000 hours (CEA tests) 

In MOX fuel, all the fission products are distributed in the same way as after irradiation, i.e. 
highly concentrated in the aggregates, implanted in a layer a few micrometers thick around the 
aggregates, and much less abundant in the UO2 matrix. Quantitative microprobe analysis has shown 
that palladium exhibits peculiar behavior in that it appears to leave the metallic aggregates, indicating 
that its chemical state is modified by oxidation. 
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6.3.2 Oxidation kinetics 

6.3.2.1 Macroscopic approach 

6.3.2.1.1 UOX fuel 

 MO2 → M4O9/M3O7 
It is generally assumed in the literature that the parabolic curve observed for the first step in the 

oxidation of irradiated UOX fuel fragments is equivalent to what is observed for powder, as per 
Eq (36), and is a consequence of the rapid opening of the grain boundaries from the beginning of the 
oxidation process. However, recent observations by the CEA showed that the grain boundaries and 
grains were oxidized simultaneously (see § 6.3.1.2). These findings suggest that the parabolic shape of 
the weight gain curves corresponds to the progression of the oxidation front inside the fragment and 
not inside the grains. When interpreting the weight gain curves, this implies taking into account a 
radius of a few millimeters rather than the radius of the grains (4–5 µm) in Eq (36), with the activation 
energy remaining the same (Table LV). 

Table LV. Published activation energies for spent fuel (McEachern and Taylor, 1998) 

Reference Material Temperature range Ea 

Formation of U3O7/U4O9 
Einziger et al. (1992) Spent LWRa fuel 175–195 100 
Woodley et al. (1988, 1989) Spent LWR fuel 175–225 113 ± 17 

Formation of U3O8 
You et al. (1993) Spent LWR fuel 300–400 94.5 
Hastings et al. (1986) Spent CANDU fuel 175–400 120 
Einziger and Strain (1984) Spent LWR fuel 250–360 194 

a Light water reactor (PWR or BWR) fuel 

Einziger et al. (1992) also proposed to calculate the time necessary to reach an O/M ratio of 2.4 
in PWR fuel with a burnup of 27 GWd·t-1 (corresponding to the first oxidation step), t2.4 in hours 
versus the temperature T in K: 







⋅×= −

T
t 13395exp106.2)h( 9

4.2  (43) 

Figure 146 compares t2.4 with the time of formation of U3O7 and U3O8 in powder with a grain 
radius of 4 to 4.5 µm. 
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Figure 146. Comparison of time t2.4 with the duration of the first step (→ U3O7) and 
the second step (→ U3O8) in powder (broken lines: extrapolated data) (Dehaudt, 

pers. com.) 

 M4O9/M3O7 → M3O8 
Einziger et al. (1992) then proposed to estimate the time necessary for conversion to M3O8 as 

the time after which spallation occurs. This is plotted versus the temperature in Figure 147. The 
corresponding activation energy is 195 kJ·mol-1. 

 

Figure 147. Time required for conversion to M3O8 (Einziger and Strain, 1986) 

The time to M3O8 spallation in PWR fuel based on the data reported by Einziger and Strain 
(1986) is one or more orders of magnitude longer than the oxidation time of UO2 to U3O8 or the time 
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required for conversion of unirradiated pellets to powder according to the kinetic laws in the literature 
(Figure 148). 
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Figure 148. Comparison of relations giving the U3O8 conversion time from fresh or 
spent UO2 (broken line: extrapolated data) (Dehaudt, pers. com) 

6.3.2.1.2 MOX fuel 

The oxidation kinetics of MOX fuel can be roughly approximated by oxidation in two phases: 
the matrix and the aggregates. The “UO2” matrix with low Pu and fission product content oxidizes 
more rapidly to form U4O9. The weight gain plateau is different for the two phases because the 
aggregates incorporate more oxygen (Figure 149). 
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Figure 149. Weight gain versus time (up to 6000 h) for the matrix and 
aggregates in MOX fuel 

Only the first phase of oxidation has been reached to date during CEA oxidation tests: no 
formation of U3O8 could be detected after 6000 hours of oxidation in air at 200°C. The oxidation 
kinetics for this type of fuel must still be determined. 
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6.3.2.2 Microscopic approach 

Based on the weight gain, the kinetics of the first stage of oxidation of spent fuel fragments are 
similar to those of unirradiated powder with the same grain size. However, analyses at microstructural 
scale have shown that the progression of oxidation in a fuel fragment involves a complex oxidation 
front controlled by an oxygen gradient in the fragment, and not in individual grains. An oxidation 
model consistent with these observations is now being developed. 

6.3.3 Effect of the composition of the air 

Only the effects of humidity on the oxidation kinetics of spent fuel fragments have been studied 
to date. PWR fuel with a burnup of 27 GWd·t-1 was exposed to aerated atmosphere with variable 
moisture content (dewpoint between –70 and +80°C) at temperatures between 110 and 225°C. 
Humidity very slightly accelerated the sample weight gain at the lowest temperatures (110 and 130°C) 
(Einziger et al., 1991), but had no effect at higher temperatures (175 and 225°C) (Einziger et al., 1991; 
1992) or even slowed the oxidation of UO2 to U4O9+y (Woodley et al., 1989). 

6.3.4 Summary 

The oxidation of irradiated UOX fuel fragments can be broken down into three phases: 

• an initial parabolic phase attributed to the propagation of oxidation in a powder grain or a 
complete fragment, depending on the authors; 

• a second “plateau” phase corresponding to linear weight gain over time; 

• a third phase characterized by the formation of U3O8. 

Observations of oxidation in spent fuel fragments at 200°C have shown that the oxidation 
kinetics during the first stage vary inversely with the burnup. During the plateau phase, however, the 
weight gain kinetics increase with the burnup. The third phase was never reached during oxidation 
tests at 200°C lasting 6000 hours. 

The oxidation kinetics of MOX fuel are more complex because they correspond to the 
convolution of oxidation of the matrix and of the aggregates. The UO2 matrix depleted in fission 
products oxidizes more rapidly than in UOX fuel, but oxidation occurs very slowly in the aggregates. 
These observations confirm the role of the elements that retard the oxidation of UO2 to U3O8, as 
already discussed in § 6.2.5. 

U3O8 forms more slowly in spent fuel than in fresh UO2 powder or sintered pellets. For 
example, according to Einziger and Strain (1986), about 6000 hours at 250°C are necessary to observe 
spallation corresponding (according to these authors) to the emergence of U3O8, whereas an 
unirradiated UO2 pellet is fully converted to U3O8 after only about 155 hours according to Tucker 
(1987). 

However, the kinetics of U3O8 formation proposed today for UOX fuel are based on the weight 
gain curves according to a simplified approximation of the oxidation mechanisms. Uncertainties 
remain with regard to extrapolating these laws to high burnup levels, other temperature ranges or other 
fuel characteristics. The investigation of oxidation mechanisms at microscopic scale should improve 
this approach. 

6.4 OXIDATION BEHAVIOR OF THE FUEL ROD 

After describing the oxidation of fresh or spent fuel in air, this section focuses on the overall 
behavior of the spent fuel rod during oxidation. It is assumed that the fuel is confined in a cladding 
tube breached by a small defect. Fuel swelling due to the formation of U3O8 favors the development of 
cracks in the cladding originating from the initial defect. This section seeks to identify the geometric 
and morphological variations of the spent fuel rod together with the oxidation kinetics and cladding 
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crack propagation. The results discussed here are based on tests performed by AECL (Boase and 
Vandergraaf, 1977; Novak et al., 1983; Hastings et al., 1985), Westinghouse (Einziger and Strain, 
1986; Einziger and Cook, 1985) and JAERI (Nakamura et al., 1995). 

6.4.1 Overview of the tests 

Table LVI lists the test conditions and the characteristics of the fuel rods studied in the 
literature. 

Table LVI. Tests carried out on breached fuel rods in aerated atmosphere 

Fuel Defect Test conditions 
Ref. 

Type GWd·t-1 Form Dimensions T (°C) Atmosphere Duration 
Boase and 
Vandergraaf 
(1977) * 

CANDU 
Pickering 3 8.2 

Slit 
Hole 

25 × 0.5 mm 
0.5 mm dia. 

250, 300, 375 Dry air 16 h 

Novak et al. 
(1983) 

CANDU 
Pickering 3 
Bruce 3 

7 to 8 Hole(s) 0.8 mm dia. 220, 230, 250 Air 685 h 

Hastings et al. 
(1985) 

CANDU 
Douglas Point 7 to 8 

 “Natural”
Hole(s) 

0.8 mm dia. 
– 

250 Moist air 200 h 

Einziger and 
Cook (1985) 

PWR 
HB Robinson 
BWR 
Peach Bottom 

 
31 
 

12 

2 holes 0.76 mm dia. 229 

 
Ar 
 

Air 

5960 h 

Einziger and 
Strain (1986) 

PWR 
Turkey Point 27 

Hole 
Cracks 

0.76 mm dia. 
8–52 µm eq. dia.

250 
283 

295, 325 
360 

Air 

10545 h
1400 h

550 h
60 h 

Nakamura 
et al. (1995)* 

BWR 
Tsuruga 14 to 31 Hole 0.5 mm dia. 200, 220, 240

Air 
Ar + 1% air 
Ar + 5% air 

11200 h 

* comparison between irradiated and unirradiated rods 

These fuels had relatively low burnup, between 8 GWd·t-1 for CANDU fuel and 12 to 
31 GWd·t-1 for light water reactor (PWR and BWR) fuel. A few tests were also carried out on 
unirradiated fuel rods for comparison. 

Two types of defects were fabricated in the clads: 

• artificial defects corresponding to holes 0.5 to 0.8 mm in diameter, or slits; 

• “natural” defects corresponding to cracks created by stress corrosion cracking in the 
presence of iodine, with an “equivalent breach diameter” of 8 to 52 µm, simulating cracking 
due to a pellet-cladding interaction. 

Most of the tests performed in air, with no attempt to control the moisture content of the 
atmosphere. Nakamura et al. (1995) also studied the effect of low oxygen pressure. 

Rod damage over the duration of the test was estimated by visual examination by measuring the 
cladding diameter. The fuel oxidation state in the defect zone was characterized by optical 
micrography and X-ray diffraction. 

6.4.2 Morphological and structural evolution 

This paragraph reviews the observations performed during the tests. 
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6.4.2.1 Weight gain 

The weight gain was measured only on CANDU and BWR fuel rods; no data are available for 
PWR rods. 

6.4.2.1.1 CANDU fuel rods 

Linear weight gain occurred without any measurable incubation period (Figure 150 and 
Figure 151). The oxidation rate increased with the number of holes and the temperature. With only a 
single hole, however, the temperature effect appeared to be very limited. At 220–230°C, the rate of 
weight gain was about 10 to 15 × 10-4 %·h-1 with 6 holes, and about 3 × 10-4 %·h-1 with a single hole. 
At 250°C, the rate increased to 2 × 10-3 %·h-1 and an open crack formed. 

 

Figure 150. Weight gain of Bruce rods  
(Novak et al., 1983) 

 

Figure 151. Weight gain of Pickering rods  
(Novak et al., 1983) 

6.4.2.1.2 BWR rods 

Figure 152 compares the weight gain measured versus time in irradiated or unirradiated 
Tsuruga rods at different oxidation temperatures (200, 220, 240°C). The weight gain measurements 
showed no signs of an incubation period. A saturation effect appeared to occur at about 60%, which 
corresponds to an O/M ratio of 2.40. 

Moreover, the curves were identical at 220 and 240°C. The kinetics were much slower in argon 
diluted with 1% or 5% air, due to the effect of the available oxygen deficit with respect to the potential 
oxygen demand. Fresh rods were oxidized at a slightly lower rate than lightly irradiated rods. 
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Figure 152. Weight gain of irradiated and unirradiated Tsuruga rods in air  
and in different argon-air mixtures (Nakamura et al., 1995) 

6.4.2.2 Morphology and crystal structure 

Metallographic and structural examinations were performed only on CANDU and BWR fuel 
rods. 

6.4.2.2.1 CANDU fuel rods (Novak et al., 1983) 

After 601 hours at 230°C, Novak et al. (1983) measured an O/U ratio of 2.40 in the central zone 
with 4 holes, suggesting the formation of U3O7 initially. Metallographic examinations of rod cross 
sections near or far from a defect revealed no significant morphological changes as long as the 
diametral deformation remained small. The authors noted that a compound approximating U3O7 
formed if the temperature remained below 250°C. In intermediate cross sections without any defects, 
the O/U ratio was reportedly only 2.01. 

After 208 hours at 250°C, a cross section of a Pickering rod was examined on which the 
diametral deformation had reached 5 to 12%, showing the propagation of the oxidation front along 
radial cracks with fuel losses. Around the central defect the fuel was completely oxidized to U3O8 but 
the O/M ratio rapidly decreased to 2.1 in an axially adjacent cross section 1 cm from the bottom of the 
crack. 

6.4.2.2.2 BWR rods 

 Peach Bottom rods (Einziger and Cook, 1985) 
After 2235 hours at 229°C, the fuel visible in the crack was not fragmented into particles or 

powder. However, a small amount of fine black powder emerged from the defect: it contained mainly 
zirconia ZrO2, 137Cs, as well as small quantities of 80Co and 134Cs (with an activity three orders of 
magnitude lower than for 137Cs) together with traces of 241Am. No 235U was detected. 

After 5962 hours at the same temperature, the rod contained large fragments: when handled, 
powder was released from the crack. The fuel was completely fragmented into fine particles consisting 
mainly of U3O8. 
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XRD analysis of samples taken at different points on one or more cross sections showed that 
only U3O8 was present beneath the defect. The U3O8 fraction dropped when the diametral deformation 
diminished, with increasing amounts of U3O7, then U4O9 and finally UO2. The last two of these oxides 
were present when no distortion was observed. Oxidation was therefore not uniform radially or axially 
(Figure 153). 

 

Figure 153. Compounds identified versus the distance from the upper hole: comparison with diametral 
deformation. Peach Bottom BWR rod (Einziger and Cook, 1985) 

 Tsuruga rods (Nakamura et al., 1995) 
Unirradiated rods oxidized for 2140 hours at 220°C were characterized axially by a periodic 

deformation that peaked on the midplane of each pellet (i.e. the plane of lowest density). In the case of 
irradiated rods oxidized at 200 and 220°C, the periodic deformations occurred at the level of the 
pellet-to-pellet interface. XRD analysis revealed the presence mainly of UO2, U4O9 and U3O8. U3O7 
was not detected; only U4O9 was observed when the proportion of air in the argon was reduced to 1%. 

6.4.2.2.3 Assessment of the morphological and structural evolution of the fuel 
inside the rod 

Oxidation does not progress uniformly on a fuel cross section: it develops first from the 
cladding defect, then along radial and transversal cracks in the fuel. Oxidation leads to the 
development of an oxidized layer, designated U4O9 / U3O7, that favors grain decohesion. U3O8 is 
formed first at the defect, and is detected in the immediate vicinity where it propagates by virtue of the 
swelling. The mean O/M ratio of a cross section decreases very rapidly in the axial direction. 
However, the mean ratio does not reflect the existence of a single compound, but can instead 
correspond to the simultaneous presence of UO2+x, U4O9 and U3O8. 

U3O7 detection in low-burnup rods (< 10 GWd·t-1) was reported only below 250°C, i.e. the 
temperature threshold for the appearance of a significant quantity of U3O8 as well as swelling 
corresponding to fuel spallation. Nevertheless, the authors report that handling the rods resulted in the 
release of variable quantities of fuel grains, which were subject to decohesion even below 250°C. 

6.4.2.3 Radionuclide release during alteration 

An experiment is now in progress at the CEA in which a PWR UOX fuel rod segment is heated 
under controlled atmosphere. The segment weight gain, cladding deformation and defect size are 
measured at regular intervals together with the corresponding radionuclide release. This experiment 
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seeks to determine the effects of the temperature and of the size and nature of the defect on rod 
alteration and radionuclide release. 

6.4.3 Cladding behavior 

6.4.3.1 Cladding deformation 

The observations reported by various authors and summarized in Table LVII can be used to 
specify a critical deformation value prior to cladding defect propagation. The critical value is between 
2 and 6.5%, and depends not only on the cladding properties and thickness but also on the initial 
defect type. It is systematically lower for “natural” defects (e.g. stress corrosion cracks) than for 
“artificial” defects. The critical deformation was issued from observations of low irradiated fuel rods 
(between 7 and 27 GWd t-1), i.e. low hydride content. 

Table LVII. Cladding deformation resulting in defect propagation 

Fuel Defect Cladding 

Type GWd·t-1 Form Dimensions Material O.D.  
(mm) 

thickness 
(mm) 

Critical 
deformation Ref. 

CANDU 

Pickering 3 7.9 Hole 0.8 mm dia. Zircaloy-4 15.23 0.38 2% Novak 
et al. (1983) 

Bruce 3 7.1 Hole 0.8 mm dia. Zircaloy-4 13.11 0.38 > 1%, << 8%  

Douglas Point 6.7 “Natural” - Zircaloy-4 15.23 0.38 2% Hastings 
et al. (1985) 

BWR 

Peach Bottom 12 Hole 0.76 mm 
dia. Zircaloy-2 14.30 0.94 6.5% Einziger and 

Cook (1985)

Tsuruga 25 Hole 0.5 mm dia. Zircaloy-2 14.30 0.8 2% Nakamura 
et al. (1995) 

PWR 

Turkey Point 27 Hole 0.76 mm 
dia. Zircaloy-4 10.72 0.62 6.5% Einziger and 

Strain (1986)

Turkey Point 27 Crack 8 to 37 µm 
eq. dia. Zircaloy-4 10.72 0.62 < 1%  

 

According to Einziger and Cook (1985), 2% deformation corresponds to the conversion of 
about 15% of the UO2 into U3O8, i.e. a weight gain of 0.6%; 6.5% deformation corresponds to 100% 
conversion of the initial oxide into U3O8, i.e. a weight gain of 3.4 to 4%. 

During the propagation phase the crack is generally axial, and the oxidation front gradually 
extends lengthwise along the rod (Figure 153). The slit may eventually open radially, forming a 
window in the cladding. In some cases a spiral opening can occur (Figure 154). 
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Figure 154. Examples of defect propagation (Einziger and Strain, 1986) 

6.4.3.2 Effect of defect size and shape during the incubation phase 

Fuel oxidation via the defect first results in the formation of U4O9/U3O7 with no significant 
volume change, then U3O8. This leads to pellet swelling and cladding deformation. The incubation 
phase corresponds to the time necessary for the defect to begin propagating in the cladding. 
Table LVIII summarizes the incubation periods reported in the literature depending on the defect 
shape and temperature. 

Table LVIII. Effect of defect shape on the duration of the incubation phase in hours 

Ref. Fuel Defect 360°C 325°C 295–
300°C 283°C 250°C 

Unirradiated 
CANDU Slit 25 × 0.5 mm – – 10 – – Boase and 

Vandergraaf 
(1977) Unirradiated 

CANDU Hole ∅ 0.5 mm – – 67 – – 

PWR fuel  
(burnup 27 GWd·t-1) Hole ∅ 0.76 mm 20 79 130 40 830 > 10545

Einziger and 
Strain (1986) PWR fuel  

(burnup 27 GWd·t-1) 
Stress corrosion 
crack 52 455 465 200 1125 5000 

 

Above 280°C, the incubation time diminishes as the initial defect size increases (Boase and 
Vandergraaf, 1977; Einziger and Strain, 1986). This effect decreases as the temperature diminishes, 
and reverses at 250°C, where the smallest defects begin to propagate first. This observation can be 
explained by the fact that at high temperatures UO2 oxidizes rapidly to form U3O8 and is controlled by 
the availability air, and thus the size of the defect. At lower temperatures oxidation is slower, and the 
availability of air is no longer the limiting factor. 
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6.4.3.3 Cladding defect incubation and propagation kinetics 

6.4.3.3.1 Incubation phase 

The observed duration of the incubation phase is plotted versus the temperature in Figure 155. 
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Figure 155. Duration of the incubation phase versus temperature 

The results indicate that PWR fuel with a burnup of 27 GWd·t-1 is more resistant to oxidation 
than CANDU fuel (7–8 GWd·t-1); this confirms the effect of the burnup on slowing the spent fuel 
oxidation kinetics (see § 6.3.1.1). 

Based on the results obtained with CANDU fuel, the following relation between the incubation 
time and the temperature T in K for this type of fuel (Gras, pers. com.): 

tincubation (h) = 5.6 × 10-6·exp(9140/T) (44) 

The results obtained for PWR and BWR fuel are both more numerous and more dispersed. The 
integration of all the data points corresponding to holes intentionally formed in BWR and PWR fuel 
rods, leads to the following relation for calculating the duration of the incubation phase (with the same 
notations as above): 

tincubation (h) = 6.2 × 10-9·exp(13245/T) (45) 

Considering only the points representing PWR rods in these results, the following three 
formulations can be proposed according to the initial defect size (Dehaudt, pers. com.): 

tincubation (h) = 1.692 × 10-8·exp (13648/T) for small defects (46) 

tincubation (h) = 3.198 × 10-11·exp (16774/T) for large defects (47) 

tincubation (h) = 5.817 × 10-10·exp (15349/T) for all defects (48) 

Figure 156 shows the corresponding incubation times, the time to reach an O/M ratio of 2.4 
(t2.4) in PWR fuel with a burnup of 27 GWd·t-1 (Eq (43)), and the time to spallation according to 
Einziger et al. (1992). The results indicate that the duration of the incubation phase is always longer 
than the U3O8 formation time proposed in the literature, corroborating the consistency of the published 
formulations. 
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Figure 156. Comparison of incubation times before cladding defect propagation with 
the time necessary to reach O/M=2.4 and the time to U3O8 spallation in unclad fuel 

fragments 

6.4.3.3.2 Defect propagation rate 

The defect propagation rates in CANDU and PWR fuel rods as determined by measuring the 
cladding defect diameter or the axial defect progression are indicated in Figure 157. These results are 
relatively consistent with the kinetic law established by Novak et al (1983), which is also plotted (T in 
K): 

Vpropagation (m·s-1) = 2.18·exp(–9800/T)  (49) 
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Figure 157. Propagation rate of the defect (radial or axial direction)  
in the cladding of spent fuel rods (excess air) 
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6.4.4 Effect of the composition of the air 

6.4.4.1 Effect of oxygen partial pressure 

Oxidation tests at low air partial pressure (Ar + 1 or 5% air) were carried out at a temperature of 
about 240°C on Tsuruga BWR fuel rods with a burnup of 25 GWd·t-1 (Nakamura et al., 1995). The 
radial cladding deformation in air reached 2% after 1000 hours, and the defect propagated axially. 

In a mixture of Ar + 5% air, the cladding diameter gradually increased near the defect, but much 
more slowly than in air, in agreement with the observed weight gain (Figure 152). After 6500 hours 
(the total test duration), the deformation reached 0.8% and U3O8 was clearly identified around the 
defect. The cladding swelling rate appeared to be roughly 10 times slower in the Ar + 5% air mixture 
than in air alone. No significant diametral variation was measured in the Ar + 1% air mixture after 
9000 hours of oxidation. 

6.4.4.2 Effect of humidity 

CANDU fuel elements with a burnup of between 7 and 10 GWd·t-1, on which the cladding had 
been intentionally perforated (3 mm dia. hole) were placed in interim storage at 150°C, some for 99.5 
months in dry air (dewpoint ≈ 15°C), and the others for 69 or 93 months in air with saturated steam at 
150°C (Wasywich et al., 1993; Wasywich and Frost, 1992). 

In dry air, fuel oxidation was localized near the hole (U3O7 revealed by X-ray diffraction). In 
moist air, it extended beyond this zone and appeared to progress further along the grain boundaries, 
possibly leading to the emergence of the hydrate (UO3, 0.8 H2O). These findings confirm the 
acceleration of spent fuel oxidation in moist air observed with fresh UO2 (see § 6.2.4.1). 

6.4.5 Summary 

Oxidation tests were performed mainly on complete rods or segments of CANDU, BWR and 
PWR UOX low irradiated (< 31 GWd t-1) fuel rods with one or more holes 0.5 to 0.8 mm in diameter. 
The test temperature range extended from 200°C to 360°C. 

Oxidation results in an immediate weight gain that is roughly linear over time. Conversely, 
defect propagation begins after an incubation period corresponding to the time necessary to form a 
sufficient fraction of U3O8: as U3O8 is produced, the cladding deforms until a critical value is reached 
at which a crack begins to propagate from the primary defect. No cracks form as long as the diametral 
deformation remains below 2% for large defects. Above 6.5% deformation, all defects propagate 
regardless of the type. Deformation occurs quickly above 250°C, and the defect propagates rapidly. 
The 2 and 6.5% deformation thresholds are reached when 10 to 100 mol% of UO2 have been 
converted into U3O8. However, the incubation time at temperatures exceeding 250°C is longer for 
small defects, which limit the availability of oxygen and thus the high-temperature oxidation kinetics. 

U3O8 is observed beneath the defect and throughout the deformed zone but in proportions that 
decrease rapidly with the distance from the defect. Below 250°C, the intermediate phase U4O9 (U3O7 
at low burnup) is also detected. The morphology observed by metallographic examinations 
demonstrates that oxidation propagates along radial and transversal cracks in the pellets. 

6.5 SUMMARY AND CONCLUSIONS 

UO2 oxidation is commonly broken down in the literature into two main steps according to the 
limiting step hypothesis. The proposed oxidation kinetics are based on the weight gain curves: 
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• the first step describes the oxidation of UO2 to U3O7. The laws proposed for powder and 
pellets correctly account for the observations reported in the literature, although recent XRD 
analyses have revealed the emergence of an intermediate U4O9 phase during the first stage; 

• the second oxidation step results in the formation of U3O8 by a less well known nucleation-
growth mechanism. The proposed kinetic law gives widely dispersed activation energies 
depending on the authors; investigating the oxidation mechanisms at smaller scale should 
diminish the uncertainties affecting this macroscopic approach. 

In spent fuel, the cubic intermediate phase U4O9 is generally identified instead of the quadratic 
U3O7 phase. The presence of extraneous elements (e.g. Pu or fission products) in spent fuel delays the 
formation of U3O8. The radionuclide distribution in the fuel does not appear to be affected by complete 
transformation to U4O9 (or U3O7). 

Oxidation is accelerated by the presence of water vapor when the relative humidity exceeds 
30% (at the considered temperature), especially at low temperatures, and by the presence of NO2 gas 
produced by radiolysis of the air near the spent fuel, even at low concentrations in air (< 0.1%). 

The rod alteration kinetics are limited by the availability of oxygen at the fuel surface, which 
depends on the characteristics of the breach and on the open porosity in the rod. Cladding defect 
propagation begins after an incubation period corresponding to the time necessary to form a sufficient 
fraction of U3O8, which causes the pellet to swell. Based on observations of low irradiated PWR rods 
(< 27 GWd t-1), the diametral deformation thresholds resulting in defect propagation are between 2 and 
6.5%. Arrhenius laws based on the available published data have been proposed to calculate the 
incubation time and the defect propagation rate. These laws have to be verified for higher burnup fuel 
rods. Furthermore, the extent of radionuclide release due to oxidation is not known at this time. 

Kinetic laws have been proposed for the oxidation of the materials studied—fresh or irradiated 
UO2 powder or pellets—that simply relate the oxidation rate to the temperature without taking into 
account other parameters such as the physical characteristics of the materials, which are “integrated” 
in the proposed activation energies. This approach results in major uncertainties on the rate of U3O8 
formation, but it is the only approach available today. The microscopic approach now being developed 
by the CEA should allow us to identify the mechanisms involved in oxidation and the corresponding 
physical parameters. It should then be possible to postulate physical laws whose validity range can be 
extended by testing to lower temperatures and to other fuel characteristics (e.g. higher burnup).
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Chapter 7. SPENT FUEL ALTERATION IN WATER 

7.1 INTRODUCTION 

Like pellets exposed to air (see Chapter VI), spent fuel pellets in contact with water are subject 
to alteration. The UO2 dissolution rate is partly controlled by the uranium solubility limit, which itself 
depends on the oxidizing or reducing conditions of the medium (environmental coupling). It is low 
when uranium is at valence IV and increases by several orders of magnitude at valence VI35. 

In a deep geological repository environment such as the reference site selected in France, the 
medium is generally reducing (Eh ≈ –250 mV). However, large quantities of α and βγ radiation are 
emitted from the surface of the spent fuel, resulting in water radiolysis. This produces oxidizing 
radicals (HO2

•, OH•) and molecular species (H2O2, O2) that can modify the dissolution conditions on 
the fuel surface and accelerate matrix alteration. The βγ radioactivity that predominates during first the 
two hundred years subsequently gives way to α radioactivity (see Chapter IV). 

This chapter describes the alteration kinetics of spent fuel in water (no longer protected by the 
cladding) and the corresponding radionuclide release based on the current state of knowledge in this 
area. Special attention is given to the consequences of α and βγ radiolysis of water on the spent UO2 
matrix dissolution rate under anoxic conditions, as is the case in the geological repository 
environment. 

The phases of activity release observed during leaching of spent fuel segments are described in 
§ 7.2. The activity fraction released during each phase depends on the radionuclide distribution within 
the rod (see Chapter III). 

A distinction is made in particular for the slow activity release due to dissolution of the UO2 
grains. The effects of α radioactivity and βγ radioactivity on the UO2 alteration kinetics in water (in a 
saturated medium) were studied using a variety of experimental techniques to deconvolute the effects 
of α radiolysis from those of βγ radiolysis. The results of these observations and difficulties raised by 
their interpretation are discussed in § 7.3. 

The models developed to account for these observations are then considered (§ 7.4). Three types 
of models are distinguished by order of increasing empiricism: radiolysis models, electrochemical 
models and chemical models. Their principles, advantages and limits are discussed. 

7.2 RADIONUCLIDE RELEASE 

Radionuclides are released in three phases from a spent fuel segment in water as shown in 
Figure 158. 

• The first phase corresponds to rapid activity release observed after leaching for less than two 
months. It is generally assumed that release corresponds to the radionuclide inventory on the 
free surfaces (gap, etc.); this is often referred to in the literature as the labile fraction. 

• The second, slower, phase is observed when the spent fuel segments have been leached for 
extended periods of a few months to several years; it is associated with radionuclide release 
from the grain boundaries. 

• The last phase corresponds to the activity arising from dissolution of the UO2 grains and the 
release into aqueous solution of fission products (FP) and actinides contained in the matrix; 

                                                      
35 For example, the solubility limit is 3.4 × 10-10 mol·L-1 for U(OH)4 versus 3.2 × 10-6 mol·L-1 for UO2(OH)2 
without complexants. 
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this very slow phase may last several hundred thousand to several million years depending 
on the conditions. 

The following paragraphs distinguish between the release of the labile and grain boundary 
inventories and the release due to dissolution of the UO2 matrix. 
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Figure 158. System diagram of radionuclides release in aqueous phase in three 
simultaneous steps (based on Johnson and Shoesmith, 1988) 

7.2.1 Release of the labile fraction and grain boundary inventory 

The influence of the irradiation parameters (burnup and linear power) on the release of the labile 
inventories (137Cs, 129I, 90Sr, 99Tc and 14C) into solution has been studied for different types of fuel 
(CANDU, LWR36). In most of these studies the authors compared the radionuclide release in aqueous 
solution and the fission gas release fraction (FGR) in the free volumes of the rod. 

The subject of this document is PWR fuel, although substantial results have been obtained in 
studies of CANDU fuel irradiated under different conditions than PWR fuel: 

• Industrial CANDU fuel (excluding experimental fuel) is characterized by low burnup 
(typically between 6 and 12 GWd·t-1) and high linear power (between 20 and 55 kW·m-1). 
This results in pellet core operating temperatures between 1000 and 1700°C, at which the 
radionuclide diffusion and release mechanisms are highly activated; in this type of fuel with 
highly variable linear power values, there is a strong correlation between the linear power 
and FGR. 

• Conversely, PWR fuel exhibits higher burnup (between 20 and 60 GWd·t-1) with relatively 
low linear power values (between 150 and 200 W·cm-1). This results in pellet core operating 
temperatures between 800 and 1200°C (see Chapter II); at these temperatures the 
radionuclide diffusion processes at the grain boundaries are more limited. In this type of fuel 
with low and relatively constant linear power, its effect on FGR is much lower than that of 
the burnup (see Chapter III). 

                                                      
36 Light water reactors (BWR or PWR). 
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Leaching data were used to establish the radionuclide inventory in the free volumes of the rod 
and at the grain boundaries. Chapter III includes additional data on this subject. The relations between 
the release, burnup, FGR and leaching conditions are discussed below. 

7.2.1.1 Release of the labile inventory 

Given the very different irradiation conditions, a distinction is made between CANDU fuel and 
light water reactor fuel in considering the influence of the irradiation parameters on the labile release. 
A few values reported in the literature for the labile fractions are indicated in Table LXV in the 
Annex. 

7.2.1.1.1 CANDU fuel 

Leach tests of clad spent fuel segments with linear power values ranging from 300 to 530 
W·cm-1 revealed a virtually linear relation with a slope of 1 between the dissolved 137Cs inventory 
fraction and the and FGR (Johnson et al., 1983; Stroes-Gascoyne et al., 1987, 1992). A similar relation 
has been demonstrated for 129I (Stroes-Gascoyne et al., 1987). Furthermore, the higher the linear 
power, the more quickly the corresponding released fractions tend toward FGR, which seems to 
constitute an asymptotic limit on cesium and iodine release. 

Similarly, the aqueous release of 137Cs and 129I appears to increase with the burnup, while 
remaining within the same order of magnitude as FGR (Table LXV). 

7.2.1.1.2 Light-water reactor fuel 

Forsyth et al. (1994) also concluded that there was a correlation between the inventory release 
into solution and the linear power. However, Gray et al. (1992) showed that FGR is indeed equivalent 
to the solubilized cesium fraction as long as FGR < 2%; at higher values, the solubilized cesium 
fraction diminishes, tending toward one-fourth of FGR. These results appear to be corroborated in a 
recent summary by Johnson et al. (2004), which reports the leaching data obtained on PWR fuel with 
burnup between 27 and 50 GWd·t-1. Conversely, there appears to be no correlation between the burnup 
and the 129I fraction released into solution (see Chapter III). 

Johnson and McGinnes (2002) also reported data on labile 14C release from low-burnup PWR 
fuel (27–31 GWd·t-1) that did not appear to establish any correlation with FGR (see Table XI, 
Chapter III). 

7.2.1.2 Release of the grain boundary inventory 

When leaching continues beyond a few days, some fission products continue to be released at a 
higher rate than uranium. This behavior is observed even after extended contact, especially for cesium. 
This phase corresponds to the release of the fission products that accumulated at the grain boundaries 
during irradiation. 

Insoluble radionuclides that are particularly mobile in UO2 in the reactor tend to migrate via the 
grain boundaries into the free volumes (see Chapter III). These include the elements present in the gap, 
e.g. cesium and iodine, but also elements forming metallic precipitates (Tc, Pd, Ru etc.) or oxide 
precipitates, e.g. strontium (see Chapter II). As before, the authors attempted to establish a simple 
correlation between the release and FGR. 

7.2.1.2.1 Light-water reactor fuel 

Gray and Strachan (1991) studied the release of the grain boundary inventory by leach testing at 
a controlled flow rate, which has the advantage of maintaining the leachate undersaturated with 
respect to uranium. Spent fuel was leached in the form of fragments, particles comprising multiple 
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grains, or individual grains. The latter were obtained by grinding and sieving the fragments, some of 
which were subjected to prior dry oxidation to diminish their mechanical strength. The leaching 
solutions were dilute hydrochloric acid (Gray and Strachan, 1991) or carbonated water at pH 8 (Gray 
et al., 1992). 

The cesium release (i.e. inventory concentration at the grain boundaries) was observed to level 
off at 1%, irrespective of FGR value (Gray et al., 1992). The strontium and technetium releases 
(estimated between 0.1% and 0.2% of the total inventory) were substantially lower than the cesium 
release, and remained constant after only a few hours of contact. Cesium, however, continued to leach 
out slowly; this was attributed by the authors to the likely existence of a cesium concentration gradient 
in the phases at the grain boundaries. Technetium was released in greater amounts when the leached 
fuel had been previously subjected to dry oxidation to obtain U3O8 stoichiometry (Gray and Strachan, 
1991): the formation of this structural phase increased the specific surface area of the material (see 
Chapter VI). 

7.2.1.2.2 CANDU fuel 

Studies also involving prior dry oxidation to U3O7 were carried out on CANDU fuel (Stroes-
Gascoyne et al., 1993). The results in deionized water showed that 0.15 to 2.22% of the total cesium 
inventory was released into solution, and that the release increased with the burnup, although no clear 
correlation could be established with FGR. 

The released fractions of strontium (0.01–0.67% of the total inventory) and technetium (0.33–
1.46% of the total inventory) were lower than for cesium, and appeared to be independent of the 
burnup and FGR. The high technetium release was attributed to the change in the oxidation state of a 
fraction of the metal phase following dry oxidation (Stroes-Gascoyne et al., 1993). 

Concerning the 14C behavior, a study of fuel grains indicated an overall inventory (free volume 
plus grain boundaries) of between 0.06 and 5.04% of the total inventory (Stroes-Gascoyne et al., 
1994). Here again, no correlation was found between the release of these inventories, the burnup, and 
FGR. The authors assumed that if these parameters had any effect, it must have been masked by 
variations in the nitrogen concentration—the principal source of the total 14C inventory—from one 
fuel batch to another. 

The chlorine-36 fractions in the gap and grain boundaries were determined by leaching rod 
segments and fuel reduced to powder form (Tait et al., 1997). These results revealed that the chlorine-
36 inventory in the gap and at the grain boundaries was strongly correlated with the rare gas release 
fraction, the burnup, and the linear power (see Chapter III). 

7.2.1.3 Influence of leaching parameters 

7.2.1.3.1 Temperature 

Stroes-Gascoyne (1992) specifically investigated the effect of the leaching conditions on 
radionuclide release from CANDU fuel fragments with a linear power ranging from 330 to 500 
W·cm-1, for which FGR was between 0.06 and 4.31%. These tests were performed by static leaching 
for 30 days in different types of leachate (deionized water, granitic water, brine, etc.). It was not 
possible to discriminate between the relative contributions of the gap and the grain boundaries. At 
100–150°C the maximum 137Cs release was an order of magnitude greater than the value measured at 
25°C in irradiated specimens of low linear power. No effect was observed for specimens of high linear 
power. The temperature increase thus appears to accelerate dissolution of the cesium inventory slightly 
at the grain boundaries; this inventory is slightly higher in fuel with low linear power due to the more 
limited release into the free volumes. 

The strontium release measured during leaching of PWR fuel showed no temperature 
correlation (Figure 159). 
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Figure 159. Fraction of strontium released into the aqueous phase measured during leaching of 
spent fuel in various aerated media: possible contribution of the matrix (CEA data) 

7.2.1.3.2 Redox potential 

For CANDU fuel, the 137Cs release (gap + grain boundaries) appears to be unaffected by the 
redox conditions of the medium (Stroes-Gascoyne, 1992). 

Experiments in oxidizing media carried out by SKB (SKB, 1992) showed that technetium is 
leached differently than cesium and strontium, which is consistent with existence of metallic phases at 
the grain boundaries. Under reducing conditions, the 99Tc release being controlled by the solubility, its 
concentration was maintained at very low levels. 

7.2.2 Radionuclide release with dissolution of the UO2 grains 

This section addresses the issues of radionuclide release resulting from the dissolution of spent 
UO2 grains, with the simultaneous release of fission products (FP) and actinides into aqueous solution. 
This very slow step reflects the long-term behavior of the fuel matrix. 

The radionuclides present in the UO2 grains can be classified schematically into three categories 
(see Chapter II). 

7.2.2.1 Soluble elements 

The elements soluble in the fluorine lattice of the matrix include the lanthanides and the 
actinides, as well as other elements such as Y, Zr, Nb, Mo, Ba and Sr. 

The actinides exhibit lower solubility in solution, and tend to precipitate or coprecipitate on or 
near the fuel surface. The precipitation phenomena can limit the matrix dissolution rate and 
radionuclide release (retention capacity). 

Jégou et al. (2004a) measured the uranium and plutonium release during leaching experiments 
with UO2 pellets doped with α emitters (238/239Pu) and spent fuel fragments in aerated media subjected 
to an external γ irradiation field. After acidification of the solution, the mass loss increased in a linear 
manner over time both for doped UO2 (Figure 160) and for spent fuel (Figure 161). The 238Pu release 
measured after acidifying the leachate was generally congruent with the uranium release. Moreover, 
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the spent fuel experiments showed satisfactorily congruent release between uranium and the other 
actinides (239Pu, 241Am and 244Cm) after acidification (Jégou et al, 2004a). 

Temps (jours)Temps (jours)Time (days)Temps (jours)Temps (jours)Time (days)  

Figure 160. Normalized mass loss for UO2 (1500 years) versus time  
under external γ radiation (650 Gy·h-1) in aerated media (Jégou et al, 2004a) 

Temps (jours)Temps (jours)Time (days)Temps (jours)Temps (jours)Time (days)
 

Figure 161. Normalized mass loss for UOX fuel (60 GWd·t-1) versus time  
under external γ radiation (650 Gy·h-1) in aerated media (Jégou et al, 2004a) 

Leach tests with UOX fuel37 also showed satisfactory congruence between the strontium and 
uranium releases (Jégou et al., 2004b). 90Sr is generally used as a matrix dissolution tracer (Le Lous, 
1997; Grambow et al., 1999) because of its good solubility in solution. 

7.2.2.2 Oxide precipitates 

Some insoluble elements form oxide precipitates in UO2: Rb, Cs, Sr, Ba, Zr, Nb, Mo and Te. 
With preleached fragments, the 134-137Cs/U congruence ratio remains near 1 (Jégou et al., 2004b), 
indicating the release is controlled by dissolution of the matrix. In fact, like strontium, cesium is used 
as a matrix alteration tracer because its high solubility prevents it from precipitating. 
                                                      
37 The samples were preleached for three years in an aerated carbonate solution 
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7.2.2.3 Metallic precipitates 

The metal fission products (Mo, Ru, Rh, Pd and especially 99Tc) are found as metal inclusions 
both at the grain boundaries and inside the fuel grains. The included fraction in the grain is released 
only after the grain dissolves. As for the actinides, the 99Tc release appears to be controlled by 
oxidation of the inclusions in the grain (Forsyth and Werme, 1992). 

7.2.3 Summary 

Radionuclide release from spent fuel in water can be broken down into two main steps. 

• The first involves the rapid release (within a few days) of the labile activity corresponding to the 
radionuclide inventory on the free surfaces of the fuel, and the release of the grain boundary 
inventory over a period of several months to several years. 

• The second corresponds to the slow release of activity as the UO2 matrix dissolves, and may last 
several thousand years. 

The release of most of the activity from the spent fuel rod—i.e. the activity contained in the 
grains—is thus controlled by the fuel dissolution kinetics. The studies performed to estimate the spent 
fuel matrix dissolution kinetics in water are detailed below. 

7.3 SPENT FUEL MATRIX DISSOLUTION KINETICS 

As noted in Chapter IV, spent fuel remains highly radioactive for up to several million years 
after removal from the reactor, leading to radiolysis of the surrounding environment. The βγ activity 
predominates during the first two hundred years of cooling, after which it is superseded by the α 
activity. The following paragraphs address the effects of alpha and gamma radiolysis of water on 
dissolution of the fuel matrix in a primarily reducing environment, as is the case in a deep geological 
repository. The radiolysis of pure water is described in the Annex. 

7.3.1 Effects of alpha radiolysis 

Alpha radiolysis produces mainly molecular species such as H2O2, H2 or O2 (higher radiolytic 
yields for molecular species—see Table LXIV in the Annex). Alpha particles are characterized by 
their high linear energy transfer (LET) and a mean free path in water of about 40–45 µm (the mean 
energy of the alpha particles emitted in spent fuel is 5.3 MeV). As a result, they deposit all their 
energy in a thin layer of water at the solid surface, particularly in the pores and cracks. 

Two experimental methods have been explored to understand and evaluate the impact of alpha 
radiolysis of water on fuel matrix dissolution. One involves exposing an undoped UO2/water system to 
an external alpha radiation source or beam. The other uses UO2 pellets doped with α emitters at 
different concentrations to reproduce the alpha flux emitted at the surface fuel over a geological 
disposal time scale. 

• In the first case, an electrochemical approach38 was developed by the Canadians (Bailey 
et al., 1985; Sunder et al., 1997; Shoesmith, 2000); it consists in exposing an undoped 
UO2/water system to an external alpha source situated at a variable distance (generally about 
30 µm) but always near enough to allow the molecular species to react with the interface. 
Another method is to irradiate the UO2/water interface with an α particle beam from a 
cyclotron (Corbel et al., 2000; 2001; Sattonnay et al., 2001; Lucchini et al., 2001; Lucchini, 
2001); the ion beam penetrates into and through the solid, then is stopped by the water. The 
thickness of the UO2 target is selected so the energy of the alpha particles emitted in the 
water is comparable to the energy of an alpha emitter in spent fuel (about 5.3 MeV). 

                                                      
38 The theoretical principles of the electrochemical approach are described in paragraph 0 



Synthesis on the spent fuel long-term evolution 

201 

• In the second approach, UO2 pellets are doped with alpha-emitters at different 
concentrations to vary the pellet activity and thus the alpha flux at the reaction interface 
(Gray, 1988; Rondinella et al., 1999–2000; Jégou et al., 2003–2004a). This method is 
capable of simulating only the effects of water radiolysis on the UO2/water interface, but 
cannot be used to study the effect of irradiation damage and its accumulation in the solid 
because the dpa and flux are insufficient. Most of the work on the alteration of doped pellets 
has consisted in observing the dissolution of these samples, but UO2 electrodes doped with α 
emitters have also been developed to investigate oxidizing dissolution of UO2 by the 
electrochemical approach (Stroes-Gascoyne et al., 2002); this method has a notable 
advantage over the use of fresh UO2 electrodes in that it takes into account the influence of 
the radicals generated by radiolysis at the reaction interface. 

7.3.1.1 Simulation of alpha radiolysis effects by external irradiation 

7.3.1.1.1 Electrochemical approach 

This method uses an external α source in the water to irradiate the UO2/water interface. The α 
source is maintained at a distance from the UO2 electrode using Pyrex beads about 30 µm in diameter 
that reportedly attenuate the α particle flux by less than 1% according to Sunder et al. (1990a). The 
corrosion potentials are measured in a thin electrochemical cell. For each steady-state corrosion 
potential value measured for an α flux, there is a corresponding dissolution rate. This type of 
experimental setup can thus be used to investigate the effect of α radiolysis of water on UO2 
dissolution depending on the α source, the irradiation exposure time, and the solution temperature and 
chemistry. 

These studies showed that in a 0.1 M NaClO4 solution (pH = 9.5) at room temperature (Sunder 
et al., 1997) or in triple-distilled water at 100°C (Sunder et al.., 1990a), under deaerated conditions 
([O2] < 1.5 × 10-9 M), the oxidation of UO2 due to α radiolysis of water depends on the intensity of the 
α flux and thus on the concentration of radiolysis products. With an α source activity exceeding 
9.25 × 106 Bq, UO2 is oxidized beyond U3O7, and the oxidized layer is dissolved. The corrosion rate 
increases with the absorbed α dose rate. Conversely, activities of 1.85 × 105 Bq at 100°C or 3.7 × 106 
Bq at room temperature do not result in oxidation of UO2 beyond U3O7 (Sunder et al., 1990a; Sunder 
et al., 1997). These values are comparable to the activities expected at the spent fuel surface after 500 
years of cooling. 

The same authors also studied the impact of dissolved H2 in nitrogen-degassed triple-distilled 
water on UO2 oxidation/dissolution versus the α dose rate and temperature. At room temperature, the 
presence of dissolved H2 in solution at concentrations below 7 × 10-4 M does not affect the UO2 
oxidation process (Sunder et al., 1990b). At 100°C, however, at concentrations exceeding 
1.6 × 10-4 M, H2 appears to diminish the UO2 dissolution rate to an extent that increases with the α 
dose rate (Sunder et al., 1990b). 

7.3.1.1.2 High external irradiation flux 

External irradiation experiments at high flux values were carried out using the CERI-CNRS 
cyclotron in Orléans, which generates a 4He2+ ion beam with an initial energy of 45 MeV. The alpha 
particles passed through a uranium oxide disk of a thickness adjusted to obtain an emission on the 
surface with an energy of about 5 MeV (Corbel et al., 2001; Sattonnay et al., 2001). In this case, the 
alpha particle path length in water was 40 µm. 

The experiments were carried out in 10 mL of deionized water at pH 6, in aerated (2 × 10-4 M 
dissolved oxygen) and deaerated (1.2 × 10-10 M dissolved oxygen) media, with a disk-surface-area-to-
solution-volume (S/V) ratio of 2.8 m-1. The solution was renewed after each one-hour irradiation cycle 
at constant alpha flux (between 3.3 × 1010 α·cm-2·s-1 and 3.3 × 1011 α·cm-2·s-1). The uranium and 
hydrogen peroxide concentrations in solution and the pH were measured at the beginning and end of 
the experiment. The results obtained the test conditions are summarized in Table LIX. 
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Table LIX. UO2/water interface under external alpha irradiation (Sattonnay et al., 2001; Poinssot et al., 2003c) 

Flux (α·cm-2s-1) Medium [U] (µg·L-1) [H2O2] (mol·L-1) pH 

3.3 × 1011 Aerated 2280 ± 230a (3.5 ± 0.3) × 10-3 3.8 ± 0.2 
3.3 × 1010 Aerated 210 ± 30a (4.8 ± 0.5) × 10-4 4.9 ± 0.3 
3.3 × 1011 Deaerated 1400 ± 100b (1.2 ± 0.1) × 10-3 4.0 ± 0.1 

1.65 × 1011 Deaerated 820 ± 23b (0.6 ± 0.1) × 10-3 4.2 ± 0.2 
a The uranium concentration in solution prior to irradiation was 0.3 µg·L-1 
b The uranium concentration in solution prior to irradiation was 1.4 µg·L-1 

The uranium concentration in solution increased by three to four orders of magnitude under 
irradiation. The higher the flux, the higher the uranium and H2O2 concentrations in solution and the 
greater the solution acidity. These findings were compared with those obtained simply by adding 
hydrogen peroxide to the solution to obtain the same bulk concentration as measured under external 
alpha irradiation (10-3 mol·L-1). The uranium concentration measured under irradiation was two orders 
of magnitude higher than with H2O2 additive alone, demonstrating the role of the radicals produced by 
α radiolysis on UO2 dissolution. These results were obtained at very high flux values, however, four to 
five orders of magnitude greater than the flux emitted at the surface of spent fuel on removal from the 
reactor. Moreover, the uniform beam of α particles emitted in water (5 MeV) differs from the emission 
at the fuel surface (with its energy distribution from 0 to 5 MeV), and can result in a local H2O2 
concentration on the fuel surface exceeding the value measured in solution. 

7.3.1.2 Experiments with UO2 doped with alpha emitters 

In recent years, the preferred method for investigating the influence of alpha radiolysis of water 
on dissolution of the UO2 matrix is to dope the latter with α emitters simulating alpha particles in 
spent fuel. Gray (1988) was the first to use UO2 pellets doped with alpha-emitters to assess the effect 
of alpha radiolysis on matrix dissolution. Two types of pellets were fabricated for these leaching 
experiments: 

• pellets doped mainly with 239Pu (specific activity 1.06 × 106 Bq·g-1); 

• pellets doped mainly with 238Pu (specific activity 1.72 × 108 Bq·g-1). 

Static leach tests were carried out at 90°C in aerated brine solutions with an S/V ratio of 10 m-1 
for 5, 28 and 90 days. In addition to the Pu-doped pellets, an inactive UO2 pellet and both clad and 
unclad spent fuel samples (28 GWd·t-1) were tested under the same experimental conditions. The 
results showed that the uranium mass loss from Pu-doped UO2 pellets was on average ten times 
greater than from undoped pellets. They also showed that the mass loss from both types of Pu-doped 
pellets was roughly identical despite the very different dose rates absorbed by the leaching solution. 
Gray concluded that alpha radiolysis had only a very limited effect on UO2 dissolution and that the 
influence of oxidizing radiolysis products was masked by the presence of dissolved O2 (at a 
concentration of about 10-3 M at 90°) in solution. The mean dissolution rates obtained during the tests 
on 238Pu-doped pellets varied between 20.5 and 1.5 mg·m-2·d-1 after 5 to 90 days of leaching. This rate 
drop over time reflects the possible saturation of the solution with respect to uranium (by 
precipitation) and the formation of secondary phases at the interface. 

Rondinella et al. (1999) provided additional data on the influence of alpha radiolysis of water 
on the dissolution of UO2 with UO2 pellets containing 0.1 and 10 wt% 238Pu. The alpha activities per 
unit area were 2.71 × 106 Bq·cm-2 (UO2-0.1%) and 2.71 × 108 (UO2-10%), and the corresponding dose 
rates (capable of being absorbed by water) were 103 and 105 Gy·cm-2·h-1. Disks 1 mm thick were cut 
from the pellets, then annealed to eliminate any defects and control the surface stoichiometry. They 
were then submitted to sequential dissolution tests at room temperature under nitrogen atmosphere, in 
nitrogen-degassed demineralized water (< 10 ppm O2) for contact periods of 1, 10, 100 and 
1000 hours. The uranium quantities released into solution were one to two orders of magnitude higher 
for the doped pellets—even with only 0.1%—than for undoped pellets. As in Gray’s experiments 
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(1988), the effect of alpha radiolysis appeared to be independent of the dose rate: the same quantities 
of uranium were released into solution from both types of doped pellets (Rondinella et al., 2000). 

However, more recent work by Cobos et al. (2002), Jégou et al.. (2003) and Stroes-Gascoyne 
et al.. (2004) has cast doubt on the supposed independence with respect to the dose rate. 

Cobos et al. (2002) showed strong dependence between alpha radiolysis and matrix dissolution 
(Figure 162). XPS measurements also confirmed that the higher the dopant content, the faster the 
surface oxidizes and the sooner the solubility limit is reached. Nevertheless, this work underestimated 
the release, especially for UO2-10%, because it did not take into account the uranium that 
reprecipitated in solution. 

 

Figure 162. U and Pu inventory fraction released in aqueous phase (left) and cumulative concentration  
after acid rinsing (right) versus the leaching time and dopant concentration (Cobos et al., 2002) 

These results are in agreement with those obtained by Jégou et al. (2003) based on leach testing 
of UO2 pellets doped with alpha-emitters (238Pu and 239Pu). The 238Pu and 239Pu concentrations were 
adjusted to reproduce the alpha activity of spent fuel with a burnup of 47 GWd·tiHM

-1 at different time 
intervals (Table LX). The total 238/239Pu content was maintained constant at 0.217 wt%, however, to 
avoid modifying the material chemistry. Leach tests were conducted at room temperature in a 
deaerated medium (< 0.1 ppm O2) for 30 days. Dissolved uranium in solution was measured by laser-
induced phosphorescence after acidifying the solution and H2O2 was determined by 
chemiluminescence (detection limit 2 × 10-8 mol·L-1). The experimental conditions and results are 
summarized in Table LX. The results indicate a correlation between the alpha flux at the reaction 
interface and the rate of uranium release in solution (Jégou et al., 2003). 

Table LX. Matrix dissolution rate and H2O2 concentration in solution  
measured during leaching of doped UO2 pellets (Jégou et al., 2003–2004) 

Simulated age 
of spent fuel 

Flux 
(α·cm-2·s-1)

α dose rate 
(Gy·h-1) Solution Atmosphere [U]  

(µg·L-1) 
R 

(mg·m-2d-1) 
[H2O2] 

(mol·L-1) 

15 years 3.12 × 106 1050 Pure water Ar 
(O2 < 0.1 ppm) 142 ±10 2.5 < 2 × 10-8 

1500 years 3.3 × 105 110 Pure water Ar 
(O2 < 0.1 ppm) 10 ±1 0.2 < 2 × 10-8 

40000 years 3.3 × 104 11 Pure water Ar 
(O2 < 0.1 ppm) 2 ±1 0.04 < 2 × 10-8 

 

The effects of α radiolysis were also measured directly on UO2 pellets doped with α emitters 
during electrochemical experiments (Stroes-Gascoyne, 2002). Preliminary results showed that the 
corrosion potentials are correlated with the level of doping, and are appreciably higher than obtained 
with UO2 electrodes subjected to an external α source. The radicals generated at the doped UO2 
electrode interface thus appear to have an appreciable role. 
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However, partial storage in air prior to leaching of UO2 pellets doped with alpha-emitters causes 
a surface reactivity variation that depends on the alpha flux at the interface and on the sample storage 
duration before testing (Jégou et al., 2004c). This phenomenon modifies the initial dissolution rate and 
could account for the differences among published findings. 

7.3.1.3 Summary 

The effects of alpha radiolysis on the UO2 dissolution rate have been revealed through external 
irradiation experiments with UO2 disks or electrodes, and by leach tests on UO2 pellets doped with 
alpha-emitters. These experiments have shown an increase in the dissolution rate related to alpha 
radiolysis of water. More recent findings obtained under deaerated conditions have shown that the 
dissolution rate increases with the alpha dose rate. 

7.3.2 The effects of beta-gamma radiolysis 

The βγ emitters39 in the fuel are significant for a few hundred years (see Chapter IV). During 
this period, γ radiolysis of the water can also modify the matrix alteration rate of fuel exposed to water. 

In spent fuel, the γ photons generally emitted by the fission products interact with matter 
primarily through Compton effect. Gamma radiation is characterized by low LET, i.e. a low energy 
deposit and therefore a longer path—a few centimeters for γ photons in water. Gamma radiolysis 
differs from α radiolysis in that it generally creates highly reactive radicals: (OH•, HO2

•, etc., as 
discussed in the Annex). 

Water splitting in a γ field is also highly dependent on the nature of the cover gas: 

• In deaerated (or anoxic) media, the stable species H2 and H2O2 are not detected in pure water 
subjected to X-ray or γ irradiation at low LET values; Allen (1961) showed that at low LET in 
deaerated media without impurities, H2 and H2O2 recombine via OH• and H• radicals in a chemical 
chain reaction: 

O2HOHH
----------------------

OHOHOHH
OHHHOH

2222

2
•

22
•

2
•

2
•

→+

+→+

+→+

 

The radicals and molecular species generated by radiolysis thus recombine to form water. 
The presence of hydrogen appears to limit water splitting under gamma radiation. 

• In aerated media, recombination does not occur (Pastina, 1997); in water saturated with dissolved 
oxygen, virtually all the e-

aq and H• radicals are oxidized by O2 according to the following 
reactions: 

e-
aq + O2 → O2

•- 

H• + O2 → HO2
•, 

The O2
- and HO2

• radicals react to form hydrogen peroxide and oxygen, or with OH• to form 
oxygen alone: 

O2
•- + HO2

• (+H2O) → H2O2 + O2 + OH- 

2 HO2
• → H2O2 + O2 

O2
•- + OH• → O2 + OH- 

                                                      
39 There is no major difference between β radiolysis and γ radiolysis, which have the same primary radiolysis 
yields. The only difference lies in the fact that the initial energy of a β emitter is about 0.2 MeV and is deposited 
locally (400–500 µm in water), whereas the initial energy of a γ emitter is 1 MeV and is deposited over several 
centimeters in water. The effects of β radiolysis can be considered equivalent to those of γ radiolysis. 
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HO2
• + OH• → O2 + H2O. 

Hydrogen peroxide is thus the main water radiolysis product at low LET in the presence of 
oxygen. Irradiating pure water in an open system results in a steady-state H2O2 concentration with 
constant release of H2 and O2 (Spinks and Woods, 1990). 

7.3.2.1 Effect of gamma irradiation on oxidizing dissolution of UO2 

Gromov (1981) had already shown that in 0.73 M total carbonate solutions at pH 10, or in 0.1 M 
H2SO4 solutions at pH 1, the UO2 and U3O8 dissolution rates increased under γ radiation supplied by 
an external 60Co source. With a dose rate of 12 Gy·s-1, for example, the UO2 dissolution rate was 
estimated at 3.5 mg·m-2·d-1 and increased with the dose rate. 

Figure 163 illustrates the dependence of the UO2 dissolution rate on the γ dose rate absorbed by 
oxygenated or aerated solutions. 

 

Figure 163. UO2 dissolution rates versus dose rate in irradiated aerated or oxygenated solutions;  
horizontal lines 1 and 2 represent the rates determined without irradiation  

for an aerated uncarbonated solution and for an aerated carbonate solution, respectively  
(Shoesmith et al., 1998) 

The dissolution rates in this figure were calculated from published experimental data obtained 
by chemical and electrochemical approaches. The dose rate dependence was determined empirically 
from the slope of the trend line for each series of experiments. The dissolution rates thus depend on 
the experimental conditions. Based on the intercepts of lines 1 and 2 with the experimental curves, 
Figure 163 indicates that the effect of γ radiation on the UO2 dissolution rate is negligible (Shoesmith, 
2000): 

• when the dose rate is less than 1 Gy·h-1 in aerated uncarbonated solutions; 
• when the dose rate is less than 10 Gy·h-1 in aerated carbonate solutions 
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7.3.2.2 Effect of radicals 

Sunder et al. (1991, 1992) carried out electrochemical studies on the effects of water γ radiolysis 
products on UO2 matrix dissolution kinetics. Their primary focus was the effect of the OH•, O2

•- and 
CO3

- radicals generated by γ radiation from a 192Ir source in solution with a UO2 electrode. The study 
was conducted under the following conditions: the electrolyte was 0.1 M NaClO4 buffered to pH 9.5 
by HClO4 or NaOH, and degassed with argon to eliminate the dissolved oxygen. Adding formate 
(HCOO-) ions or irradiating a solution saturated in N2O enhanced the production of O2

•- and OH•, 
respectively. The sample surface was also analyzed using two techniques: voltammetry and X-ray 
photoelectron spectrometry (XPS). Voltammetry was used to estimate the thickness of the oxidized 
surface layer, and XPS indicated its chemical composition. 

The variation of the corrosion potential over time reveals two stages of UO2 dissolution (Sunder 
et al., 1991, 1992): 

1) The first corresponds to the formation of a thin UO2+x layer with nearly the stoichiometry of UO2.33 
and a thickness similar to the value obtained in unirradiated oxygenated solutions (–500 mV < Ecorr 
< –100 mV); this film appears to grow at a rate proportional to the square root of the dose rate. 

2) The second stage (Ecorr > –100 mV) involving oxidizing dissolution of the film (UO2
2+) and the 

formation of hydrated UO3 (schoepite) secondary phases at the electrode surface, occurs mainly at 
high dose rates. The oxidation of UO2 is more thorough and rapid in solutions favorable to the 
production of O2

•- and OH• radicals rather than H2O2, which itself reacts faster than O2. 
Christensen (1991) also performed static leach tests with a 60Co source supplying a dose rate of 

600 ± 90 Gy·h-1. After 6 days of irradiation in media suitable for selectively generating OH•, O2
•- and 

H2O2, the dissolution rates obtained were 30, 30 and 50 mg·m-2·d-1, respectively, compared with 3 
mg·m-2·d-1 in similar media without gamma irradiation. 

7.3.2.3 Summary 

The effect of γ radiolysis of water on oxidizing dissolution of UO2 is visible in the form of a 
higher dissolution rate that increases with the dose rate. This effect can be attributed to oxidizing 
radicals generated by radiolysis, and not only to the presence of hydrogen peroxide. It should be noted, 
however, that the estimated concentration of radicals arising from water radiolysis is very low—
generally less than 10-9 M—and may reach 10-6 M when their formation is enhanced at higher dose 
rates. Sunder et al. (1990b) showed that they are much more reactive than the molecular oxidants 
present in larger quantities, regardless of the solution subjected to radiolysis (Sunder and Christensen, 
1993). 

7.3.3 Combined effects of alpha and beta-gamma radiolysis 

The alteration rate of spent fuel has also been evaluated in the literature through leaching 
experiments on fresh fuel subjected to both α and βγ radiation. 

7.3.3.1 Spent fuel leaching experiments 

Numerous spent fuel leaching experiments have been reported in the literature. The 
experimental conditions, the measured alteration rates, and the corresponding references are indicated 
in Table LXVI in the Annex. A distinction is made between experiments performed under aerated 
(e.g. Jegou et al., 2001) and deaerated conditions. The main results are discussed below. 
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7.3.3.1.1 Aerated media 

Serrano et al. (1998) carried out experiments in oxidizing media with irradiated materials 
(MOX 30 GWd·t-1, UOX 54 GWd·t-1) and unirradiated materials (UO2, Simfuel40) prepared and tested 
according to the same experimental procedures. All other things being equal, the slight differences in 
uranium release into solution observed between irradiated and unirradiated materials were attributed to 
uncertainties on the intrinsic specific surface area of each material, rather than to the effects of water 
radiolysis. The duration of these experiments (< 1000 h) was too short, according to the authors, to 
generate a sufficient quantity of radiolytic oxidizing species to overcome the effects of dissolved 
oxygen (at a concentration of 1.23 × 10-3 M in solution). 

7.3.3.1.2 Deaerated media 

Studies of fuel alteration in deaerated media have shown that, under anoxic conditions, water 
radiolysis—the only source of oxidizing species liable to cause uranium to enter solution at oxidation 
state VI—is responsible for oxidizing dissolution of the matrix. 

For example, Eriksen et al. (1995) proposed a relation between the quantities of radiolytic 
species and oxidation of the fuel surface. Spent fuel fragments with an estimated α+β dose rate of 252 
Gy·h-1 at the interface were placed in previously argon-sparged deionized water, and the quantities of 
O2, H2 and H2O2 generated were measured together with the uranium mass entering solution. The 
authors observed a disequilibrium in the material balance of oxidizing and reductive species in the 
system. Postulating that this imbalance was due to the consumption of oxidants on the solid surface, 
they proposed the following overall mass equation: 

xxmmmmm ++++= 22222 UOU(VI)OHOH 2242  

This equation allows for the fuel oxidation state, which is assumed to affect the action of 
radiolytically generated oxidizing species on the matrix dissolution mechanism. The formation of a 
superoxide layer on the surface could indeed account for the drop in the quantity of uranium released 
and the accumulation of H2O2 in solution between two successive, identical experiments. In this case 
H2O2 can no longer decompose on the fuel surface because of the change in its redox state. The 
capacity of the material surface to catalyze the reduction of oxidants produced by water radiolysis 
diminishes as a secondary phase is formed. 

Another issue is the effect of the fuel chemistry on the production of oxidizing species. External 
γ irradiation experiments conducted in an aerated medium to enhance the production of oxidizing 
species revealed no significant difference in H2O2 production between fuel and UO2 (Jégou et al., 
2004a). This behavior must still be demonstrated under conditions in which only small quantities of 
these species are produced (low flux, deaerated medium, etc.). 

The material microstructure also has an appreciable effect on the quantity of uranium released, 
although it is difficult to discriminate between a simple surface effect and a possible increase in 
radiolysis phenomena arising from the recovery of deposited energy in the pores (Jégou et al., 2004a). 
These results illustrate the difficulty of deconvoluting the effects alpha radiolysis of water on UO2 
matrix dissolution from the effects of the experimental conditions (in particular in aerated media) or 
the microstructural characteristics of the material. 

7.3.3.1.3 Principal experimental uncertainties 

It is difficult to quantify the impact of water radiolysis on dissolution through experiments with 
spent fuel. Two experimental parameters necessary to evaluate the material balance are difficult to 

                                                      
40Simfuel is a virtually inactive analog of CANDU fuel in which stable elements of the same chemical family are 
substituted for fission products and actinides. With eleven dissolved elements in the UO2 matrix (i.e. about 96% 
of the impurities expected in spent fuel) and only 0.9% 235U, it is a weakly irradiating material that simulates the 
chemical state and some of the microstructural features of spent fuel. 
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determine and control: the material surface area subjected to alteration, estimated with some 
inaccuracy, and its oxidation state, which varies over time. 

It is essential to know the surface area accessible to water in order to compare the results 
correctly among irradiated and unirradiated samples, but this parameter value is very difficult to 
estimate. Two methods are generally used to measure the fuel surface area accessible to water: 

• The Brunauer-Emmett-Teller (BET) method is based on the adsorption of a gas (usually a 
Kr-He mixture) on the sample surface; the drawback of this procedure is that it overestimates 
the surface area actually accessible to water because the gas penetrates deeper than water 
into the grain boundaries. 

• Conversely, the method based on calculating the geometric surface area assumes that no 
grain boundaries or cracks can be exposed to water during the dissolution tests; this method 
thus tends to underestimate the true surface area accessible to water, even with allowance for 
a “roughness” or “shape” factor of between 2 and 6 to mitigate this error (Forsyth, 1997). 

In the absence of a technique for accurately determining the surface area accessible to water, 
both methods are used where possible, and the actual value certainly lies between the BET surface 
area and the geometric surface area. 

Furthermore, the dissolution rates are directly correlated with the material surface state. For 
most of the spent fuel experiments, the material oxidation state at the beginning of the leach test was 
unknown. Consequently, it is impossible to know whether the measured dissolution rate is that of the 
stoichiometric UO2 matrix or, more probably, of UO2+x. This is particularly true for initial rate 
measurements, regardless of the dissolution method used (Grambow et al., 1996). 

7.3.3.2 Experiments with alpha-doped UO2 pellets under external gamma 
irradiation 

To compare the effects of alpha and gamma radiolysis with alpha radiolysis alone, Jégou et al. 
(2004a) studied the effect of external gamma irradiation on the dissolution rate of UO2 pellets doped 
with alpha-emitters in aerated and deaerated media. The geometry and microstructure of this material 
are relatively well known. The results are indicated in Table LXI. 

Table LXI. Matrix dissolution rate and H2O2 concentration measured in solution with and without external gamma 
irradiation in aerated and deaerated media (Jégou et al., 2004a) 

Sample α dose rate 
(Gy/h) 

γ dose rate 
(Gy/h) Atm Rexp* 

(mg·m-2d-1) 
H2O2exp 
(mol·L-1) 

1500 years 110 0 Ar (O2 < 0.1 ppm) 0.2 < 2 × 10-8 
1500 years 110 650 Air 85 1.2 × 10-4 
1500 years 110 650 Ar + 4% H2 (O2 < 0.1 ppm) 6.1 3.1 × 10-8 

 

These experiments carried out under comparable conditions showed that gamma radiolysis of 
water accelerated UO2 dissolution. This effect was enhance in aerated media by the fact that the 
radicals did not recombine under these conditions (see § 7.3.2). 

7.3.3.3 Summary 

The fuel alteration rates reported in the literature are difficult to compare because they depend 
on the experimental conditions, and on intrinsic sample characteristics such as the specific surface area 
or the initial oxidation state, which are generally not accurately known. However, experiments in 
deaerated media revealed oxidizing dissolution of the matrix that can be attributed only to oxidizing 
species supplied by water radiolysis. The alteration rates in this case were measured under mainly 
gamma radiolysis, whereas alpha radiolysis will become predominant after about two hundred years. 
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7.3.4 Parameters affecting matrix alteration 

7.3.4.1 Carbonates 

Among the UO2 complexants found in groundwater, carbonates (CO3
2-) and bicarbonates 

(HCO3
-) are the most interesting. U(VI) carbonate complexes—particularly UO2(CO3)3

4- and 
UO2(CO3)2-—are highly stable, and as a result increase the solubility of uranium in solution, which 
rises from 6 × 10-8 mol·L-1 in double-distilled water to 2 × 10-5 mol·L-1 in groundwater containing 
2 × 10-3 mol·L-1 of carbonate under oxidizing conditions (Forsyth and Werme, 1992). 

Electrochemical experiments with doped UO2 electrodes by Stroes-Gascoyne et al. (2002) 
showed that carbonate in solution considerably reduced the corrosion potential resulting in significant 
uranium release into solution. This is consistent with most published findings, which consider that 
carbonates enhance the UO2 dissolution rate in the presence of dissolved oxygen in solution 
(Grambow et al., 1999; Shoesmith et al., 1998). 

Goldik et al. (2004) recently studied the influence of hydrogen peroxide in an alkaline solution 
(pH = 9.5) on the dissolution of Simfuel with or without carbonates. They showed that the presence of 
dissolved carbonate in solution favors the release of U(VI) but also catalyzes the reduction of H2O2 on 
the surface of the UO2 pellet. 

7.3.4.2 Temperature 

7.3.4.2.1 Temperature effect on primary yield 

The radiolytic yields obtained by gamma radiolysis vary relatively little with the temperature 
(Elliot, 1994). The radical yield produced by gamma radiation increases by about 0.2% per degree 
between 20 and 200°C. The situation is less clear for the molecular yields, for which contradictory 
experimental results are reported. It appears that G(H2) may increase by 0.07% per degree whereas 
G(H2O2) diminishes by 0.15% per degree. These slight variations can be explained by the fact that the 
primary radiolytic yields result from competition between a physical phenomenon—diffusion outside 
the clusters—and a chemical phenomenon—the recombination of radicals in the clusters. The rates of 
most reactions between radicals are limited by diffusion (the reactions occur with each collision), and 
the probability of reacting within the cluster or diffusing into solution depends only on the initial 
distribution of the radicals. As the temperature rises the water density diminishes and the radicals are 
initially distributed more broadly. This is the main cause of the temperature-dependent increase in the 
radical yield (Hickel, 1999). A temperature increase accompanied by a higher radical yield will have a 
positive effect on water recombination and on the inhibiting effect of hydrogen. 

It is difficult, however, to extrapolate these results to the primary alpha radiolysis yields since 
the radiation characteristics are very different from those of gamma radiation. 

7.3.4.2.2 Temperature effect on kinetic constants 

The temperature also affects the kinetic constant of the reactions (according to an Arrhenius law 
with an activation energy ranging from 10 to 30 kJ·mol-1 depending on the reaction) but simulations of 
water radiolysis reactions show that effect of the activation energy is less important than the increase 
in the primary radical yields with the temperature (second-order parameter). 
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7.3.4.2.3 Temperature effect on UO2 matrix dissolution 

 Fresh UO2 pellets 
Experiments with UO2 in the presence of oxygen and carbonates have generally shown that 

raising the temperature from 25 to 75°C significantly increases the dissolution rate41 by up to one or 
two orders of magnitude (Steward and Gray, 1994; De Pablo et al., 1999). This trend is enhanced at 
higher oxygen and carbonate concentrations. In a solution containing 0.2 mmol·L-1 of carbonate and 
0.2% dissolved oxygen, Steward and Gray (1994) measured UO2 dissolution rates of 0.23 mg·m-2·d-1 
at 25°C, and 0.51 mg·m-2·d-1 at 75°C; in a solution containing 20 mmol·L-1 of carbonate and 20% 
dissolved oxygen, the UO2 dissolution rates were 2.74 mg·m-2·d-1 at 25°C, and 77.4 mg·m-2·d-1 at 75°C. 
A similar trend was observed by Pablo et al. (1999). We may conclude that the temperature enhances 
the reactivity of the oxidants and carbonates involved in oxidizing dissolution of UO2, and 
increasingly so at higher initial concentrations. 

 Spent fuel 
The available literature (Steward and Gray, 1994; Paul et al., 1997; Grambow et al.., 1996) does 

not reveal a clear temperature dependence of alteration in carbonates and brines between 25 and 
150°C at low oxygen partial pressures (Figure 164). 
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Figure 164. Leaching of spent fuel powder in contact with carbonate and molecular oxygen  
(the key indicates the O2 partial pressure expressed in atmospheres) (Steward and Gray, 1994) 

7.3.4.3 Hydrogen concentration 

Corrosion of iron in the canister material under anoxic conditions will release appreciable 
quantities of hydrogen according to the following reaction: 

Fe(s) + H2O ↔ Fe3O4(s) + H2(g) 

Another hydrogen source, although less important than canister corrosion, is radiolytic H2 
produced by water radiolysis due to the spent fuel. 

The inhibiting effect of hydrogen was evidenced by different authors (e.g. King et al., 1999; 
Spahiu et al., 2000; Röllin et al., 2001). The experiments were carried out on UOX fuel with a burnup 
of 43 GWd·t-1 in a solution containing 10 mmol·L-1 of NaCl and 2 mmol·L-1 of HCO3

- under 50 bars 

                                                      
41 Dissolution alone without radiolysis. 

 

 



Synthesis on the spent fuel long-term evolution 

211 

hydrogen pressure at temperatures between 25 and 70°C. The authors measured a very low uranium 
concentration (< 10-9 M) in the leaching solution, which remained constant throughout the duration of 
the experiment. Similar behavior was observed for other radionuclides: Cs, Sr, Mo, I, etc. 
(Figure 165). 

The hydrogen effect was recently confirmed at lower pressure (5 bars H2 + 0.03% CO2) (Spahiu 
et al., 2003). The authors concluded that for spent fuel (α and βγ irradiation), matrix dissolution is 
inhibited above 0.8 mmol·L-1 of dissolved hydrogen in solution. 

Although the mechanisms that could account for the inhibiting effect of hydrogen have not been 
elucidated to date, the authors propose two possible interpretations: 

• U(VI) generated on the fuel surface could be reduced to U(IV) in the presence of hydrogen; the 
reduction reaction would be catalyzed by UO2(s) according to the following reaction: 

UO2(CO3)3
4- + H2 ( ) → sUO.Cat 2 UO2(s) + 2 HCO3

-
 + CO3

2- 

Figure 166 shows the drop in the U(VI) concentration after adding 1.1 g of UO2(s) to a solution 
initially containing 7 × 10-6 mol·L-1 of UO2

2+, 10 mmol·L-1 of NaCl and 2 mmol·L-1 of HCO3
- under a 

pressure of 50 bars H2. 

 

Figure 165. Radionuclide concentrations versus time  
a) at 50 bars H2 and b) in a deaerated medium (Spahiu et al., 2000) 

 

Figure 166. Uranium concentration versus time at 50 bars H2 pressure,  
before and after adding 1.1 g of solid UO2 at 70°C (Spahiu et al., 2000) 
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• H2 and H2O2 may also recombine in a chemical chain reaction with the aid of H• and OH• radicals 
as follows (§ 7.3.2): 

O2HOHH
---------------------
OHOHOHH

OHHHOH

2222

2
•

22
•

2
•

2
•

→+

+→+

+→+

 

According to the above reaction, the effect of hydrogen should be enhanced in this type of 
experiment with spent fuel due to the βγ irradiation which favors the generation of radicals. 

The effect of hydrogen on alpha radiolysis alone was investigated through static leach tests on 
UO2 pellets doped with 233U in (Ar + H2) atmosphere together with complexants (HCO3

-) in a solution 
containing 10 mmol·L-1 of NaCl (Spahiu et al., 2004). The uranium concentration measured after 
several months of leaching was very low and independent of the hydrogen pressure (between 0.16 and 
16 bars) (Figure 167). Thus, an hydrogen concentration of 10-5 mol.L-1 appears to be efficient for 
inhibiting the oxidation of alpha doped UO2 pellet exhibiting a dose rate of 680 Gy.h-1. From the 
authors, the dissolved hydrogen should consume the oxidants produced by radiolysis (O2) and should 
reduce the traces of U(VI) in solution to U(IV). The reductive capacity of H2 should be activated by 
the presence of irradiated UO2(s): the reaction between oxygen and hydrogen is then catalysed at the 
solid surface.  

 

Figure 167. Concentration totale d’uranium et de H2 mesurés dans la solution en fonction du temps (Spahiu et al., 
2004) 

This work is difficult to interpret at the present time, and no definitive conclusions can be drawn 
concerning the mechanisms involved under alpha radiolysis alone. 

7.3.4.4 Effect of iron on the action of oxidizing species 

The presence of iron particles in solution diminishes the rate of UO2 dissolution to the values 
encountered under anoxic (N2) or reducing (H2 sparging and Pd catalyst) conditions (Casas et al., 
1995). This reducing agent appears to slow down the oxidation of UO2 by acting directly on the 
oxidant (H2O2 or O2). Contrary to their earlier work (Casas et al., 1995), SEM observations by the 
Spanish researchers revealed a uranium(IV) precipitate on the surface of the iron powder. 
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7.3.5 Evolution of the fuel surface 

7.3.5.1 Surface area accessible to water 

The alteration rate of spent fuel in water increases with the surface area directly accessible to 
water. This quantity is subject to variation over time before the fuel surface comes into contact with 
water, depending on the consequences of helium production in a closed system (see Chapter IV) or 
following exposure to air (see Chapter VI). While the minimum surface area can be expected to be 
about 10 cm2·g-1 on removal of the spent fuel from the reactor, the maximum could be 200 times the 
initial geometric surface of the pellet in case of complete mechanical attrition of the fuel (Grambow 
et al., 1999). The surface area of fuel powder (with grains 8 µm in diameter) is 1500 times greater than 
the geometric surface area of the pellet. Figure 168 shows the calculated and measured specific 
surface areas for different geometries based on the data indicated in Table LXVII in the Annex. 
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Figure 168. Summary of findings concerning the specific surface areas of various fuel samples  
measured by the BET method or geometric 

7.3.5.2 Formation and effect of secondary phases 

Leaching experiments of whatever nature (external irradiation, UO2 pellet doped with alpha-
emitters, or spent fuel) reveal a drop in the dissolution rate over time due to uranium precipitation 
when its solubility limit is reached in solution. This phenomenon can lead to the formation of a 
secondary phase on the UO2 or fuel surface that subsequently limits the matrix alteration rate together 
with radionuclide release (due to the retention capacity of some secondary phases). The secondary 
phases formed in this way depend on the chemical species present in solution, the temperature 
(thermodynamic control), and the irradiation level. 

7.3.5.2.1 Secondary phases and irradiation 

 High alpha flux levels 
The surface of UO2 disks irradiated by a high external α flux (3.3 × 1011 α·cm-2·s-1) in deionized 

water with dissolved oxygen (O2 ≈ 2 × 10-4 mol·L-1) was characterized by XRD. Analysis revealed the 
presence of uranium peroxide (metastudtite UO4,xH2O) (Poinssot et al., 2003c). The formation of this 
compound is directly related to the presence of hydrogen peroxide in solution according to the 
following reaction: 

UO2
2+ + H2O2 + xH2O → UO4,H2O + 2H+ 
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As hydrogen peroxide is a water radiolysis product, the formation of uranium peroxide can be 
considered a direct consequence of radiolysis. The above reaction produces H3O+ ions, and thus 
partially accounts for the acidification of the solutions under irradiation. These experiments performed 
at high flux levels result in very strong H2O2 concentration in solution (10-3 mol·L-1) together with a 
major drop in the pH. 

 Low alpha flux levels 
The secondary phase generally observed during leach testing of UO2 pellets doped with alpha-

emitters or of spent fuel in deionized water is schoepite (UO3, 2H2O) (Sunder et al., 1990b), which 
occurs as soon as oxidizing dissolution conditions prevail. It forms naturally from UO2 in aerated 
solution after a few months (Poinssot et al., 2003). 

Schoepite may then evolve into a uranium silicate or phosphate depending on the SiO2/PO4 
concentration in solution (Bruno et al., 1995). 

Under reducing conditions, uranium (in the form of uranyl ions in water, UO2
2+) is reduced to 

form uraninite (UO2+x, x < 0.33), the most abundant ore in nature, coffinite (USiO4) or brannerite, etc., 
depending on the elements in solution. Numerous mineral phases containing uranium in reduced form 
are observed in natural uranium ore deposits as noted by Burns (1999), Gaines (1997) or Janacek and 
Ewing (1996), although the conditions under which mineral phases such as coffinite are formed are 
unknown at this time. 

7.3.5.2.2 Effect of secondary phases on fuel matrix alteration 

The formation of a secondary phase on the UO2 surface should diminish the dissolution rate by 
reducing the water volume subjected to radiation as well as the quantity of alpha particles emitted at 
the fuel surface. For example, the formation of a surface layer 8 µm thick with 20% porosity and 
containing no radioactive isotopes would reduce the dissolution rate by a factor of 25 (Poinssot, et al., 
2003c). 

Jégou et al. (2004b) estimated the spent fuel matrix alteration rate from the 90Sr release 
measured during extended (700-day) static leach tests in aerated solution (granitic water). They 
observed a drop in the matrix alteration rate with emergence of a secondary phase on the surface. 

Most of the results to date concerning the formation of secondary phases have been obtained in 
aerated media. No conclusions can be drawn from the available data concerning the formation of a 
secondary phase under reducing conditions (Poinssot et al., 2003c). 

7.4 UO2 MATRIX DISSOLUTION MODELS 

The UO2 oxidizing dissolution process can be represented schematically as follows: 

UO2 → UO2+x → UO2.33 (U3O7) → UO2
2+(surface) → UO2

2+ (in solution) → secondary phases 
 Surface oxidation Volume oxidation Dissolution 

Three types of models have been developed to study the UO2 dissolution rate: 

• radiolysis models, 

• electrochemical models, 

• chemical models. 

Their underlying principles are briefly described below. 
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7.4.1 General radiolysis model 

A general radiolysis model has been developed by Christensen et al. (1987, 1994). The authors 
proposed a kinetic model based on a set of differential equations describing the variations in the 
concentrations (OH•, H2O2, etc.) over time arising from the simple reactions describing the chemistry 
of the “fuel matrix and water system”. These differential equations are solved numerically after 
specifying the kinetic constants, the initial concentrations in solution, the radiolytic yields (G value: 
molecules/100 eV) and the dose rate. In recent versions of the model, Christensen (1998) proposes to 
subdivide the UO2/solution reaction interface into layers corresponding to the different α, β, γ 
radiation paths in water (Figure 169). 
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Figure 169. Christensen’s model (1998) 

The model is based on the following hypotheses: 

• only the species produced in water with a sufficient diffusion length can react with UO2; 

• the fuel matrix/water system heterogeneity is taken into account by assuming a UO2 
monolayer reacts as if the uranium were dispersed in a thin layer of water adjacent to the fuel 
surface; the thickness of the water layer is assumed to be of the same order of magnitude as 
the diffusion length of the radicals produced by radiolysis; 

• the kinetic constants of the reactions involving radiolytic species and UO2 are not all known; 
the values considered are generally those of reactions involving the radiolytic species and 
other metallic species in homogeneous media. 

The diffusion of species between the water layers is calculated using Fick’s law. The 
concentration in the cover gas is given by Henry’s law, which specifies the distribution coefficient at 
equilibrium of species between the liquid and gas phases. The matrix dissolution rate is then calculated 
from the increase in the U(VI) concentration in solution. 

This model42 is subject to major limitations: 

• it describes the kinetics of a series of chemical reactions in a homogeneous medium, whereas 
the UO2/water system is heterogeneous; 

• diffusion between layers is modeled very loosely; 

• the primary radiolytic yields for α radiation in particular are uncertain (cluster recovery); 

• the kinetic constants for reactions between UO2 and radiolytic species do not appear to be 
very solidly established; the kinetic constants were generally obtained at acidic pH 
(Vladimirova, 1998); 

                                                      
42 The radiolysis model is implemented in the Chemsimul and Maksima-Chemist codes. These codes were 
compared by Cera (2003) with a chemical reaction system describing alpha radiolysis of water in deionized 
water. The authors showed that there was no significant difference in the results obtained by the two programs. 
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• the model does not allow for possible precipitation of secondary phases on the fuel surface or 
in solution. 

Christensen (1998) compared the alteration rates calculated by the model with the values 
measured in deionized water under argon. The comparison also included radiolysis gases 
(Table LXII). The calculated dissolution rate overestimated the measured value by an order of 
magnitude. The discrepancy appears to be due to overestimating the consumption of oxidants on the 
UO2 surface, resulting in calculated O2 and H2O2 concentrations lower than the measured values. 

Table LXII. Calculation versus experimental corrosion rate and radiolysis gas production rates (Christensen, 
1998) 

Corrosion rate (mol·LU
-1d-1) Gas production rate (mol·gU

-1d-1) 

Rcalc RExp H2calc H2exp O2calc O2exp 
2.2 × 10-8 6.4 × 10-9 2 × 10-8 1.2 × 10-7 1 × 10-8 9 × 10-8 

 

The matrix dissolution rate and the quantity of H2O2 in solution under steady-state conditions as 
calculated by this model were compared with the experimental results obtained by leach tests on UO2 
pellets doped with alpha emitters (238/239Pu) under external γ irradiation in aerated and deaerated 
media (Table LXIII). The general radiolysis model yielded satisfactory results for the dissolution rate 
and hydrogen peroxide concentration, but two parameters were fitted to account for these experimental 
results: the kinetic constant of catalytic decomposition of H2O2 at the oxide surface, and the diffusion 
length of oxidizing species affecting UO2 oxidation. 

Table LXIII. Comparison between values calculated by the radiolysis model and values measured during leaching 
experiments with doped UO2 pellets (Poulesquen, pers. com.) 

Simulated 
age 

α dose rate
(Gy/h) 

γ dose rate 
(Gy/h) Atm Rexp 

(mg·m2/d)
Rcalc 

(mg/m2/d)
H2O2exp 
(mol·L-1) 

H2O2calc 
(mol·L-1) 

15 years  1050 0 Ar (O2 < 0.1 ppm) 2.5 5.5 < 2 × 10-8 1.2 × 10-8 
1500 years 110 0 Ar (O2 < 0.1 ppm) 0.2 0.55 < 2 × 10-8 3.8 × 10-9 

40000 years 11 0 Ar (O2 < 0.1 ppm) 0.04 0.04 < 2 × 10-8 1.9 × 10-9 
1500 years 110 650 Air 85 83.3 1.2 × 10-4 1.24 × 10-4 

1500 years 110 650 Ar + 4% H2 
(O2 < 0.1 ppm) 6.1 8.4 3.1 × 10-8 3.2 × 10-8 

 

The model was significantly improved to better represent the phenomena involved, particularly 
by taking into account diffusion coupled with the 
kinetic model (Poinssot et al., 2003c). 
Nevertheless, this coupling has not been 
validated to date by leaching experiments. 

Another enhancement of the model now 
under development consists in taking into 
account the α dose rate profiles at the reaction 
interface. The general radiolysis model uses 
mean dose rates. However, recent calculations 
showed that the α dose rate at the reaction 
interface drops significantly in the first 45 
micrometers and is very low beyond 30–35 µm 
(Figure 170). The α dose rate at the interface is 8 
times higher than the mean dose rate. 
Incorporating this type of profile into the model 
should allow it to estimate the actual quantity of 
radiolytic species generated and better quantify 
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Figure 170. Alpha dose rate profile for a pellet  
of radius R=1000 µm and an alpha activity of 

4.73 × 108 Bq/g(UO2) (Poulesquen in Martinez-Esparza, 
2004) 
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the impact on matrix dissolution. 

7.4.2 Electrochemical model 

Electrochemical methods have been used to investigate the mechanisms and kinetics of spent 
fuel dissolution over a wide range of potentials (Shoesmith et al., 1994). These techniques based 
mainly on determining the current/potential curves are ideal for studying oxidation-reduction 
mechanisms in metals and semiconductors because they allow control of the interface potential. The 
matrix corrosion mechanisms are controlled in particular by the rate at which ionic species are 
transferred through the interface. In the case of spent fuel, the two half reactions—anodic oxidation of 
the UO2 electrode and cathodic reduction of the oxidants—can be investigated separately 

UO2 → UO2
2+ + 2e- 

Ox + ne- → Red 

by applying a potential sufficiently less than or greater than the corrosion potential. The latter is 
not a material characteristic, but depends instead on the experimental conditions; it is defined by a 
zero current corresponding to a situation where the absolute values of the cathode and anode currents 
are equal. Insofar as steady-state conditions are reached for each half reaction, it becomes possible to 
plot the curve for log I = f(E); the result is a cathode or anode line (Tafel plot). 

These curves were plotted for anodic dissolution of UO2 in several types of solution (Shoesmith 
et al., 1994; Sunder et al., 1996) and also for cathodic reduction of dissolved oxygen and hydrogen 
peroxide (Hocking et al., 1992; Shoesmith et al., 1994). The dependence of each half reaction on the 
relevant parameters follows the general expression: 

I = n F A kUO2 [X]m [Y]p exp{b(E ± Ecorr)} 

where n is the number of electrons transferred, F Faraday’s constant, A the fuel surface area, 
and kUO2 a heterogeneous kinetic constant. The reaction is dependent on the concentrations of 
dissolved species X and Y (i.e. HCO3

- and H+ for anodic dissolution and O2 and H+ for oxygen 
reduction) with reaction orders m and p. The exp{b(E ± Ecorr)} term reflects the dependence of the 
current on the applied potential and b is the slope of the Tafel line. As the anode and cathode currents 
have the same absolute value when E = Ecorr, the expressions for the Tafel lines for each half reaction 
can be correlated to yield an expression for the corrosion current (Icorr = Ia = –Ic) that depends only on 
the kinetic constant, the reaction orders, and the concentrations of the species in solution: 

Icorr = n F A kUO2 [X]m [Y]p 

By plotting the curve for log I = f(E) we can determine the corrosion current value by 
extrapolating the cathode or anode Tafel lines, or both, to the corrosion potential Ecorr. The corrosion 
potential can easily be measured in solutions of known composition; extrapolations of this type were 
used to determine the corrosion rate depending on the concentrations of oxidizing species and other 
parameters, including the carbonate concentration. 

The UO2 corrosion rates were determined by electrochemical experiments versus the oxygen 
and dissolved hydrogen peroxide concentrations in solution and the α and γ dose rates to simulate 
activity variations over time (Shoesmith, 2000). Figure 171 illustrates the corrosion rates versus the 
dose rate. 

On the whole, for corrosion under γ radiolysis, the alteration rates measured by chemical means 
are relatively consistent with the electrochemical data (Shoesmith et al., 1998). Under α radiolysis, 
however, the reliability of the experimental rates and thus of the predicted values is questionable in 
view of the electrochemical experiments carried out: in this case, the dose rate reaching the electrode 
surface appears to be not representative of the dose rate generated by the electrode itself (cf. 
Figure 170). 

Moreover, the corrosion rates determined by this method are influenced by the possible 
precipitation of corrosion products at the fuel surface. It is particularly difficult to avoid this problem 
when determining the dissolution currents from the Tafel lines in solutions containing no complexants 
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(such as HCO3
-/CO3

2-) (Sunder et al., 1997). This problem was encountered when comparing the rates 
obtained electrochemically with the rates determined from dynamic experiments, which are not 
subject to precipitation phenomena (Shoesmith et al., 1997). 

 

Figure 171. Corrosion rate of spent CANDU fuel calculated for 0.1 M NaClO4 solution at pH 9.5 at room 
temperature; the effects of gamma radiolysis are shown by line A, and those of alpha radiolysis by line B ; the 

upper horizontal line corresponds to the alteration rate predicted for a corrosion potential corresponding to UO2.33; 
the lower line indicates the limit below which the electrochemical model is no longer applicable (solubility model) 

Grambow et al. (2003) recently developed an electrochemical model coupled with the 
Maksima-Chemist kinetic code to determine the dissolution rates of alpha-doped and spent fuel 
samples. The model is capable of predicting the corrosion potentials and reaction orders with the 
principal oxidants (O2, H2O2, OH• and HO2

•). Figure 172 compares this model with experimental data 
for UO2 dissolution in the presence of H2O2. 
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Figure 172. UO2 dissolution rate versus H2O2 concentration:  
comparison of coupled model with published data (Grambow et al., 2003) 

In general this model satisfactory accounts for the experimental data, and for the reaction orders 
according to the hydrogen peroxide concentration. 

7.4.3 Chemical models 

The UO2 dissolution reaction in the presence of carbonated water at high temperature was 
studied experimentally and modeled on the assumption that the kinetics were limited by the desorption 
of surface complexes (De Pablo et al., 1999). In the presence of HCO3

- ions the UO2 alteration 
mechanism can be broken down into the following three steps: 

 Step 1: Oxidation of the solid surface (> designates a surface site) 

>UO2 + ½O2 
1

1

k

k−

↔ >UO3 

 Step 2: Complexation of U(VI) by the HCO3
- ion 

>UO3 + HCO3
- → 2k  >UO3 –HCO3

- 

 Step 3: Dissolution (desorption) of the resulting carbonate species 

>UO3 –HCO3
- → 3k  U(VI)aq 

The assumed very rapid desorption of the surface complex (step 3) is consistent with XPS 
analysis results for the solid showing that uranium is found mainly as U(IV) at the reaction interface 
(De Pablo et al., 1999). The prerequisite steady-state >UO3–HCO3

- concentration allows the following 
expression to be derived for the UO2 dissolution rate: 
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When the pH effect is taken into account, a similar development leads to the following 
expression for the dissolution rate (De Pablo et al., 2004): 
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UO2 dissolution experiments versus pH in the presence of carbonates were carried out at 
different temperatures to determine the kinetic parameters (adjustable variables): k1, k2, k3 (De Pablo 
et al., 1999; De Pablo et al., 2004). These values were subsequently used to account for the 
experimental data obtained by other authors for UO2 and spent fuel: 

• Surface complexation models account for a large number of experimental results with 
natural or synthetic UO2 and carbonates. 

• The surface complexation model systematically underestimated the experimental rates for 
spent fuel with low oxygen and carbonate concentrations (Gray and Wilson, 1995). A likely 
explanation for this difference lies in the fact that, at low oxygen concentrations, oxidizing 
dissolution of the matrix is controlled by the production of oxidants by radiolysis, which is 
not taken into account in this model; this is true to an even greater extent under anoxic 
conditions. 

A kinetic model of spent fuel dissolution was also proposed by Bruno et al. (1996). This model 
takes into account the reductive capacity of the repository site 43. 

An examination of the kinetic model shows that the parameters having the greatest effect on the 
variations of the oxygen and dissolved uranium concentrations and thus on the reductive capacity of 
the system are: the number of surface sites, the surface-area-to-solution-volume ratio, the rate of 
formation of oxidizing species generated by radiolysis (i.e. dose rate). In this type of model, the fuel 
dissolution kinetics allow only for stable oxidizing species and carbonates. Uncertainties remain 
concerning the kinetic constants and the allowance for radicals. 

7.4.4 Summary 

The spent fuel matrix dissolution models proposed in the literature have the following main 
characteristics: 

• The radiolysis models are based on the kinetics of production and consumption of radiolytic 
species at the UO2 interface, and the reaction kinetics with the species present in water. 
These complex models involve a large number of chemical reactions, depending on the 
number of species in solution, and for which the kinetic constants are not all known. 
However, they are the most exhaustive mechanistic models for describing the effects of 
water radiolysis. 

• For the electrochemical models, oxidizing dissolution is a heterogeneous electrochemical 
process involving the transfer of two electrons at the spent fuel / water interface. These semi-
empirical models are based on determining currents corrosion under different experimental 
conditions. 

• The chemical models represent reactions between UO2 and oxidizing species by overall 
kinetic constants fitted on dedicated experimental results; they are empirical models. 

7.5 SUMMARY AND CONCLUSIONS 

The radionuclide release observed from a spent fuel fragment in water can be broken down into 
two main steps: 

                                                      
43 The reductive capacity (RDC) of the system around a reference redox state is defined by 

[ ] [ ]∑∑ −=
j

j
i

i oxnrednRDC  where [red] and [ox] are the concentrations of reducing and oxidizing species, and 

ni and nj are the number of electrons transferred in the reactions. 
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• The first involves the rapid release (within a few days) of the labile activity corresponding to 
the radionuclide inventory on the free surfaces of the fuel (plenum, cracks, pellet-clad gap) 
and the release of the grain boundary inventory over a period of up to several years. 

• The second corresponds to the slow release of activity as the UO2 matrix dissolves. 

The effects of water radiolysis on the UO2 dissolution rate were studied using various 
experimental techniques: 

• chemical methods based on measuring the uranium in solution while leaching UO2 pellets 
doped with α emitters or UO2 disks subjected to external α irradiation (these methods are 
used to assess the effect of α radiolysis alone) or while leaching spent fuel samples to 
include the effects of α and βγ radiolysis; 

• electrochemical methods based on measuring the corrosion potential and current at a UO2 
electrode doped with alpha emitters or subjected to an external α or γ irradiation source. 

Published findings have shown that the UO2 dissolution rate increases with α and βγ radiolysis 
of water; the latter, which enhances the formation of radical species, appears to be more effective 
under comparable irradiation conditions (dose rate, cover gas, etc.). Furthermore, in deaerated media 
the dissolution rate increases with the dose rate. Since after a few hundred years only alpha radiolysis 
of water will persist at the fuel surface, the dissolution rates measured on fresh fuel are poorly suited 
for long-term extrapolation (beyond 1000 years of cooling). In this case, experiments with α radiolysis 
alone are more representative. 

Moreover, the surface alteration rates reported in the literature are subject to significant 
experimental uncertainties, mainly: (i) the surface condition at the beginning of the experiment, which 
modifies the measured initial dissolution rate, and (ii) the microstructural characteristics of the test 
material, in particular the true surface area accessible to water. 

Various models have been proposed to account for these observations: 

• Radiolysis models attempt to represent all the reactions involved on the fuel surface and in 
the surrounding solution. These essentially physical and relatively complex models are based 
on parameters (notably the reactions at the UO2/water interface) that are not all known and 
must be fitted experimentally. 

• Electrochemical models determine the corrosion currents and potentials depending on the 
compounds present in the water and the α and γ dose rates. These semi-empirical models 
depend on the representativeness of the experiments performed, and the emergence of 
secondary phases at the electrode surface interferes with the measurements themselves. 

• Chemical models of UO2 dissolution in the presence of oxidants represent UO2 dissolution 
under the effect of radiolysis by an experimentally fitted overall kinetic constant constituting 
a macroscopic representation of the underlying phenomena. This simplified empirical 
approach does not lend itself to extrapolation to conditions other than those studied in the 
laboratory. 

The spent fuel rod alteration rate depends on the surface area directly accessible to water. The 
surface area of an unirradiated pellet measured by the BET method is between 1.5 and 2 cm2·g-1 
(roughly three times the geometric surface area of the pellet). On removal from the reactor, the pellet 
is fragmented (see Chapter II) and its specific surface area increases by about a factor of ten. The 
geometric characteristics of the pellet can then vary during the first phase of confinement. Helium 
produced by alpha decay could in particular lead to increased cracking (see Chapter IV). Similarly, 
exposure of the fuel to air, by oxidizing its surface and possibly opening the grain boundaries, would 
accelerate the matrix dissolution rate at the moment of water ingress. 

Finally, the formation of secondary phases and/or the presence of hydrogen on the fuel surface 
could offset the effects of radiolysis. The conditions under which secondary phases are formed and 
their impact on the fuel alteration rate are unknown in deaerated media, and the mechanisms 
responsible for the inhibiting effect of hydrogen on the spent fuel dissolution rate have not been 
elucidated to date. 
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7.6 ANNEX 

7.6.1 Radiolysis mechanisms 

The emitted radiation is absorbed in the medium. The energy supplied to the water molecules 
causes radiolytic decomposition in three steps: 

 Physical step lasting 10-18 to 10-15 s after passage of the radiation. 

It results in ionization or excitation of the water molecule: 
−+ +→ eOHOH 22  (50) 

*
22 OHOH →  (51) 

 Physicochemical step lasting 10-15 to 10-11 s after passage of the radiation. 

It generates solvated electrons and H and OH radicals through reactions of H2O+ ions with water 
and by fractioning of the excited species. 

OHH,,OH,OH 32
+−→ aqe  (52) 

 Chemical step lasting 10-11 to 10-7 s after passage of the radiation. 

The species formed earlier are arranged in clusters along the radiation path. These are 
heterogeneous zones of high ionization density and excitation; their shape and distribution vary with 
the type radiation. Within these clusters the species interact, resulting in water regeneration reactions 
and the formation of molecular products H2 and H2O2. 

The following are the main water regeneration reactions: 

OHHOH 23 +→+ −+
aqe  (53) 

OHOHH 2→+  (54) 

−− →+ OHOHaqe  (55) 

O2HOHOH 23 →+ +−  (56) 

The main reactions forming molecular products are: 

2HHH →+  (57) 

−− +→+ 2OHH2O2H 22 aqe  (58) 

22OHOHOH →+  (59) 

This is the stage at which the primary water radiolysis products are defined, before they are 
uniformly distributed in the medium. 

The overall result of water radiolysis can be represented schematically thus: 
+−→ OH,OH,H,HOOH,H,,OH 322222 aqe  (60) 

It is interesting to note that oxygen is not a primary water radiolysis product. O2 arise in fact 
from the decomposition of H2O2 (reactions (64) and (65)). 

In a subsequent “homogeneous” phase lasting from 10-7 to 10-4 s after passage of the radiation, 
the radicals that have been released from the clusters diffuse into the bulk solution. 

The following reactions occur in pure water with the molecular products: 
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−− +→+ OHOHOH 22 aqe  (61) 

OHOHHOH 222 +→+  (62) 

HOHOHH 22 +→+  (63) 

Then, when the H2O2 concentration is high enough: 

OHHOOHOH 2222 +→+  (64) 

2222 OHO2HO +→  (65) 

The molecular oxygen formed in this case is reduced by the reductive radicals: 
−− →+ 22 OO aqe  (66) 

22 HOHO →+  (67) 

+− +→+ OHOOHHO 3222  (68) 

The reduction of O2 to H2O2 can be summarized by the following balance equation: 

OHOH½O½HOH 22222 +→++  (69) 

Reactions (61) to (67) result in the destruction of the remaining radical products by the 
molecular products. 

The O2
- radicals are very short-lived, and the final results of radiolysis are the molecular 

products H2, H2O2 and O2, at concentrations depending on the water purity and the dose rate. 

Pure deaerated water behaves as if it did not decompose, and steady-state conditions are quickly 
obtained. There is no accumulation of molecular radiolysis products: O2 is reduced to H2O2, H2O2 is 
itself reduced to H2O (reaction series (62), (64) and (65): Allen (1961)), and H2 is involved in both 
process. 

It should be noted, however, that these molecular products are the end result of many 
chemically very active intermediate reactions that are very important for the chemical aspects of 
corrosion. In aqueous solution and at the solid/liquid interfaces, the solutes and solid surfaces are thus 
exposed to very active oxidizing and reducing effects. The kinetic constants for these reactions were 
indicated by Pastina (1997). 

7.6.2 Radiolytic yields and properties of radiolytic species 

The primary species arising from water radiolysis are quantified by the radiolytic yield G, 
defined as the number of species formed or destroyed per 100 eV of energy absorbed in the medium. 
The G value is observed 10-7 s after ionization, before bulk recombination of the radicals. It is 
generally expressed as the number of molecules or atoms per 100 eV (1 mol·J-1= 9.65 × 106 molecules 
× (100 eV)-1) deposited in the medium. The primary radiolysis yields are indicated according to the 
type of radiation in Table LXIV. 
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Table LXIV. Radiolytic yields versus type of radiation 

Primary radiolytic yields G Mean 
LET 

(keV·µm-1) 
Radiation 

e-
aq H OH H2 H2O2 HO2 –H2O 

Ref. 

0.23 βγ 2.63 0.55 2.72 0.45 0.68 0.008 4.08 Buxton (1987) 

108 α 0.42 0.27 0.54 1.11 1.08 0.07 2.84 Hickel (1996, 1997)

 α 0.04 0.16 0.1 1.7 1.3 0.3 3.34 Allen (1961);  
Cohen (1969) 

 α 0.13 0.50 0.18 1.28 0.98 0.35 2.97 Bibler (1974) 

200 α 0.13 0.14 0.44 1.17 0.92 0.11 2.63 Burns (1981) 

– indicates the disappearance of water molecules. 

There is a relation between the primary yields based on the material balance. From an oxidation-
reduction standpoint, the same number of oxidizing and reductive species must be formed by the 
decomposition of a water molecule. Hence: 

( ) ( ) ( ) ( ) ( ) ( )HH2HO3OH2OH 2222 geggggg aq ++=++ −  
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7.6.3 Tables 

Table LXV. Published gap inventory release values 

Spent fuel Leaching Gap inventory release (%)  Ref 

Type Burnup
(GWd·t-1)

PL(peak) 
(kW·m-1) 

FGR 
(%) State 

Nature of 
leaching 
solution 

Mode T 
(°C) Eh tcumulative  

(d) 
137Cs 
(%) 

129I 
(%) 

90Sr 
(%) 

99Tc 
(%) 

14C 
(%)  

30 <30 0.25 S DW Static 25 Ox 7 0.2–0.3* - ~ 0* ~ 0* - Gray et al. 
(1995) 

44 <30 1.1 S DW Static 25 Ox 7 1.2* - ~ 0* ~ 0* -  

43 <30 7.4 S DW (+ KI) Static 25 Ox 7 (1) 1.3–3* 0.1 <0.1* <0.1* - Gray and 
Wilson (1995) 

46 <30 11 S DW (+ KI) Static 25 Ox 7 (1) 2–3* 1.5 <0.1* <0.1* - 

PWR UO2 

50 <30 18 S DW (+ KI) Static 25 Ox 7 (1) 4–5* 17 <0.1* <0.1* - 
Gray (1998) 

9.0 29 0.06 S DW (+ KI) Static 25 Anox 7 0.01 0.01 - - - Johnson et al. 
(1983, 1985) 

5.6 33 0.07 S DW (+ KI) Static 25 Anox 7 0.01 0.02 - - - 

7.0 36 0.05 S DW (+ KI) Static 25 Anox 7 0.01 0.01 - - - 

9.4 37 0.07 S DW (+ KI) Static 25 Anox 7 - - - - - 

9.3 38 - S DW (+ KI) Static 25 Anox 7 0.01 0.01 - - - 

11.2 39 0.13 S DW (+ KI) Static 25 Anox 7 0.05 0.01 - - - 

12.5 40 4.31 S DW (+ KI) Static 25 Anox 7 8.63 7.60 - - - 

6.8 41 0.17 S DW (+ KI) Static 25 Anox 7 0.02 0.02 - - - 

9.0 42 - S DW (+ KI) Static 25 Anox 7 - - - - - 

8.5 44 1.28 S DW (+ KI) Static 25 Anox 7 0.96 1.80 - - - 

11.2 46 3.44 S DW (+ KI) Static 25 Anox 7 2.81 1.29 - - - 

13.7 47 2.75 S DW (+ KI) Static 25 Anox 7 1.35 2.50 - - - 

12.5 50 - S DW (+ KI) Static 25 Anox 7 - - - - - 

CAN 

12.9 50 - S DW (+ KI) Static 25 Anox 7 - - - - - 

Stroes-
Gascoyne et al. 

(1987, 1992, 
1996) 
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Table LXVI. Published spent fuel dissolution rates 

Burnup 
(GWd·t-1) 

Particle  
size Leaching mode Time 

(days) 
T 

(°C) Leaching solution pH pO2 
(atm) 

Carbonates
(mol·L-1) Other Alteration rate

(mg·m-2·d-1) References 

Fragments Static 15 25 H2O deionized 7 Air   103 Jégou et al. (2004) 

50–250 µm Quasi-static 77 90 Granite & granitic water 7.8 Ar/H2/CO2 5.2 × 10-4 Clay/sand + Fe 0.57 

50–250 µm Quasi-static 77 90 Granite & granitic water 7.8 Ar/H2/CO2 5.2 × 10-4 Granite + Fe 0.19 

50–250 µm Quasi-static 77 90 Clay & granitic water 8.8 Ar/H2/CO2 1.4 × 10-2 Clay/sand + Fe 0.35 

PWR UOX  
(60) 

50–250 µm Quasi-static 77 90 Clay & granitic water 8.8 Ar/H2/CO2 1.4 × 10-2 Granite + Fe 0.20 

Grambow et al. 
(1999) 

PWR UOX  
(31.5) Fragments Flowing (Soxhlet) 100 days 100 H2O double-distilled  0.2  Granite 0.04 Glatz et al. (1995) 

Pellets Static ≈ 750 25 NaCl 5 M 9.2 Argon   1 Grambow et al. 
(1996) 

Pellets Static ≈ 750 25 NaCl 5 M 7.8 Argon   1  

Pellets Static ≈ 750 25 H2O deionized 7.3 Argon   3–4 

Pellets Static ≈ 750 25 H2O deionized 7.3 Argon   3–4 

Grains ≈ 3 µm Static ≈ 750 25 NaCl 5 M 6.3 Argon   0.05 

Grains ≈ 3 µm Static ≈ 750 25 NaCl 5 M 6.6 Argon   0.05 

Pellets Static ≈ 750 25 NaCl 5 M 9.6 Argon  Fe powder 0.2 

Pellets Static ≈ 750 25 NaCl 5 M 9.6 Argon  Fe powder 0.1 

PWR UOX  
(50.4) 

Fragments Static ≈ 750 25 NaCl 5 M 7.2 Argon   2 

Ollila et al.  
(1994, 1996) 

15-25 µm Flow rate 5–25 mL/h 2–7 days 50 Na2CO3 + NaHCO3 9.0 0.2 atm 2 × 10-3  6.34 

15-25 µm Flow rate 5–25 mL/h 2–7 days 50 Na2CO3 + NaHCO3 9.0 0.2 atm 2 × 10-3  7.05 

15-25 µm Flow rate 5–25 mL/h 2–7 days 50 Na2CO3 + NaHCO3 9.0 0.2 atm 2 × 10-2  5.07 

15-25 µm Flow rate 5–25 mL/h 2–7 days 22 Na2CO3 + NaHCO3 8.0 0.2 atm 2 × 10-2  3.45 

15-25 µm Flow rate 5–25 mL/h 2–7 days 74 Na2CO3 + NaHCO3 10.0 0.2 atm 2 × 10-2  14.2 

15-25 µm Flow rate 5–25 mL/h 2–7 days 74 Na2CO3 + NaHCO3 8.0 0.2 atm 2 × 10-4  8.6 

15-25 µm Flow rate 5–25 mL/h 2–7 days 21 Na2CO3 + NaHCO3 10.0 0.2 atm 2 × 10-4  0.63 

15-25 µm Flow rate 5–25 mL/h 2–7 days 22 Na2CO3 + NaHCO3 9.0 0.2 atm 2 × 10-2  2.83 

15-25 µm Flow rate 5–25 mL/h 2–7 days 22 Na2CO3 + NaHCO3 10.0 0.2 atm 2 × 10-3  2.04 

15-25 µm Flow rate 5–25 mL/h 2–7 days 27 Na2CO3 + NaHCO3 8.0 0.02 atm 2 × 10-4  1.79 

PWR UOX  
(33) 

15-25 µm Flow rate 5–25 mL/h 2–7 days 78 Na2CO3 + NaHCO3 10.0 0.02 atm 2 × 10-4  1.49 

Steward and Gray 
(1994) 
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Burnup 
(GWd·t-1) 

Particle  
size Leaching mode Time 

(days) 
T 

(°C) Leaching solution pH pO2 
(atm) 

Carbonates
(mol·L-1) Other Alteration rate

(mg·m-2·d-1) References 

15-25 µm Flow rate 5–25 mL/h 2–7 days 25 Na2CO3 + NaHCO3 10.0 0.02 atm 2 × 10-2  2.05 

15-25 µm Flow rate 5–25 mL/h 2–7 days 77 Na2CO3 + NaHCO3 8.0 0.02 atm 2 × 10-2  2.89 

15-25 µm Flow rate 5–25 mL/h 2–7 days 23 Na2CO3 + NaHCO3 8.0 0.002 atm 2 × 10-2  2.83 

15-25 µm Flow rate 5–25 mL/h 2–7 days 74 Na2CO3 + NaHCO3 10.0 0.002 atm 2 × 10-2  0.69 

15-25 µm Flow rate 5–25 mL/h 2–7 days 78 Na2CO3 + NaHCO3 8.0 0.002 atm 2 × 10-4  1.98 

15-25 µm Flow rate 5–25 mL/h 2–7 days 19 Na2CO3 + NaHCO3 10.0 0.002 atm 2 × 10-4  0.51 

15-25 µm Flow rate 5–25 mL/h 2–7 days 50 Na2CO3 + NaHCO3 10.0 0.002 atm 2 × 10-2  1.04 

15-25 µm Flow rate 5–25 mL/h 2–7 days 21 Na2CO3 + NaHCO3 9.0 0.002 atm 2 × 10-3  1.87 

 

15-25 µm Flow rate 5–25 mL/h 2–7 days 75 Na2CO3 + NaHCO3 10.0 0.2 atm 2 × 10-2  4.75 

 

50-100 µm Flow rate 5–50 mL/h  25 NaCl 0.1 M 8-9 0.2 atm 10-2  15 
CANDU (7.4) 

50-100 µm Flow rate 5–50 mL/h  25 NaCl 0.1 M 8-9 0.005 atm 10-2  0.15 
Shoesmith et al. 

(1996) 

 Sequential 55 25 H2O 8.1 0.21 0.0003  20 PWR UOX 
(low)  Sequential 55 25 H2O 8.1 H2 / Pd H2 / Pd  0.15 

 Sequential 47 25 H2O 8.2 0.21 0.0003  10 

 Sequential 20 25 H2O 2.0 0.21 0.0003  160 

 Sequential 20 25 H2O 3.2 0.21 0.0003  70 

 Sequential 20 25 H2O 3.4 0.21 0.0003  120 

 Sequential 20 25 H2O 4.0 0.21 0.0003  54 

 Sequential 20 25 H2O 4.1 0.21 0.0003  26 

PWR UOX 
(high) 

 Sequential 20 25 H2O 5.5 0.21 0.0003  2.5 

Forsyth and Werme 
(1985) 
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Table LXVII. Specific surface areas measured on spent fuel 

Sample Forme & dimensions Method Surface area 
(m2·g-1) Remarks References 

Calculation 0.012  
Simfuel 50-250 µm 

BET 0.018  
Le Lous (1997) 

Pellet BET 0.00015  Rondinella and Matzke (1996) 

Pellet BET 0.000192  

900–1100 µm BET 0.0016  

100–300 µm BET 0.0113  

J. Bruno et al. (1995) 

50–100 µm BET 0.1 Unwashed powder  

100–315 µm BET 0.026 Presence of fines 
Garcia-Serrano et al. (1996) 

Pellet Geometry 0.000058  Bruno et al. (1992) 

UO2 

Pellet BET 0.015  Ollila (1992) 

Spent fuel (60 GWd·t-1) 50–250 µm Geometry 0.027  Le Lous (1997) 

Spent fuel (30 & 43 GWd·t-1) Fragments Geometry 0.00021  Finn et al. (1994, 1996) 

0.5–5 mm Geometry 0.0006 Shape factor = 3 
Spent fuel (33 GWd·t-1) 

15–25 µm Geometry 0.086 PSD* measurement; shape factor = 3 
Gray et al. (1992) 

Pellet Geometry 0.0002  

Pellet Geometry 0.0002  

Fragments Geometry 0.0007  
Spent fuel (50.4 GWd·t-1) 

≈ 3 µm Geometry 0.3 Shape factor = 3 

Loïda et al. (1994, 
1996)Grambow et al. (1996) 

Spent fuel (42 & 43 GWd·t-1) Fragments (2–4 mm) BET 0.007–0.012  Forsyth et al. (1995) 

7–20 µm Geometry 0.098 PSD measurement; shape factor = 3 
Spent fuel (31 GWd·t-1) 

700–1700 µm Geometry 0.0017 PSD measurement; shape factor = 3 

7–20 µm BET 0.277  
Spent fuel (50 GWd·t-1) 

700–1700 µm Geometry 0.0019 PSD measurement; shape factor = 3 

Gray and Thomas (1994) 

*PSD = Particle size distribution 
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GENERAL CONCLUSION 
The fuel pellet undergoes transformations in the reactor due to the effects of external irradiation 

and fission reactions. The principal effects of these transformations include: 

• the formation of fission products and additional U and Pu isotopes and actinides through neutron 
capture; a large fraction of these elements (~ 95 wt%) is soluble in the UO2 matrix, notably the rare 
earth elements, the lanthanides, and the actinides; a few elements are found in oxide precipitates 
(Cs, Ba, Mo, Te, etc.) and metallic precipitates (Mo, Tc, Ru, Rh, Pd, etc.) or in gaseous or volatile 
form sparingly soluble in UO2 (Xe, Kr, I, Cs etc.); the emergence of new elements under irradiation 
has little effect on the oxygen potential in the fuel; 

• fragmentation of the fuel pellet into about ten to fifteen pieces, embrittlement of the grain 
boundaries, where highly pressurized fission gas bubbles and metallic precipitates accumulate, and 
the emergence of restructured zones such as the rim around the periphery of UOX fuel pellets at 
burnup values above 40 GWd·t-1 or Pu-rich aggregates in the outer zone of MOX fuel pellets; these 
zones exhibit significant porosity due to micrometer-size fission gas bubbles, which are also highly 
pressurized; 

• alteration of the mechanical properties of the cladding and structural materials: irradiation in the 
reactor generally results in oxidation-hydridation of the materials and hardening due to irradiation 
damage. 

The element distribution in the rod after irradiation is governed by the element mobility in the reactor:  

• The most mobile elements are the rare gases, for which the fractions released into the free volumes 
in the rod exceed those of the other elements. A large intergranular fraction is also observed in the 
grain boundaries and pores on removal from the reactor: about 10% in UOX fuel irradiated to 60 
GWd·t-1, and 35% in MOX fuel with the same burnup. 

• Although iodine and cesium also have high diffusion coefficients in UO2, the fraction found in the 
gap and at the grain boundaries (except in restructured zones) after irradiation is usually lower than 
the gas fraction released into free volumes in the rod. As these elements are sparingly soluble in 
UO2, a large fraction of the quantity produced locally could be released in the pores during 
restructuring of the grains of the rim or the Pu-rich aggregates, as observed for the rare gases. 

• For the other elements found as precipitates, the fraction in the gap and at the grain boundaries is 
extremely low. 

The effects of the radioactivity and residual temperature on the chemical and physical characteristics 
of spent fuel pellets in a closed system are summarized below: 

• The modified chemical composition and diminishing temperature do not appear to affect the 
oxidation state of spent fuel, in which the oxygen potential is controlled by the Mo/MoO2 couple. 

• Extrapolating the Arrhenius laws to lower temperatures for the diffusion coefficients of the most 
mobile elements such as iodine or cesium shows that the thermal diffusion process can be 
considered negligible or inexistent at the expected temperatures and within the time frame of 
interim storage (a hundred years) or disposal (> 10000 years). 

• Diffusion accelerated by the effects of fission reactions accounts for the mobility of the elements in 
UO2 at temperatures below about 1000°C. The similarity between the effects of fissions and those 
of alpha self-irradiation suggests that the value of the diffusion coefficient under α self-irradiation 
is approximately 10-25 m2·s-1 during the first hundred years after removal from the reactor, and 
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diminishes with the α activity of the fuel;  major uncertainties exist concerning the effectiveness of 
this mechanism, which must be validated by an experimental approach. 

• The relative increase in the lattice parameter due to the accumulation of self-irradiation damage 
remains limited to a value corresponding to a volume increase of about 1%, and is reached rapidly 
after removal from the reactor. 

• Helium is produced in large quantities by decay of the actinides in the spent fuel, and particularly 
in MOX fuel; the mean concentration reached in a MOX fuel pellet with a burnup of 47.5 GWd·t-1 
is about 0.5 at%·atiHM

-1 after a hundred years of cooling. Thermal diffusion of helium largely 
exceeds that of fission gases in UO2, but remains low at temperatures below 400°C;  The 
cumulative effects of self-irradiation damage and thermal diffusion are unknown, however; helium 
diffusion accelerated by α self-irradiation—which should exceed that of the fission gases—must 
still be evaluated. 

• The consequences of the formation of intra- and intragranular helium bubbles on the mechanical 
strength of the grain boundaries, embrittled by irradiation in the reactor, are currently unknown; 
pellet cracking in time cannot be excluded. 

The principal mechanisms that could lead to cladding damage are: 

• creep, stress corrosion cracking, oxidation and hydride reorientation under dry conditions (i.e. at 
high temperatures); 

• corrosion and embrittlement of materials following hydridation in water (i.e. at low temperatures). 

In the present state of knowledge concerning these mechanisms, the overriding phenomenon 
under dry conditions is cladding creep, for which strain laws (based on short-term tests) and a failure 
criterion have been proposed. Under water, the principal risk is cladding embrittlement following 
reorientation under load of the hydrides, which in turn depends on the temperature-stress history of the 
material. The short-term creep laws must still be consolidated over the long-term, and the evolution of 
the mechanical properties of the assembly structural materials has not been specifically studied. 

When exposed to air, the spent fuel rod alteration is limited either by the UO2 oxidation kinetic or by 
the avaibility of oxygen in the spent fuel rod. UO2 oxidation is commonly broken down in the 
literature into two main steps for which the oxidation kinetics are based on the weight gain curves: 

• The first step describes the oxidation of UO2 to U3O7. The laws proposed for powder and pellets 
correctly account for the observations reported in the literature, although recent XRD analyses have 
revealed the emergence of an intermediate U4O9 phase during this phase. In spent fuel, the cubic 
intermediate phase U4O9 is generally identified instead of the quadratic U3O7 phase. The 
radionuclide distribution in the fuel does not appear to be affected by complete transformation to 
U4O9 (or U3O7). 

• The second oxidation step results in the formation of U3O8 by a less well known nucleation-growth 
mechanism. The proposed kinetic law gives widely dispersed activation energies depending on the 
authors; investigating the oxidation mechanisms at smaller scale should diminish the uncertainties 
affecting this macroscopic approach. The presence of extraneous elements (e.g. Pu or fission 
products) in spent fuel delays the formation of U3O8. 

Oxidation is accelerated by the presence of water vapor when the relative humidity exceeds 
30%, especially at low temperatures, and by the presence of NO2 gas produced by radiolysis of the air 
near the spent fuel, even at low concentrations in air (< 0.1%). 

The rod alteration kinetics are limited by the availability of oxygen at the fuel surface, which 
depends on the characteristics of the breach and on the open porosity in the rod. Cladding defect 
propagation begins after an incubation period corresponding to the time necessary to form a sufficient 
fraction of U3O8, which causes the pellet to swell. Arrhenius laws based on the available published 
data have been proposed to calculate the incubation time and the defect propagation rate. However, 



Synthesis on the spent fuel long-term evolution 

232 

these laws are based on tests performed with lightly irradiated rods in which the cladding material was 
not extensively hydrided, and must be verified at higher burnup levels. Moreover, the extent of 
radionuclide release due to oxidation is not known at this time. 

The radionuclide release observed from a spent fuel fragment in water can be broken down into two 
main steps: 

• The first involves the rapid release (within a few days) of the labile activity corresponding to the 
radionuclide inventory on the free surfaces of the fuel (plenum, cracks, and pellet-clad gap), and 
the release of the grain boundary inventory over a period of several months to several years. 

• The second corresponds to the slow release of activity as the UO2 matrix dissolves. 

Published findings have shown that the UO2 dissolution rate increases with α and βγ radiolysis 
of water; the latter, which enhances the formation of radical species, appears to be more effective 
under comparable irradiation conditions (dose rate, cover gas, etc). In deaerated media the dissolution 
rate increases with the dose rate. Since after a few hundred years only alpha radiolysis of water will 
persist at the fuel surface, the dissolution rates measured on fresh fuel are poorly suited for long-term 
extrapolation (beyond 1000 years of cooling). 

Various models have been proposed to account for these observations: 

• Radiolysis models attempt to represent all the reactions involved on the fuel surface and in the 
surrounding solution. These essentially physical and relatively complex models are based on 
parameters (notably the reactions at the UO2/water interface) that are not all known. 

• Electrochemical models determine the corrosion currents and potentials depending on the 
compounds present in the water and the α and γ dose rates. These semi-empirical models depend 
on the representativeness of the experiments performed. 

• Chemical models of UO2 dissolution in the presence of oxidants represent UO2 dissolution under 
the effect of radiolysis by an experimentally fitted overall kinetic constant. This empirical approach 
does not lend itself to extrapolation to conditions other than those studied in the laboratory and 
must be coupled with a water radiolytic model which calculates the concentration of oxidants 
produced in solution. 

The spent fuel rod alteration rate depends on the surface area affected by radiolysis which depends 
itself on the surface area directly accessible to water. The surface area of an unirradiated pellet 
measured by the BET method is between 1.5 and 2 cm2·g-1 (roughly three times the geometric surface 
area of the pellet). On removal from the reactor, the pellet is fragmented and its specific surface area 
increases by about a factor of ten. The geometric characteristics of the pellet can then vary during the 
first phase of confinement. Helium produced by alpha decay could in particular lead to increased 
cracking. Similarly, exposure of the fuel to air, by oxidizing its surface and possibly opening the grain 
boundaries, would accelerate the matrix dissolution rate at the moment of water ingress. 
Finally, the formation of secondary phases and/or the presence of hydrogen on the fuel surface could 
offset the effects of radiolysis. The conditions under which secondary phases are formed and their 
impact on the fuel alteration rate are unknown in deaerated media, and the mechanisms responsible 
for the inhibiting effect of hydrogen on the spent fuel dissolution rate have not been elucidated to date.
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