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Section 3. Fuel modeling and experimental support. Sub-models for individual processes and 
components. 

 
Experiments are conducted to simulate high burn-up structure in accelerator conditions. Three 

ion irradiation schemes are used:  
1. Xe27+ 160 MeV up to 5x1015 cm-2 (thermal spikes). 
2. Xe16+ 320 keV up to 1x1017 cm-2 (collision cascades). 
3. He+ 20 keV up to 5,5x1017 cm-2 (implantation stage). 
Structural characterization performed by scanning electron microscopy, X-ray analysis and 

atomic force microscopy revealed prominent grain refinement in case of Xe27+ irradiation. 
Artificial energy variation for incident ions showed varying size of subgrains. At maximum 
energy of incident ions, subgrain size amounts ~ 320 nm. Moving to the edge of irradiated region 
changes the size to ~ 170 nm. Typical size of coherent scattering regions matches subgrain size 
for high-energy irradiation. Low-energy irradiation results in less significant structural changes: 
flaky structure at random sites for samples irradiated with low-energy xenon ions and bubble 
nucleation for helium irradiation. Dislocation density increases significantly, and it is shown that 
a single fluence dependence exists for low- and high-energy irradiation.  
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1. Introduction 
There are a number of unresolved material issues with uranium dioxide when it is used as 

fuel for epithermal–spectrum reactors analogous to PWR. Most relate to the change of structural 
and phase state of nuclear fuel during burn–up. The process is most intense on the periphery of 
fuel pellets where 238U reacts with resonant neutrons producing fissile 239Pu. At pellet average 
burn–up of 40 to 60 GWd/tU, close to discharge, local burn–up in the outer rim region may reach 
120 GWd/tU [1]. This leads to the fuel having a structure similar to a composite, the outer layer 
of which exhibits highly refined grains and large gas bubbles while the inner is more like the as–
sintered pellet [2]. These layers become discernable in PWR conditions only at burn–up higher 
than some threshold value. The mechanisms of this transient process are currently unclear. 
However, many guesses, unfounded or partly–proven assumptions on the reasons for this event 
exist [3]. Summarizing published data, three scenarios of the onset of high burn-up structure 
(HBS) may be formulated:  

 Dislocations scenario [4 - 6]: grain subdivision happens due to polygonization as a result 
of self-organizing dislocation density. Defect generation occurs mainly in cascade 
regions, mobility of dislocations is enhanced by thermal spikes. Some [7] assume the 
possibility of further growth of the subgrains due to the increase of internal energy during 
plastic deformation which presumably demands relaxation.       

 Bubbles scenario [8 – 10]: increase of pressure well above the Laplace pressure in 
bubbles filled with fission gas– induces plastic deformation near overpressurized bubbles 
or their fast growth, later resulting in stress relaxation which in turn initiates grain 
subdivision.  

 Fission fragments scenario [11 – 12]: instability in a system of defects induced by the 
motion of fission fragments and accumulation of fission products. Resulting stress fields 
cause plastic deformation and heterogeneous defect distribution.  

For in-pile conditions these scenarios overlap which makes the problem of establishing the 
governing factors of the structural change almost insoluble. Alternative to in–pile experiments 
stands ion irradiation of samples with a chemical composition close to that of the spent fuel. 
Former attempts to reproduce some of burn–up effects were made unsystematically [13 – 16]. 
Present work is aimed at separating irradiation modes conditionally equivalent to burn–up effects 
and investigating structural and phase state of the samples irradiated accordingly.    
2. Sample characteristics 

Except for ion implantation, irradiation in ion accelerators does not change the chemical 
compositions of the samples. Because the accumulation and heterogeneous distribution of fission 
products may influence the conditions of HBS transition, pellets of uranium dioxide already 
containing 11 wt. % of fission products simulators (FPS) were used in this work. This amount of 
FPS approximately corresponds to a burn–up of 120 GWd/tU. The samples had a density of 
about 9.47 ± 0.03 g/cm3 (89% of theoretical density). Each side of a pellet was subject to 
polishing. A heated ultra–sonic bath with ethanol was used to remove the abrasive from the 
surface. Two samples were subject to grain etching during 2 – 3 minutes until grain boundaries 
were clearly visible by means of light microscopy at a magnification of 1000X. A mixture of one 
and a half unit of nitric acid and ten units of 30% hydrogen peroxide was used as the etching 
agent. Mean grain size of the matrix was estimated to be 2 – 3 µm (Fig. 1).  

The results of electron probe microanalysis (EPMA) show that uranium content in the matrix 
changes slightly from grain to grain whilst FPS additives are distributed less uniformly. Some 
elements as Ba and Mo which should precipitate in an individual phase are often found in the 
matrix phase. The dark phase (Fig. 1) is enriched by barium, uranium, zirconium and oxygen and 
shows a fluctuating composition. The ratio of elements present therein indicates it being the 
perovskite phase of (Ba1-zSrz)(Zr1-nUn)O3 type (plus small quantities of Mo and rare earths). 
Large particles almost free of uranium and oxygen and enriched by Mo, Ru and Zr are also 
found (Fig. 1). 
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3. Experimental conditions  
The irradiation mode is characterized by particle parameters (mass, charge and energy) and 

beam parameters (energy profile, flux, fluence and current density). At a preliminary stage 
irradiation modes with the following parameters were considered: mass from 4 amu (He) to 131 
amu (Xe), charge from +1e to +27e, energy from 20 keV to 90 MeV; fluence from 51013 cm-2 
to 5 1017 cm-2, flux from 5x109 cm-2s-1 to 5x1012 cm-2s-1. The impact of irradiation on UO2 is 
described by the following main effects: 

 Inelastic scattering on electrons of the crystal. The largest interaction cross–section 
corresponds to massively charged high–energy ions (Xe27+ 90 MeV, Fig. 2a). Reflects the 
presence of uncompensated charge on fission fragments due to non–uniform 
redistribution of electron density after fission [17]. 

 Elastic scattering and collision cascades. The effect is maximized when low–energy 
heavy ions are used (Xe16+ 320 keV, Fig.2b). Reflects collision processes at the end of 
fission fragment track.  

 Ion implantation at energies lower than the displacement energy necessary for generation 
of cascades (He+ 20 keV, Fig. 2c). 

The main irradiation features were calculated using SRIM-2012 and are listed below. 
1. Penetration depth, µm: 0.12 (He27+ 20 keV), 0.07 (Xe16+ 320 keV), 7.45 (Xe27+ 90 MeV). 
2. Peak gas content, at. %:  < 0.1 (Xe27+ 90 MeV at 5∙1015 cm-2), up to 18.9 (Xe27+ 90 MeV 

at 1∙1017 cm-2), 51.9 (He27+ 20 keV at 5,5∙1017 cm-2). 
3. Displacements per atom converted to burn-up, GWd/tU: up to 0.3 (Xe27+ 90 MeV at 

5∙1015 cm-2), up to 61 (Xe16+ 320 keV at 1∙1017 cm-2), 1.2 (He27+ 20 keV at 5,5∙1017 cm-2). 
Irradiation was conducted using isochronous cyclotrons IC-100 and U-400 at Nuclear 

Reaction Laboratory named after G.N.Flerov (JINR. Dubna). Planar irradiation using low and 
high energy ions was conducted. Some samples were irradiated through a special curved 
absorbing filter which provided non–uniform spatial distribution of the energy of incident 
particles. The energy of incident ions was highest (90 MeV) at the center of the sample and 
decreased linearly all the way to the edge of irradiation region (approx. ~ 1.5 mm from pellet 
edge).  
4. Results of structural and phase state examination  

Right after irradiation, the modified layer in irradiated samples was analyzed. No additional 
surface treatment was performed due to the risk of damaging this thin layer. The analysis was 
conducted with three different techniques: scanning electron microscopy (SEM) and EPMA on 
Сarl Zeiss EVO 50 and JEOL 6610LV, X-ray structural analysis on Bruker D8 Discovery 
diffractometer with DAVINCI design, and atomic–force microscopy (AFM) on SMM – 2000.  

4.1 SEM and EPMA 
Primary structural examination showed qualitative changes in grain structure for samples 

irradiated with high–energy ions (Fig. 3). At a fluence of 5∙1015 cm-2 (flux ~ 5∙1011 cm-2s-1) grain 
refinement of the matrix takes place. At lower fluences (and fluxes) it was not clear if grain 
subdivision happened because grain boundaries were not visible.  

On the surface of irradiated pellets huge dark inclusions (Fig. 3, right) and dark specks with a 
lighter halo (Fig. 3, left) were also noted. EPMA showed that these inclusions contain the same 
elements as the dark particles from Fig. 1, although the quantitative proportions differ (data 
below in wt. %): 30 – 36 % Ba, 19 – 34 % U, 17 – 25 % Zr, 15,5 – 17,0% O, 1.3 – 2.9 % Sr, 0 – 
0.5 % Ce and other elements (< 1%) in dark particles on Fig. 1 at grain boundaries, before 
irradiation;  
11 – 20 % Ba, 46 – 60 % U, 8 – 14 % Zr, 16.0 – 16.6% O, 0.7 – 1.5 % Sr, 1.2 – 1.5 % Ce and 
other elements (< 1%) in particles located in the region of maximum energy of incident ions 
(corresponds to Fig. 3, right);  
19 – 25 % Ba, 41 – 50 % U, 11.7 – 14.2 % Zr, 16.0 – 16.6% O, 1.26 – 1.42 % Sr, 1.0 – 1.1 % Ce 
and other elemets (< 1%) in particles near the interface with non–irradiated material (Fig.3, left). 
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Backscattered electrons images show that the colour of the halo surrouding dark inclusions at the 
periphery of the irradiated region (Fig. 3, left) is intermediate between the colours of the matrix 
and the dark inclusion.  

Surface examination of samples irradiated by low–energy Xe16+ ions with fluences up to 
1∙1017 cm-2

 
did not show explicit evidences of grain subdivision, nor any changes in composition 

of the perovskite phase. Individual grains tend to protrude from the rest showing small structural 
changes on the examined surface (Fig. 4, right). At high Xe16+ fluences the amount of the 
implanted gas was enough to allow EPMA measurement. Surface layers contained 2 – 3 wt. % of 
Xe. Nucleation of large helium bubbles with a diameter of ~ 0.8 – 1.0 µm was observed during 
surface examination of samples irradiated by He+ with a fluence of 5.5∙1017 cm-2 (Fig. 4, left). 

4.2 AFM 
A detailed analysis of the grain microstructure shows a number of features related to the 

structure of samples irradiated with high–energy ions (Fig. 5a). Molten sites (these are the 
perovskite phase particles, same as on Fig. 3) which do not seem to have any microstructure are 
embedded between areas of matrix phase with grains evenly divided into subgrains (Fig. 5a). 
The former high–angle boundaries are preserved while subgrains form groups of preferential 
orientation set by original as–sintered grains. The size of sub–grains differs depending on the 
energy of incident ions: ~ 310 nm for maximum energy region and ~ 170 nm near the interface 
with non–irradiated material.  

Low–energy ion irradiation result in less prominent structural changes (Fig. 5b and 5c). 
Flaky structure (Fig. 5b) is observed only at some random sites of the sample and therefore 
might be the result of selective sputtering (corresponding irradiation mode results in maximum 
sputtering yield compared to other modes). The characteristic size of structural elements on Fig. 
5c amounts ~ 0.7 – 0.8 µm which is close to the mean bubble size determined by SEM on Fig. 4.  

4.3 X-ray analysis 
Analysis of several spectral lines shows that most drastic changes which consist both in 

broadening and in angular displacement happen under high–energy ion irradiation. The typical 
double peak in the spectrum of as–sintered pellet disappears entirely when the material is 
irradiated by high energy Xe27+ ions. Low–energy ion irradiation virtually does not change the 
original peaks resulting however in an additional spectral line at slightly lower angles. 

The change in lattice parameter depends on the energy of incident ions. At increasing fluence 
the lattice parameter of the sample under high–energy ion irradiation experiences continuous 
growth. At a maximum fluence of 5∙1015 cm-2 lattice parameter amounts 549.7 pm (or 548.6 pm 
if averaged over the irradiated area). At low energies (320 keV) and a fluence of 1∙1017 cm-2 
lattice parameter is rather lower and amounts 548.16 pm. At the same time, there are changes in 
dislocation network of samples. Dislocation density increases significantly, both for Xe16+ 320 
keV and Xe27+ 90 MeV irradiation, reaching saturation at high fluences (Fig. 6а). In the first case 
the size of coherent scattering regions (CSR) decreases to 20 nm and virtually stays constant at 
increasing fluence. The second case is more complex (Fig. 6b). 
5. Discussion  

A single fluence dependence of dislocation density fits experimental data well within the 
span of error for both high-energy Xe27+ and low-energy Xe16+ ion irradiation (Fig. 6a). We may 
assume therefore that inelastic scattering does not influence dislocation density. Size of CSR 
determines the mean distance between dislocations [18]. Notably, at equal values of dislocation 
density this size is different for high- and low-energy irradiation (Fig. 6b). This means that the 
structure of dislocation network is also different for these two cases, e.g. collective dislocation 
motion resulting in a changed mean distance between dislocations takes place. Such process 
would be possible if dislocation moved rather freely, in other words, if dislocation mobility was 
enhanced. As it is known, edge dislocations may move through climb governed by diffusion. 
Hence, if diffusion is enhanced in one case and inhibited otherwise this could explain the 
difference in CSR size. 
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If we refer to EPMA data on elemental composition of “dark inclusions” in Sect. 4.1, it may 
be noted that at relatively constant oxygen concentration, uranium content is higher in regions 
where incident ions had higher energies. An inverse relation holds for Ba and Zr content. These 
concentration changes could have occurred only by diffusion. But diffusion enhancement occurs 
due to thermal spikes [19], which are the result of inelastic scattering. Therefore, we can suggest 
that diffusion enhancement happens only at high energies of incident ions.  

CSR size at Xe27+ fluence of 5∙1015 cm-2 is close to the subgrain size determined by AFM 
(Fig. 5a). At the same time, the size of cells depicted on Fig. 5b is ~ 20 times higher than CSR 
size for low-energy Xe16+ ions. This could mean that a large dislocation density is present inside 
these cells.  
6. Conclusions 

Structural elements with sizes typical for subgrains (or “recrystallized grains”) found in high 
burn-up PWR fuel are produced by high–energy heavy ion irradiation. An interpretation based 
on radiation-enhanced ordering in regions of high dislocation density is possible. At low-energy 
ion irradiation dislocation mobility is not sufficient to create walls which could act as subgrain 
boundaries. This assumption needs additional verification via theoretical analysis of dislocation 
processes in nuclear fuel.  
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Figure 1 – Observation of as–sintered UO2 + 11 wt. % FPS pellet: left – matrix grains and (Ba1-zSrz)(Zr1-nUn)O3  

precipitating on grain boundaries; right – metallic phase particles enriched with Mo, Ru and Zr 
 

 

 
а) 

 
b) 

 
c) 

Figure 2 – Distribution of infiltrated ions in UO2 for three possible irradiation schemes: a) Xe27+ 90 MeV; b) Xe16+ 
320 keV; c) He+ 20 keV 

 

  
Figure 3 – SEM observation of UO2+11 wt.% FPS after irradiation by high energy Xe27+ ions passing through a 
curved absorbing filter. Ion fluence: 5∙1015 cm-2. Left: near the interface with non-irradiated material (minimal 
energy of bombarding ions); right: maximum energy region (center) 
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Figure 4 – SEM observation of UO2+11 wt.%  FPS after planar irradiation with He+ 20 keV (left) and Xe16+ 320 keV 

(right). Fluence: 5.5∙1017 cm-2 and 1∙1017 cm-2, respectively. Left: interface between irradiated and non-irradiated 
regions is shown 

 

   
a b c 

Figure 5 – AFM – images of UO2+ 11 wt. % FPS: а – Xe27+ 90 MeV, fluence 5∙1015 cm-2 in maximum energy 
region; b - Xe16+ 320 keV, fluence 1∙1017 cm-2; c - He+ 20 keV, fluence 5,5∙1017 cm-2 

 

a b 
Figure 6 – Dislocation density (a) and CSR size (b) versus fluence of the samples irradiated by low- and high-

energy ions 

 


