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Abstract  

A BWR design UO 2 fuel irradiated to a burnup of 7.9% FIMA was selected for a careful calculational and experimental 
analysis because the rod experienced an unusual power history: it had two high power periods at 1.7% FIMA and between 4 
and 5% FIMA causing increased fuel temperatures and thus increased gas release and damage recovery. As a consequence, 
two parameters generally considered to be important for grain subdivision (rim structure formation) were locally different 
from normal fuel, i.e. fission gas inventory and extent of radiation damage. Histories of temperature, fission rate and fission 
gas release were calculated at different radial positions. Microstructure observations (TEM, SEM) revealed the typical high 
burnup grain subdivision process (polygonization) which extended to a maximum of 1.65 mm ( r / r  o = 0.73) from the pellet 
surface inwards, For this radial position, the calculations yielded a local temperature of 1200°C and predicted that more than 
half of the fission gas was released during the second high power period for this radial position. The results give thus 
information on the importance of the fission gas inventory for the burnup threshold of restructuring. © 1998 Elsevier Science 
B.V. 

1. Introduction 

Extension of the burnup of LWR fuel is commercially 
in progress. The aim is to reduce the amount of total 
processing turnover within the nuclear fuel cycle and to 
improve the costs of fuel fabrication, intermediate storage, 
transport and reprocessing. One of the key issues for this 
technological step is to understand and ultimately control 
the fuel micro-structural changes which start at the pellet 
peripheral zone, called tim-effect, evidenced by subdivi- 
sion of the original grains of the sintered UO 2 fuel into 
very small subgrains (e.g. Ref. [1]). The material properties 
of this restructured cylindrical shell are not known and the 
parameters responsible for initiation and development of 
the new structure are not clearly identified. 

Previous findings for the initiation conditions, e.g. a 
burnup threshold of 70 M W d / k g  U, were made by 

* Corresponding author. Tel,: +81-3 3480 211 l; fax: +81-3 
3480 2493. 

Kameyama et al. [2], analyzing radial burnup distributions 
of high burnup fuels and relating them to PIE observations, 
especially to radial EPMA profiles of the Xe-content in the 
fuel. This analysis indicated that the restructuring was 
neither dependent on the type of the fissile atom, 235U or 
239pu, nor on the fission rate. A similar analysis was 
performed on a high burnup rod, AF21-2 with a well- 
established power history of its irradiation in the HP-1 rig 
in the Danish DR 3 test reactor [3] in the Ris0 national 
laboratory. This rig is similar to those used in Ris~ Fission 
Gas Release Projects [4]. This analysis confirmed that the 
restructuring is observed where the local temperature is 
below 1200°C and the burnup exceeds 70 M W d / k g  U. 

There are essentially two research lines which lead to 
progress in understanding the conditions for the formation 
of the rim structure. One of these consists in statistical 
investigations of many fuels, utilizing the growing PIE 
evidence on high burnup fuel and the second one consists 
in a careful analysis of individual fuels, or of tailor-made 
irradiations, in which one or more of the parameters 
thought to be important for the mechanism of rim structure 
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formation are controlled or varied in a known way as 
compared to normal power reactor fuel. Both lines are 
followed in the Institute for Transuranium Elements in 
Karlsruhe, the latter one in cooperation with the Central 
Research Institute of Electric Power Industry in Tokyo. 
For the former line, the work of Lassmann et al. [5] is a 
good example which leads to a well validated empirical 
description of the onset of grain subdivision, called HBS 
(high burnup structure) by the authors of Ref. [5]. Essen- 
tially, the description is based on assuming the coexistence 
of grain subdivision, formation of new pores and decrease 
in Xe-signal in EPMA in high burnup LWR fuels. This 
procedure is valuable and essential for understanding the 
gross restructuring in power reactor fuel as a function of 
burnup, but it does not yield further information on under- 
lying mechanisms. To obtain such information is the aim 
of the latter line. This is achieved by a 'tailor-made' 
irradiation with a matrix of different bumups at different 
constant temperatures and with different compositions of 
the fuel [6] and by characterizing particular fuels selected 
on basis of their irradiation parameters. The tailor-made 
irradiation, for instance, is hoped, beyond other aims, to 
better define the temperature limiting grain subdivision. 
An example of very extended restructuring was, for exam- 
ple, observed in the Battelle High Buruup Programme [7] 
where annular pellets avoiding high central temperatures 
were irradiated and grain subdivision was observed both at 
the central hole and at the surface of the fuel pellets [8]. 

The objective of the present paper is the attempt to 
obtain information on the mechanism of grain subdivision 
by studying in more detail a particular fuel, i.e. the above- 
mentioned rod AF 21-2, by comparing more detailed re- 
fined fuel code calculations than reported in Ref. [3] with 
an extensive T E M / S E M  investigation of the same cross 
section of the rod reported in a recent companion paper [9]. 
This particular rod was selected for this careful experimen- 
tal and calculational study since it had a power history 
with high power periods at = 1.7% FIMA and at 4 -5% 
FIMA, and since it achieved a total burnup (7.9% FIMA) 
above the commonly assumed threshold for grain subdivi- 
sion in LWR fuel. In contrast, typical LWR fuel experi- 
ences a steady decrease in linear power with increasing 
irradiation. The two high power periods of the rod AF-21-2 
caused high central temperatures and were thus expected 
to significantly affect two parameters thought to extend 
important driving forces for grain subdivision, i.e. the local 
fission gas content in the fuel grains and the accumulated 
radiation damage or else the stored energy. The latter is 
known to be recovered upon temperature increase, the 
former is known to be released into grain boundary bub- 
bles or even from the fuel at elevated temperatures. On the 
contrary, the concentration of non-volatile fission products, 
e.g. the rare earths or the rare metals and dislocation 
networks formed during irradiation are not affected. 

There are two more ways of obtaining helpful informa- 
tion on the conditions leading to grain subdivision. Both 

are investigated in the Institute for Transuranium Ele- 
ments, but both suffer from inherent deficiencies. One 
consists of investigating the microstructure of Pu-rich in- 
clusions in MOX fuel. These experience high burnup at 
temperature conditions which can be calculated with ac- 
ceptable accuracy. However, the Pu-rich inclusions are. 
trivially, not UO:  fuel and they have, at constant oxygen 
potential, a different oxygen-to-metal ratio than UO 2 which 
is known to affect many mass transport processes (e.g. 
Ref. [10]). The second way consists in introducing fission 
products and radiation damage into UO 2 by controlled 
irradiation with ion beams from accelerators (e.g. Ref. 
[11]). With this method, a good control of temperature is 
possible and the fission product to be studied can be 
selected at will. However, not all conditions are identical 
with those of reactor irradiation even if ions of fission 
energy are used [12] and the dose rate is much higher than 
in reactor irradiation. 

In conclusion, it was thought to be worthwhile to 
investigate in detail the UO 2 fuel of an unusual rod like 
AF 21-2 to obtain information not achievable from analy- 
sis of conventional high burnup LWR fuel. 

2. Brief summary of the experimental investigation of 
the analyzed cross section 

In the companion paper [9], results of transmission and 
high resolution scanning electron microscopy of the cross 
section analyzed here were reported. In the rim region, the 
original grains of about 10 Ixm diameter were subdivided 
into = 104 subgrains of 0.15 to 0.30 Ixm diameter. The 
spread in subgrain orientation was small ( <  5°). This high 
burnup structure extended to a depth of 1.65 mm ( r / r  o = 

0.73). The proportion of grains showing this structure 
decreased from 100% at the fuel surface to very small 
values at depths > 1 mm. The size of the subgrains was 
found to be largely independent of depth. 

Optical microscopy (see Fig. 1) showed that the fuel 
indeed had experienced the calculated high temperature 
phase. Columnar grain growth was indicated and large 
metal particles were found in the pellet center, i.e. for 
r / r  o < 0.25 and equiaxed grain growth and fission gas 
decoration of grain boundaries were seen for r / r  o < 0.45. 
Grain boundary porosity extended up to r / r  o ~- 0.7. 

3. Methods of analysis 

The VIMBURN code was used to analyze the radial 
evolution of the local burnup. The code is composed of 
two sub-modules: the VIM 2 module for neutron transport 
and a module for the neutron reaction and decay chains [3]. 
VIM 2 is a code with a continuous Monte-Carlo method 
and a continuous energy coordinate is used for cross-sec- 
tions derived from physics data of ENDF-B-IV. It is 
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lates depletion and generation of nuclides following the 
calculated rates of neutronic reactions at each burnup 
increment. The ORIGEN code was utilized to validate and 
calibrate the module. 

The UO 2 fuel rod analyzed in this paper was irradiated 
for 5.5 years in a high pressure rig of 6 cm diameter in the 
DR 3 reactor in Ris0, Denmark. Although the neutron 
moderator was heavy water, the rig coolant was light water 
and the pressure boundary was a stainless steel tube of 1 
mm thickness and 2.5 cm diameter. The VIMBURN calcu- 
lation was made using this geometry and this material to 
estimate the variation of spatial neutron flux distribution 
and energy spectrum. The effect of the moderator on the 
radial burnup distribution was calculated in detail. 

The fuel performance analysis code, EIMUS, was uti- 
lized to estimate local temperatures in the cylindrical fuel 
at radial positions of interest [13]. The code contains a 
degradation model of fuel thermal conductivity due to 
burnup accumulation [14]. The model accounts for two 
mechanisms: (1) planar porosity acting as a thermal barrier 
and (2) phonon scattering at dissolved fission product 
atoms. The former includes small cracks, separated grain 
boundaries and open planar porosity created after fission 
gas release from grain boundaries. Some of these pores are 
connected to the free volume of the fuel rod. This effect of 
connection was estimated by analysing the correlating data 
of fuel temperature and rod gas pressure measured at the 
Halden Project. The effect of solid solution of fission 
products, e.g. rare earths, is implemented in the model 
based on the thermal conductivity data of SIMFUEL [15- 
17]. The model is calibrated to the fuel temperature data 
measured at the Rise fission gas project where the burnup 
range was extended up to 50 M W d / k g  [4A4,18]. 

The EIMUS code was thus improved compared to the 
version used for the previous analysis [3]. The rate of the 
decrease of fuel conductivity with burnup was assumed to 
be linear up to 40 M W d / k g  M and constant for higher 
burnups. For the fission gas release, the code calculates 
thermal gas release with a model involving grain boundary 
saturation. Recoil and knock out release are also calcu- 
lated. However. the code does not have a release model 
accounting for the restructuring by grain sub-division and 
polygonization, due to the lack of experimental data. 

Fig. I. Optical ceramography of the investigated fuel. (a) Central 
part showing columnar grain formation and large five-metal parti- 
cles. (b) Zone of equiaxed grain growth. (c) Transition zone at 
r~  r¢j ~ 0.7 with increased porosity at r~  r 0 < 0.7. 

capable of analyzing singular resonance reactions of 23SU 
at epithermal energies, which cause the neutronic rim 
effect in LWR fuel. The nuclides are categorized into three 
groups: fissile nuclides, significant absorbers such as t35Xe 
and HSSm and other fission products. The module calcu- 

4. Analysis results 

The fabrication and design data of the fuel are pre- 
sented in Table 1. The pellet averaged burnup of the 
analyzed section was estimated to be 7.9% FIMA from 
PIE analysis of t4:~Nd. The radial burnup profile was 
calculated by VIMBURN and was shown previously [3]. 
Due to the neutronic rim effect, the final burnup at the fuel 
surface is = 23% FIMA, i.e. approximately three times 
higher than the cross section average burnup. Calculated 
temperatures as a function of burnup are shown in Fig. 2 
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Table 1 
Fabrication and irradiation data of rod AF21-2 

Fuel enrichment (% 2 3 5 U )  1.5 
Pellet diameter, nominal (mm) 12 
Grain size (Ixm) = 5 ~' 
Active stack length (mm) 450 
Helium filling pressure (MPa) 0.1 
Coolant pressure (MPa) 7 
Peak pellet average burnup (% FIMA) 7.9 

aThe grain size was not measured. 5 ixm is the standard value of 
the applied fabrication process. 

for five radial positions. The temperatures at around 4% 
FIMA are higher than in the previous analysis [3] due to 
the improvement in the code in calculating the degradation 
of the thermal conductivity at high burnup. Grain subdivi- 
sion was observed between the fuel surface ( r / r  o = 1) and 
the restructuring front (or tail, depending on the point of 
view), i.e. at 1.65 mm depth ( r / r  o = 0.73) [9]. The VIM- 
BURN analysis shows that the highest temperature was 
experienced between 4 and 5.2% FIMA of the local bur- 
nup at this radial location. Temperatures of up to about 
1200°C were calculated with the EIMUS code. Following 
this period of increased rating and temperature, the restruc- 
turing front (or tail) experienced a 650 day long further 
irradiation to the final burnup of 7.2% FIMA, with the 
local temperature decreasing to about 800°C. 

The calculated time history of local fission rate for 
again five radial locations is shown in Fig. 3. The final 
burnup profile, the integration of the fission rate, is in 
good agreement with the EPMA measurements [3] and it 

shows the expected steep increase at the pellet periphery. 
As a result of Pu production, a steady increase of the 
fission rate around the pellet periphery is seen from the 
start of irradiation until about 1,6% FIMA of the pellet 
averaged burnup. At this point, the pellet surfaces reached 
a local burnup of 3.3% FIMA and the increase stopped 
because the formation and the consumption of Pu were 
balanced. From this time on, the fission rate at the pellet 
surface is approximately three times higher than the pellet 
average. The highest value is 5 × 1013/cm3 s during the 
high power period, decreasing to 2.5 × 1013/cm 3 s during 
the low power period at the end of life. The fission rate in 
the pellet central zone decreases relatively regularly from 
1.5 to 0.7 × 1013/cm 3 s as represented by the 1.65 mm 
position in Fig. 3. The calculation shows that the high 
fission rate is restricted to a narrow rim zone. This is due 
to the low enrichment of the fuel and to the extensive 
burning of Pu formed in the rim zone. The SEM observa- 
tions [9] show that the size distributions of the restructured 
grains are similar and independent of the radial position 
between 50 and 1570 txm though the fission rates differ by 
a factor of 3 to 5. This indicates that the final grain size 
due to the restructuring process is not significantly depen- 
dent on the fission rate within the range of 1 to 5 × 
1013/cm 3 s (see also, however, the third paragraph of 
Section 5). 

Based on the calculated time history of local fuel 
temperatures, the thermally activated fission gas release 
was calculated with the EIMUS code. The calculated 
release and the EPMA measurements of retained gas are 
plotted in Fig. 4. The total xenon production is also shown 
for comparison. Three radial zones are indicated by arrows 
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as zones I, II and III. The calculational results are compati- 
ble with the EPMA results within the two zones I and II 
only. Zone I extends from the center ( r / r  o = 0) to r / r  o = 

0.55 and is defined by very low EPMA signals which 
indicates thermally activated gas release due to the experi- 
enced high temperatures near the pellet center (see Figs. 1 
and 2). The remaining fuel (0.55r 0 to r 0) shows essen- 
tially a plateau of EPMA signals. We divided this plateau 
into two zones (II and III). In zone I1 positioned between 
= 0.55r o and 0.73r 0, i.e. between 2.87 and 1.65 mm from 
the surface, no grain subdivision was observed indicating 
that the gas release was also thermally activated. On the 
other hand, the zone III is defined by the extent of the rim 
structure as observed by SEM [9]: grain subdivision was 
found extending from the pellet rim ( r  = 1.0r 0) to a depth 

of 1.65 mm ( r  = 0.73ro). 
Within the zone III, the EPMA signal tends to decrease 

towards the pellet surface, which is the typical observation 
for fuel with rim structure formation. The measured frac- 
tion of retained gas varies between 0.25 and 0.3 wt%. This 
is consistent with the value of 0.22 wt% for the fully 
developed high burnup structure (HBS) defined by Lass- 
mann et al. [5], which was obtained from an extensive 
database of EPMA results at the Institute for Transuranium 
Elements. This agreement might be taken as indicating that 
zone Ill is totally restructured. The SEM observation [9] 
revealed that a large fraction of zone III is tound to be 
restructured up to 1 mm from the surface (point C in Fig. 

4). This zone is defined as llIb. The EIMUS code calcula- 
tions show low irradiation temperatures and absence of 
thermal fission gas release in zone IIIb. Complete retention 
of the gas is expected. Further SEM investigations were 
made to identify the degree of restructuring from 1 mm 
towards the center of the pellet. The fraction of restruc- 
tured grains is decreasing and at the front point B (at 1.65 
mm depth, or r / r  o = 0.73), restructuring is found only at 
few local sites such as pore surfaces. The zone between 1 
mm (point C) and 1.65 mm depth (point B) is defined as 
zone Ilia. Fig. 1 shows parts of the optical ceramography 
of the investigated cross section at different radial loca- 
tions. Fig. l a and b show locations within zone I, revealing 
metallic precipitates, and indication of columnar and 
equiaxed grain growth caused by high temperature. Fig. l c 
shows the location around the point B, the boundary of 
zones I1 and Ilia, indicating a transition of porosity growth. 
Clearly, thermal restructuring occurred also in zone II due 
to the experienced high temperatures. 

Knowing the history of gas release at point B is of 
interest in obtaining a better understanding of the restruc- 
turing mechanism. The radial location of this point was 
irradiated at near to the (assumed) threshold temperature of 
fission gas release. The present best estimation by the 
EIMUS code indicates that position B experienced high 
temperatures and that significant gas release occurred be- 
tween 3.96% FIMA local (4.29% FIMA pellet average) 
and around 5.6% FIMA, as shown in Figs. 2 and 5. This 
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analytical result could be supported by the observed 
boundary of porosity formation indicated in Fig. l c. Around 
the position B, the amount of retained gas is likely to be 
reduced by thermally activated release during this burnup 
period and the reduced gas inventory may be associated 
with the cessation of the observed grain subdivision. 

5. Discussion 

The whole cross section of the analyzed fuel exceeded 
the often quoted threshold value for rim structure forma- 
tion of 7% FIMA. No rim structure was observed in zones 
I and II, i.e. from r / r  o = 0.72 to the centre of the pellet. 
This was previously suggested to be due to the high 
temperature and to thermally activated mechanisms [3]. 
The aim of the revised calculation in the present paper was 
to improve the calculation of the temperature history and 
to obtain the local fission gas release values as accurately 
as possible. Although the accuracy may be further im- 
proved in the future, we present Fig. 5 which shows 
calculated local histories of gas release together with the 
power history. The curves correspond to the radial posi- 
tions A, B and C shown in Fig. 4. The local burnup and 
the pellet averaged buruup are rather similar at these 
positions. For example, the final burnup of position C is 
7.6% FIMA, which is slightly less than the 7.9% of the 
pellet average. The calculations suggest that zone II lost 
fission gas during period 2 with the highest temperatures 
due to the combined effects of high power and degradation 
of the thermal conductivity (see also Fig. 2). Period 2 
lasted tbr 7000 h (9 months) and period 3 lasted for 15 000 
h (1.7 years). At position B the gas inventory recovered 
during the long term period 3. The decrease of the gas 
inventory and the recovery of irradiation damage might 
affect the restructuring process in zone Ilia. 

Based on these analytical results, we conclude that the 
zone Ilia is a transition zone which experienced both 
processes of thermal activation and of grain sub-division. 
Thermally activated fission gas release was predicted to 
start at 1.25 mm depth and to be = 60% at the restructur- 
ing front (1.65 mm depth or r / r  o = 0.73). The observed 
reduction of the EPMA signal would thus be a result of 
both thermal and athermal mechanisms. The mechanism 
for the observed disappearance of the grain sub-division 
near the point B can be considered based on these analyti- 
cal results. Concerning the irradiation damage, the temper- 
ature in period 2 is not high enough to annihilate accumu- 
lated dislocations, whereas point defects will be annihi- 
lated during this period. However, point defects are contin- 
uously generated and saturation is achieved rather soon 
also during period 3. Therefore, the irradiation damage and 
the stored energy by damage accumulation might not have 
been affected by period 2 and point defect accumulation 
alone will not be the main mechanism of the grain sub-di- 
vision. Equally, the lattice distortions by incorporating rare 

earth fission products will not have been affected by the 
high temperatures during period 2. On the other hand, the 
gas inventory was significantly affected by the temperature 
history and it was only partially restored during period 3. 
This gas behavior may thus explain the population profile 
of the grain sub-division in zone Ilia. The disappearance of 
the grain sub-division near the point B could therefore be 
due to loss of the fission gas. 

The size distribution of the new subgrains observed by 
SEM is almost identical between the surface and the inner 
front at point B [9]. A similar constant subgrain size 
( - -0 .3  p~m) has also been seen in power reactor fuel at 
high burnup [19]. The local temperatures, shown in Fig. 2, 
differ relatively widely in this zone, ranging from 400 to 
800°C during period 3. This confirms that the process to 
form subdivided grains of --0.3 ~m diameter is not 
controlled by the temperature in this range. On the other 
hand, new grains with a smaller averaged diameter of 0.16 
~tm were found near the pellet edge in the fully restruc- 
tured zone where a bimodal sub-grain size distribution 
(peaked at 0.16 and 0.3 ~tm) was observed in TEM [9]. 
The fission rate was high at the fuel pellet surface as 
shown in Fig. 3 and so is the burnup. It is at present 
difficult to attribute one of these parameters to the ob- 
served smaller grains of = 0.16 Ixm. 

The dotted line in Fig. 4 shows a model calculation by 
Lassmann et al. [5], which describes the xenon depletion 
observed by EPMA. It reproduces the general trend of the 
data over the radial zones. This model aims to give a 
quantitative description of the restructuring and it may 
describe the gas localization process, which corresponds to 
the number and size distribution of bubbles and /o r  planar 
defects. On the other hand the bubble swelling due to the 
restructuring ceases around the point B in Fig. 4. This 
observation is the main concern of the present paper. The 
calculations by the code suggest that the fuel temperature 
and gas release are the most probable cause of the end of 
the transition zone Ilia, where the restructuring was ceas- 
ing and terminated. However, further experimental data, 
such as from an ongoing tailored irradiation [6], are neces- 
sary to identify details of the governing processes and 
determine the mechanism. 

6. Summary and conclusions 

A section of a high burnup UO 2 fuel rod with a pellet 
average burnup of 7.9% FIMA was carefully re-analyzed 
by combining neutronic and thermal codes and the results 
were compared with newly obtained microstructural obser- 
vations by TEM and SEM [9]. The calculations yielded the 
time dependence of fission rate, temperature and fission 
gas release at different pellet radial positions as a function 
of local burnup. The particular fuel had been selected 
because it experienced a period of 300 days of increased 
temperatures in the middle of its irradiation time of 5.5 
years, thus affecting e.g. the local fission gas content. 
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The electron microscope analysis showed, as described 
in the companion paper [9], a fully restructured rim region 
and extension of grain subdivision into the fuel to a depth 
of 1.65 mm ( r / r  o = 0.73). The calculations yielded tem- 
peratures of about 1200°C and high gas release at this 
restructuring front during the period of increased tempera- 
ture. Unfortunately, a similar extensive S E M / T E M  study 
for a fuel of the same burnup but without the high temper- 
ature period is not available for comparison. Nevertheless, 
some interesting conclusions on the parameters affecting 
grain subdivision and polygonization in UO 2 seem possi- 
ble. 

(1) The calculation results suggest strongly confirm that 
fuel restructuring does not occur where extensive thermal 
gas release is experienced, though the whole analyzed 
cross section exceeded 7% FIMA which is thought to be 
the threshold of the restructuring. The code calculations 
showed that thermal gas release occurred at the restructur- 
ing front at half the final burnup and that a significant part 
of the generated gas was lost during the high power period. 

(2) The grain size distribution, centered around a diam- 
eter of 0.30 ~m,  did not vary significantly with radial 
position between 50 and 1650 p,m depth. Calculations 
show that neither local temperature (range 400 to 1100°C), 
final burnup (range 7.2 to > 20% FIMA) nor fission rate 
(range 1 to 5 × 1013 f / c m  3 s) had a significant effect on 
the subgrain size, This suggests that the restructuring 
occurred once and thereafter the morphology was stable 
during the following burnup increments. Also, the mecha- 
nism to form the subgrains of = 0.30 ~ m  is also likely to 
be the same, between the pellet surface and the depth of 
1.65 mm (note, however, that TEM revealed some smaller 
grains of = 0.16 p~m diam. in the fully restructured rim 
zone, a so-far unexplained observation). 

(3) The effect of the high temperature phase on radia- 
tion damage is more complex. While point defects will be 
annihilated by recombination a n d / o r  migration to sinks, 
extended defects, in particular dislocation networks, are 
less affected by the high temperature period and will 
largely have survived this period. The same is true for 
distortion of the UO~_ lattice by incorporated rare earth 
fission products. Therefore, even though a high tempera- 
ture period was experienced, the continued additional irra- 
diation period at reduced temperatures, from 5.2 to 7.2% 
FIMA, could nevertheless trigger the restructuring at the 
normal threshold. The investigation of this particular fuel 
indicates, however, that restructuring stops at the radial 
location at which a significant amount of fission gas is 
released during an intermediate burnup stage. 

For future research to better define these parameters, 
the development and the thermal stability of tangled dislo- 
cations, dislocation networks and their interplay with fis- 
sion gas bubbles and solid fission product precipitates as 

well as the effect of soluble fission products in the UO 2 
matrix should be studied. 
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