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Abstract 

Transmission and high resolution scanning electron microscopy were used to analyze the microstructure of the periphery 
of a UO 2 pellet irradiated to a cross-section average burnup of 7.9% FIMA, with a period of increased temperature at about 
half the final burnup. Local burnups at the pellet surface reached nearly 23% FIMA. In this rim region the original grains of 
about 10 ~Lm diameter were subdivided into about 10 4 subgrains of 0.15 to 0.30 Ixm diameter. The spread in subgrain 
orientation was small ( <  5°). The typical small fission gas bubbles present in the cold part of UO 2 irradiated to lower 
burnups of -- 40 G W d / t M  were not found in this zone. The center of the same cross-section showed no grain subdivision. 
Rather, the typical dislocations, dislocation loops, gas bubbles and five-metal particles were found. The high burnup 
structure extended to a depth of 1.65 mm. The proportions 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. 

1. Introduction 

The peripheral region (the ' r im')  of high burnup UO 2 
fuel develops a particular microstructure known as the 'rim 
structure' [1-3], the appearance of which was previously 
described as a 'cauliflower-structure' [1]. In earlier work, it 
was stated to be characterized by 'a loss of observable 
grain structure', a statement which was later modified to 'a 
loss of optically-definable grain structure'. There is a 
marked decrease in the apparent grain size, accompanied 
by an increase in porosity and a decrease in the signal for 
fission xenon as measured by electron probe microanaly- 
sis, EPMA. These microstIuctural changes first occur when 
the average burnup exceeds about 40 GWd/ tM.  At fuel 
cross-section-averaged burnups below -- 60 GWd/ tM,  this 
structure is confined to a width of about 150 to 200 txm, 
hence to the peripheral or rim region. In this region, the 
local burnup is higher by a factor of up to -- 2.5 due to 
neutron resonance capture of U-238 causing a locally 
increased concentration of fissile Pu-239 (e.g. [2]). The 
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mechanism leading to the formation of this rim microstruc- 
ture (grain subdivision or polygonization) is not fully 
satisfactorily understood at the present time. 

Transmission electron microscopy (TEM) and scanning 
electron microscopy (SEM) have been used to make a 
detailed analysis of the microstructure of samples taken 
from the periphery of a UO 2 pellet irradiated to an average 
burnup of 7.9% FIMA (74 GWd/ tM) ,  but with a local 
burnup at the pellet surface of up to 23% FIMA. The 
question of whether and how much this grain subdivision 
process can extend into the interior of the fuel is of great 
interest. The fact that it is not restricted to this shallow rim 
zone at high burnup has been known for some years. In the 
present work, the investigation of the fuel structure was 
continued with a SEM examination of large residual pieces 
of the above fuel, extending the radial depth of the investi- 
gation to nearly 2 mm. The specific fuel used was selected 
since it experienced a period of increased rating and hence 
high temperatures and increased local gas release at about 
half its burnup. It is thought that this helps to understand 
the parameters (burnup, temperature, fission gas content, 
damage configuration) important for polygonization of 
LWR fuel. 
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The present study forms part of a larger program 
performed at the European Institute for Transuranium Ele- 
ments to better understand the parameters and conditions 
of the formation of this rim structure, or high burnup 
structure. General aspects of the rim effect were dealt with 
in Ref. [2], the oxygen potential of the rim zone of the fuel 
employed in the present work was also measured and 
shown to be that of a stoichiometric oxide [4], and a 
detailed ion implantation study had shown that grain-sub- 
division, or polygonization, can also be produced in UO 2 
by controlled ion bombardment with insoluble fission 
product ions (Xe, I) [5]. This latter work has also given 
some insight into the parameters of the formation of 
polygonization. It was extended by high resolution trans- 
mission electron microscopy, HRTEM, to study the forma- 
tion of subgrain boundaries in more detail [6]. Other work 
performed in the hot cells of the institute [7] determined 
fuel porosity, volume pore density, pore size distribution 
and grain size distribution of the new subdivided grains in 
PWR fuel in the burnup range 40-67 GWd/ tM.  

The temperature and burnup conditions of the present 
fuel are dealt with in a companion paper [8]. Furthermore, 
modelling of burnup profiles is being done [9,10] and a 
tailor-made reactor irradiation has been started in joint 
work between CRIEPI, Tokyo, the OECD Halden project, 
Norway and ITU Karlsruhe [11] to determine the threshold 
burnup for polygonization as a function of fuel tempera- 
ture. A recent summary of some of the above investiga- 
tions is contained in Ref. [12]. 

2. The investigated fuel and specimen preparation for 
electron microscopy 

The high burnup UO 2 investigated in the present study 
originated from a fuel rod irradiated in the Danish heavy 
water reactor at Riso. The fuel pellets had a diameter of 12 
mm. The initial enrichment in U-235 was low (1.46%). 
However, the average burnup was high and amounted to 
7.9% FIMA for the cross-section from which the fuel 
pieces for TEM examination were taken. The highest 
burnup in the rim region, as calculated by Kinoshita et al. 
using the codes ANRB and VIMBURN [13,14] and as 
determined from the local concentration of Nd [15] was 
about 2.8 times higher, i.e. in excess of 200 GWd/ tM.  
More details of temperature and buruup calculations are 
communicated in a companion paper [8], explaining also 
nature and consequences of the high temperature period at 
about half the final burnup. 

The major difficulty in making an electron microscopy 
analysis of the rim region in UO 2 fuel with presently used 
burnups (range 40-60  G W d / t M )  is to ensure that the 
material examined comes exclusively from the first 200 
p~m depth of the pellet since this is the thickness of the 
restructured rim zone in such fuel. This effectively pre- 
cludes specimen preparation by electropolishing, since it is 

not possible to control precisely the position of perforation, 
and consequently the area available for examination by 
TEM. 

This problem was solved by preparing samples by 
taking very small pieces of fuel immediately adjacent to 
the cladding, extracted from a thin slice of the fuel cross- 
section. The best definition of the radial location was 
obtained when a fragment of fuel directly attached to the 
cladding could be recovered. These pieces were then 
crushed under methanol, and drops of the resulting suspen- 
sion were allowed to dry on thin carbon films supported on 
copper grids. The small pieces of fuel left on the films 
were often thin enough for transmission electron mi- 
croscopy. The samples were examined in a Hitachi H700 
200 kV TEM which has been specially adapted for the 
analysis of radioactive samples, and is directly connected 
to a glovebox system [16,17]. This microscope is equipped 
with a secondary electron detector enabling very high 
resolution SEM images to be obtained, and with a Tracor 
Northern TN5500 energy dispersive X-ray analysis system. 
One advantage of this powder method of sample prepara- 
tion is that the bulk of the specimen is small, thus minimiz- 
ing the background radiation level and permitting qualita- 
tive energy dispersive X-ray analysis to be performed 
rather easily. In addition, the sample is not chemically 
affected by an electrolyte which might tend to dissolve out 
metallic fission product precipitates. The disadvantage of 
this method is that very precise radial-positional informa- 
tion is not available for the fragments of fuel examined 
either, though it is obvious that all pieces originate from 
the outermost 200 t~m of the fuel. 

In addition to the examination of a number of fuel 
pieces from the rim area with TEM, a sample from near to 
the fuel center was also examined by transmission electron 
microscopy for comparison purposes. 

The investigation of the fuel structure was continued 
with a SEM examination of larger pieces of this fuel in the 
institute hot cells, extending the radial depth of the investi- 
gation to nearly 2 mm. These pieces were too active to 
have been examined in the above-mentioned Hitachi 
STEM. Therefore, the scanning electron microscope (Jeol 
35C) mounted in the hot cells and controlled remotely was 
used for this part of the work. Pieces chosen for examina- 
tion were those where the outer pellet surface could be 
clearly defined. A full cross-section of the pellet was also 
examined, but this had previously been mounted and pol- 
ished for optical metallography and the microstructure 
could only be revealed within the pores. 

3. Experimental results 

3.1. TEM and high-resolution STEM investigation o f  fue l  
from the rim zone 

Both by TEM and SEM, significant microstructural 
differences were found between the rim of the fuel and the 
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Fig. 1. Transmission electron micrograph showing the fine scale subgrain structure at the fuel rim. The inset diffraction pattern shows the 
spread in subgrain orientations to be very small ( < 5°). 

central regions. The rim sample showed the expected 
development of a subgrain microstructure with a typical 
grain size of 0.15 to 0.30 p~m within the original coarse 
grain structure. It also showed a lower overall dislocation 
density within the grains and a much lower density of 
intragranular fission gas bubbles and precipitates than is 

normally found in the cold part of a fuel before grain 
subdivision occurs. 

The electron diffraction pattern of grain-subdivided fuel 
pieces were those of UO 2. In addition, semi-quantitative 
analysis using energy dispersive X-ray analysis showed no 
detectable change in the chemical composition of the fuel 

Fig. 2. Transmission electron micrograph showing the subgrain structure at the rim of the fuel, demonstrating the low density of dislocations 
found within the structure. A low density of precipitates is found, but fission gas bubbles are almost absent. 
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Fig. 3. Histogram of the measured subgrain sizes as revealed by 
TEM (a) and SEM (b). 

at the rim, neither within the grains nor on the grain 
boundaries. A fully quantitative determination of fission 
products contained in the rim structure with the EDX 
technique is difficult since the sensitivity is reduced by the 
background activity of the samples, even if small pieces 

are examined. 

Fig. 4. Scanning electron micrograph of a fractured fuel surface at 
the rim, showing the subgrain structure corresponding to the TEM 
micrographs. 

four hundred grains and represents the raw data on two-di- 
mensional equivalent diameters, no correction having been 
applied to give a three-dimensional distribution. 

The subgrain size histograms were approximately con- 
stant from one fuel fragment to another in this sample, but 

3.1.1. The subgrain structure 
This was the principal microstructural modification, 

and it could be observed directly by TEM, or by high 
resolution SEM on the fractured fuel surfaces and, particu- 
larly clearly, on the surfaces of exposed pores. Figs. 1 and 
2 show examples of the typical rim microstructure as 
observed by transmission, with the diffraction pattern 
shown as inset. The total absence of any internal structure 
within the small grains of Fig. 1 should be noted. The 
misorientations between pairs of subgrains was found to be 
typically 2 - 7  °. A histogram of the measured subgrain sizes 
as revealed by TEM is shown in Fig. 3a. The distribution 
appears to be bimodal with peaks at = 0.16 and 0.30 I~m. 

Fig. 4 shows a corresponding SEM image of the frac- 
ture surface of a fuel fragment from the rim zone, where 
the subgrains are visible. The histogram of subgrain sizes 
determined from the SEM micrographs, taken on the same 
fuel pieces as used for TEM, but working in the scanning 
mode was similar to that based on TEM results (see Fig. 
3b). These histograms are based on measurements of some 

Fig. 5. Scanning electron micrograph showing the mottled surface 
and the possible "two-tier'-type structure of the subgrains clus- 
tered into units about one tenth the size of the original grains of 
the as-fabricated fuel. 
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can unfortunately not be checked because of the method 
which had to be used for the specimen preparation (see 
Section 2). 

In some areas of these rim samples, another subgrain 
system could be identified in which the new grains had a 
mottled surface and gave the appearance of being clusters 
of much smaller subgrains. This class of new grains had an 
average size of 0.8 txm which is about one tenth of the 
average size of the original grains of the as-fabricated fuel. 
These larger grains (or units of grains) were separated by a 
high degree of porosity, and they were only found in 
bigger pores. An example of this type of structure is shown 
in Fig. 5. In Fig. 6, in a very large pore, possibly a 
pre-existing sintering pore, the structure is clearly seen, 
since in these very big pores the new grains are particu- 
larly big as well. This subgrain system was, however, only 
occasionally seen, always in connection with big pores. 
Most subgrains were small, as shown in Fig. 4. 

Fig. 6. Scanning electron micrograph of a fractured fuel surface 
showing how the sub-grain structure is particularly clearly visible 
on the inner surfaces of large pores. 

differed from those measured on a full fuel cross-section, 
reported in Section 3.2, in that the peak is shifted in the 
latter case to a higher mean grain size of 0.32 I~m, 
corresponding to the second peak of the bimodal histogram 
of Fig. 3a. The reason for this difference is not clear, but it 
is considered to be significant. The results obtained by 
TEM and STEM may arise because the material examined 
came from the very outermost rim of the pellet, but this 

3.1.2. The dislocation microstructures 
Dislocation densities were measured in the TEM using 

the line intercept method [18,19], with care taken to allow 
for diffraction contrast effects which can lead to disloca- 
tion invisibility under certain combinations of dislocation 
Burgers' vector and diffraction conditions. The subgrains 
show a much lower dislocation and defect density than the 
central regions of the fuel. Some of the smaller subgrains 
appear to be almost defect free, checked under a wide 
range of diffracting conditions in the TEM. The average 
matrix dislocation density in the rim material averaged 
over all grains was measured to be approximately 5 × 10 9 

cm cm -3, but this was very inhomogeneously distributed, 

Fig. 7. Transmission electron micrograph showing the typical microstructure of dislocations and dislocation loops at the fuel center. 
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Fig. 8. High magnification TEM micrograph showing subgrain boundaries without gas bubbles and with Moire fringe contrast. 
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compared with a homogeneous value of 2.5 x 101° cm 
cm-3  in the central zones of the fuel. 

The microstructure at the center also contained a high 
density, measured to be 5.5 × 1014 cm 3, of large disloca- 
tion loops in the size range 12 to 50 nm. These loops were 
absent in the rim material. An example of the microstruc- 
ture at the center is shown in Fig. 7. 

3.1.3. Fission gas bubbles and precipitates 
The rim samples showed no (or at the most very few) 

small intragranular fission gas bubbles in the size range 
< 10 nm in the subgrain structure, similarly no precipitates 
of the same size range. This can be demonstrated by the 
high magnification TEM micrograph in Fig. 8 in which 
typical subgrain boundaries are imaged showing Moire 
fringe contrast with a resolution of about 0.7 nm. Under 
steady-state irradiation conditions up to a buruup of around 
40 G W d / t M ,  a high density of small fission gas 
bubble/precipitate pairs would be expected within the 
grains in the cold part of the fuel [20]. However, there was 
a low density of spherical metal precipitates with an 
average diameter of 35 nm on the grain boundaries. 

At the fuel centre large five-metal particles up to 5 txm 
in diameter were found. In addition, a population of small 
fission gas bubbles linked to precipitates was present. 

3.2. SEM investigation covering all of  the fuel 

As mentioned in Section 2, larger pieces of the above 
fuel, and also a full cross-section, were analyzed by SEM. 
The pieces selected were those where the outer pellet 
surface could be clearly recognized. 

The typical ' r im'  structure of very small subgrains 
could be found up to a depth of 1650 Ixm from the fuel 

surface, but the proportion of grains showing the effect 
decreased with depth. At 1700 p~m the structure was no 
longer found at all, this thus can be taken to represent the 
limit for this particular fuel. Subgrain size histograms were 
constructed for various depths, based on up to 200 grain 
size measurements, and examples of these from 50 p~m 
depth to 1570 Ixm are shown in Fig. 9a-e.  Fig. l0 shows a 
typical example of the subgrain structure at a depth of 
1200 Ixm. 

It is interesting to note that the grain size histograms do 
not vary very significantly with depth into the fuel, and 
always show a peak between 0.3 and 0.4 I~m. Very similar 
histograms were also recently reported by Spino et al. [7] 
for PWR fuels at buruups between 40 and 67 GWd/ tM.  
The main variation with depth is the decreasing proportion 
of regions showing this structure as opposed to the normal 
grain structure of the fuel, from 100% at the very rim to a 
very small proportion at depths > 1 mm. 

At a depth of 1.6 to 1.65 mm from the fuel surface, 
grain subdivision occurred only apparently at very few 
preferential sites, at grain boundaries or within pores. 

4. Discussion 

The present work was performed in 1992 and 1994 [27] 
in order to obtain statistically meaningful results on the 
microstructure of high burnup UO 2 following grain subdi- 
vision or polygonization to cause the formation of the 
'cauliflower structure'. A fuel with a cross-section aver- 
aged burnup of 7.9% FIMA and with a period of high 
temperature at about half this burnup was selected for this 
action. This section reached a very high burnup at its 
surface; i.e. -- 23% FIMA. The TEM specimens originated 

Fig. 10. Scanning electron micrograph of the typical subgrain structure found at a depth of 1200 ,tim from th6 fuel surface. 
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definitely from the first 200 p~m, hence the zone with full 
development of the high burnup structure. With SEM, the 
(local) formation of this structure deeper in the pellet (up 
to about 1.65 mm) could also be observed. Also, extensive 
calculations on the irradiation history and on fuel tempera- 
tures have been made [8]. It is not the aim of this paper to 
provide an exact temperature/burnup relation and a final 
explanation of the polygonization process. Such actions are 
proceeding and will be reported later. 

For the TEM specimens, an exact radial positioning 
within the above 200 p~m and therefore an exact attribution 
of burnup to individual TEM specimens is not possible as 
it is for SEM analysis. The individual TEM pieces have 
therefore experienced polygonization at different times 
during the irradiation, i.e. they have experienced a further 
irradiation period of a duration varying from sample to 
sample, introducing new fission damage and new fission 
products following the polygonization process. In princi- 
ple, one could anticipate that some of the TEM specimens 
studied here, or in similar work elsewhere, might have 
experienced two polygonization processes, though this is 
unlikely as explained in the companion paper [8]. 

Notwithstanding this fact, the extensive TEM data col- 
lected here are internally consistent in terms of size of 
subgrains, dislocation structure and appearance of fission 
gas bubbles and fission product precipitates. Also, the 
observed morphology is in good agreement with results 
from other laboratories [15,21-26]. It is no wonder, how- 
ever, that small differences exist between these studies, 
e.g. in the degree of misalignment or the presence of small 
fission gas bubbles. Obviously, since the exact local bur- 
nup of a given TEM specimen from the fully polygonized 
outer rim with its steep burnup gradient is not known, it is 
very unlikely that any given sample has experienced grain 
subdivision just at the end of the irradiation. Also, all of 
the specimens of the present TEM and high resolution 
SEM work originated definitely from this proper rim zone. 
This is not necessarily the case for all of the other work. It 
was known before (e.g. [7,14]), and it is shown hereby that 
at extended burnup, polygonization can occur deeper in the 
UO 2 fuel, e.g. in the fuel of the present study up to a depth 
of 1.65 mm, though only to a very small proportion at 
depths > I mm and despite the fact, that at this depth of 
1.65 mm, the fuel had experienced a calculated [8] local 
temperature of 1200°C and high gas release ( =  70%) at 
about half its burnup. It is not a priori clear that the 
structure of such isolated areas of grain subdivision are 
identical with that of the proper polygonized rim zone. 
Therefore, caution should be taken when basing general 
conclusions for the (fully restructured) rim zone on obser- 
vation on such isolated areas. The possible mistakes in- 
volved were definitely avoided in the present work. 

The calculated temperature-time history of the outer- 
most 200 p,m of the fuel [8] shows that the local tempera- 
ture was between 500 and 400°C up to a cross-section 
averaged burnup of 55 G W d / t M  and that it decreased to 

about 380°C at the end of the irradiation. In contrast, the 
restructuring front ( =  1.65 mm depth) had experienced a 
long high temperature period of = 1200°C local tempera- 
ture between 4 and 5.2% FIMA local burnup with a 
subsequent further irradiation for 650 days at around 800°C 
to its final local burnup of 7.3% FIMA [8]. The detailed 
time histories of local bumup, local temperature and local 
fission rate and the implication for initiation and develop- 
ment of grain subdivision and polygonization in UO z 
during irradiation are given in a companion paper [8]. 

5. Summary 

The T E M / S E M  examination of material taken from 
the rim region (the first 200 p~m from the pellet surface) of 
a high burnup UO 2 fuel with 74 G W d / t M  cross-sectional 
burnup showed the microstructure to consist of low angle 
subgrains on a very fine scale (150 to 300 nm diameter). 
The development of this structure does not involve chemi- 
cal reactions of the UO 2 matrix and thus results from 
physical processes alone. The misalignment between 
neighboring grains was small, hardly any fission gas bub- 
bles were found and the dislocation density was also very 
low. 

A SEM investigation showed that grain subdivision 
occurred to a depth of = 1.65 ram. At this depth, the fuel 
had experienced a calculated local temperature of 1200°C 
for 280 days at about half the final burnup causing gas 
release and damage recovery. The fraction of the fuel 
affected by grain subdivision decreased from 100% at the 
surface to small values at depths > 1 mm. The size of the 
new grains was largely independent of the depth in the 
zone of = 0.2 to 1.65 mm with a peak in the histograms 
between 0.3 and 0.4 p~m. These results and their possible 
implications to increase the understanding of the mecha- 
nism causing grain subdivision are further discussed in a 
companion paper [8]. 
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