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Section 8. Irradiation-induced restructuring (rim effect etc.) 

Formation of the rim structure in high burnup fuel 

Hj. Matzke *, J. Spino 
European Commission, Joint Research Centre, Institute Jbr ?)'ansuranium Elements, Postfach 2340, D-76125 Karlsruhe, Germany 

Abstract  

The process of grain subdivision or polygonization in UOe was studied by using ion irradiation techniques and by 
investigating the rim structure in high burnup UO 2 fuel. Ion irradiation with fission product ions caused first the formation 
of subgrain boundaries, observed in high resolution transmission electron microscopy, HRTEM. At higher doses, polygo- 
nization was completed at a well defined threshold. High burnup UO 2 fuel showing well developed rim zones was 
investigated in optical, scanning and transmission electron microscopy. The oxygen potential AG(O2), the hardness H and 
the fracture toughness K k of the restructured material and the radial dependence of porosity, grain subdivision, H and Kic 
were measured. K~ was found to change at smaller radial positions than the other properties, indicating a nucleation process 
not affecting all properties to the same extent. The emerging picture for the formation of the rim structure in UO 2 is 
discussed. © 1997 Elsevier Science B.V. 

1. Introduction 

The peripheral region (the ' r im')  of high burnup UO 2 
fuel develops a particular mierostructure known as the 
rim-structure [1-4]. These microstructural changes occur 
first when the cross-section averaged burnup exceeds about 
40 GWd/ tM.  At fuel cross-section averaged burnups be- 
low ~ 60 GWd/ tM,  this structure is confined to a width 
of 150 to 200 fxm, i.e., to the 'rim region' of the UO;  
pellets. In this region, the local burnup is increased expo- 
nentially towards the cladding where it is higher than the 
average value by a factor of up to ~ 2.5. The reason is the 
local formation of fissile Pu-239 by resonance neutron 
capture of U-238. The obvious changes in the rim zone are 
grain subdivision (or polygonization), i.e., each as-sintered 
grain of typically - 5 - - 1 0  txm size is subdivided into 
~> 10 4 n e w  small grains of ~ 0.15 to 0.3 Ixm size, and the 
formation of gin-sized pores. The new grains are depleted 
in fission gas which is mainly contained in the new pores. 

While the above neutronic rim effect is restricted to a 
depth of 150-200 Ixm, the new structure has been found to 
extend deeper into the UO 2 pellets (e.g., Refs. [4-7]); e.g., 
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in a fuel with cross-section averaged burnup of 74 
G W d / t M  it was found to a depth of 1650 p~m [6]. In the 
present work results of ion irradiation experiments of UO z 
with fission products are presented. Ion irradiation has 
been used extensively to simulate the conditions of fission 
and to obtain basic data to better understand the parame- 
ters important for polygonization. Heavy ion tracks were 
observed in TEM and could be evaluated in terms of a 
thermal spike model. HRTEM was used to investigate the 
tbrmation of subgrain boundaries in UO 2 and T E M / S E M  
as well as the Rutherford backscattering/channeling tech- 
nique and X-ray diffraction were used to study the polygo- 
nized UO 2 and its appearance and structure in detail. 
Polygonization was also observed in other fuels (advanced 
and conventional LMFBR fuels (U, Pu)C [8] and (U, 
Pu)O 2 [9]), in Zr3AI and U3Si [10,11], and it has recently 
also been observed in some minerals [1 1]. 

In addition, part of a careful microindentation analysis 
on different high burnup fuels is reported, which was 
performed at the ITU hot cells to determine the radial 
dependence of Vickers hardness, H v and fracture tough- 
ness K]c. The complete set of microindentation results will 
be published separately [12]. This study extends results 
obtained by optical microscopy, TEM and SEM, EPMA 
and oxygen potential measurements and gives further in- 
sight into extent, initiation and formation of the rim struc- 
ture at increasing burnups. 

0022-3115/97/$17.00 © 1997 Published by Elsevier Science B.V. All rights reserved. 
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The experimental evidence obtained with ion-irradiated 
UO 2 and with high burnup UO 2 fuels will be used to 
illustrate the complex set of parameters of importance for 
grain subdivision of UO 2. Some technological implications 
will also be discussed. 

2. Experimental 

2.1. Ion irradiations 

UO 2 single crystals and sinters with 96% of theoretical 
density and grain sizes of 5 -8  Ixm were polished down to 
0.25 Ixm diamond paste. Subsequently, they were annealed 
in A r / 8 %  H 2 at 1450°C for 30 min to recover the 
mechanical damage due to the polishing procedure and to 
provide high quality surfaces [13]. Rutherford backscatter- 
ing, RBS, analysis of the single crystals with 2 MeV 
He-ions, obtained from the van de Graaff accelerator at 
Forschungszentrum Karlsruhe, Institut for Nukleare 
FestkiSrperforschung, in the channeling mode showed min- 
imum aligned yields Xmin near to the theoretically ex- 
pected values, e.g., Xmin = 0.02 for (100) oriented crystals 
at 77 K, thus proving the quality of the crystals. 

Ion irradiations were performed at different institutions: 
• Forschungszentrum Karlsruhe, Institut fOr Nukleare 

Festktirperforschung, Germany (Dr O. Meyer, Dr G. 
Linker, Dr A. Turos), with Xe-, I- and Cs-beams up to 500 
keV energy; 

• Atomic Energy of Canada Ltd., Chalk River Labora- 
tories, Canada (Dr R.A. Verrall, Dr P.G. Lucuta and Dr J. 
Forster), with I-ions of fission energy, 72 MeV; 

• Gesellschaft for Schwerionenforschung, GSI Darm- 
stadt, Germany (Dr C. Trautmann and Dr J. Vetter), Xe- 
and U-ions with very high energies up to 2.7 GeV; 

• Hahn Meitner Institut, Berlin, Ionen-Strahl-Labor, 
ISL (Dr S. Klaumiinzer), Xe-ions of 173 MeV. 

Following irradiation, the UO 2 samples were analyzed 
with X-ray diffraction including the techniques of rocking 
curves and omega-scans [14] to obtain the width of the 
spread of the small subgrains formed following polygo- 
nization, with transmission and scanning electron mi- 
croscopy and with the above mentioned RBS/channel ing 
techniques. Some of the samples were isochronally an- 
nealed at different temperatures to observe damage recov- 
ery. 

2.2. Microhardness and fracture toughness measurements 
of  high burnup LWR fuel 

The fuel samples analyzed in this paper were taken 
from standard PWR fuel rods which were irradiated in a 
commercial power reactor for several cycles. The cross- 
sections chosen correspond to the maximum power posi- 
tions of different fuel rods. Cladding and fuel materials 
were zirconium base alloys and UO 2 with initial enrich- 

ments between 3.5 and 4.2 w / o  U-235. The nominal fuel 
rod diameter was 10.75 mm, the fuel density was 10.40 
M g / m  3 and the as-fabricated grain size was 7 -10  p~m. 
For the present study three fuels with average burnups 
40.3, 56.9 and 66.6 G W d / t M  were selected. 

For sample preparation, ceramographic cross-sections 
were carefully prepared in several grinding and polishing 
steps with hard abrasives (SiC and diamond) down to a 
surface roughness of about 1 Ixm, with two final polishing 
steps with submicron oxide suspensions to eliminate as 
much as possible the surface stresses created during grind- 
ing. In addition, two intermediate vacuum reimpregnations 
were performed between the coarsest grinding steps in 
order to avoid artificial pore coarsening and grain fragmen- 
tation during preparation. 

Room temperature microindentation tests at loads of 
20, 50 and 100 g were performed with an indentation 
device of a remote controlled microscope in the hot-cells 
of the institute, using a Vickers diamond pyramid with an 
edge angle of 136 ° . The test conditions consisted of load- 
ing and unloading rates of 10 g / s ,  and a hold-time at load 
of 5 s. The load was determined on the calibrated scale of 
an incorporated load cell with a precision of ___ 2%. The 
diagonals of the resulting indentations and the lengths of 
the cracks emerging from the indentations were measured 
on the transferred video image of the imprint, with a 
precision of about ___ 0.5 Ixm. Determinations of imprint 
diagonals and crack lengths were done 24 h after the tests, 
to allow possible strain-relaxation and post-test crack 
growth processes to be stabilized. Detailed post-test analy- 
ses of the imprint areas were performed by optical mi- 
croscopy and SEM examinations. 

For all samples studied, measurements were done on 
four orthogonal radii, with a separation between indenta- 
tions of about 8 diagonals at 20 g load, and of about 3 
diagonals at 100 g load. The results given are thus the 
average of four separate measurements, the error bands 
being placed at the 95% confidence level. The hardness 
was calculated with the expression [15] 

H v = 18 .19P/d  2 GPa, 

where P ( g )  is the indentation load and d (ixm) the 
imprint diagonal. The fracture toughness was calculated 
via the relationship [16] 

KI~ = 0.057H v a 1/2 ( E / H  )0.4(c/a) - 3/2 (MPa m 1/2 ),  

where E (MPa) is the Young Modulus, a (m) the half 
diagonal of the imprint and c (m) the crack length mea- 
sured from the imprint center. 

For crack counting no rejection criterion was applied. 
Rather, all cracks were evaluated using their largest projec- 
tion onto any of the two diagonal axes. In case of lateral 
crack formation and crack branching, like in most of tile 
present indentations on high burnup UO 2 fuel [12], the 
so-derived (effective) crack lengths tend to underestimate 
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Fig. l. HRTEM observations on UO 2 irradiated with 500 keV Xe 
at room temperature. Shown is a Fourier filtered image [20] of the 
HRTEM micrograph yielding lattice plane images and showing 
that edge dislocations (see arrows) form subgrains with slightly 
different orientations (1°-2°). 

the true crack extensions, leading to comparatively higher 
Kic values than in the case of straight crack propagation 
under the same energy dissipation. This is consistent with 
the intuitive concept that crack path deviation and branch- 
ing may contribute to an increased material toughness [16]. 

3. Results 

3.1. Ion irradiated UO 2 

Previous work (e.g., [ 17,18]) using ion implantation of 
UO e single crystals with Xe- or I-beams and the 
RBS/channe l ing  technique had yielded relevant informa- 

tion on defect formation in UO 2. These studies revealed 
that U-interstitials are mobile below room temperature and 
that instantaneous defect recovery in UO 2 is very effec- 
tive: at an ion dose causing about 1 displacement per atom 
(dpa) in UO 2, about 95% of the displaced U-atoms jump 
back into a U-position in the UO 2 lattice. At a damage 
level of 100 dpa, more than 99.8 of the U-defects recover 
instantaneously. This high instantaneous recovery rate ex- 
plains why UO 2 does not get amorphous under the impact 
of energetic heavy ions, in contrast to many other materials 
like A120 3, TiO 2, SiC etc. (see, for example, [19]). How- 
ever, polygonization can easily be achieved (e.g., [2,14]) 
by implanting non-soluble fission products (Xe, I). The 
results show clearly that a well-defined threshold dose has 
to be surpassed in order to form the small polycrystals in 

(a) E 70 

80 

~ 5 0  

40 

30 

20 

10 

(b) 

! ! i ! ! ! i ! 

"stopping power {IdE/dx)~ + (dF-Jdx)t} ? \ 
of fission products in UO 2 / 

10 4 10 ~ 10 "2 lff I 1 10 102 103 104 10 s 

Energy, MeV 

Fig. 2. Transmission electron micrograph showing the structure at 
the fuel rim of UO 2 with a cross-section average burnup of 74 
GWd/tM. The inset diffraction pattern shows the spread in 
subgrain orientations to be very small. 

Fig. 3. (a) Calculations with the TRIM code [22] of stopping 
powers d E / d x  of different high energy ions (typical light and 
heavy fission product ions, Mo and Xe, and U ions) in UO 2. The 
energy and the d E / d x  ranges for fission products (at the surface 
of ion-irradiated specimens) are shown as a dashed box. The 
symbols along the curves show the experimental conditions used 
so far [23]. (b) TEM micrograph showing a UO 2 sample irradiated 
with 1300 MeV U-238 ions with a fluence of 5 × 1016 ions/m 2 
[231. 



Hj. Matzke, J. Spino / Journal of Nuclear Materials 248 (1997) 170-179 173 

for the formation of the well-developed subgrains in the 
size range of 150 to 300 nm observed in the rim zone of 
high burnup UO 2. A typical example [6] for such fully 
developed subgrains in a high burnup UO 2 fuel is shown 
in Fig. 2. Note that in Fig. 1, the dislocation pile-up is not 
due to a high Xe-concentration. It is rather formed in the 
electronic stopping part of the ions, i.e., these have ionized 
and heated the lattice while passing through the UO 2 layer 
observed in TEM. 

To get a deeper insight into the consequences of elec- 
tronic stopping of fission products, ion irradiations of UO 2 
were performed at fission energy, but also at higher and 

Fig. 4. Optical micrographs of PWR fuels with different burnups. 
Shown is the pellet periphery. The formation and the inward 
extension of the rim zone at increasing burnup are clearly seen. 

the implanted layer of single crystals of UO 2. This thresh- 
old, i.e., the critical dose for polygonization, corresponds 
to a fission product concentration reached in a reactor in 
the burnup range of about 5 -7  at.%. X-ray diffraction 
(omega-scans) showed that the misalignment between the 
new crystals was small ( ~  1 to 2 ° only). The proposed 
mechanism for this type of polygonization was fracture 
and cleavage starting from overpressurized fission product 
bubbles with pressures of the order of 10  4 bar. 

Recent high resolution transmission electron mi- 
croscopy, HRTEM, of UO 2 irradiated with Xe of higher 
energy (0.5 MeV) showed that even in the material through 
which most of the Xe-ions have passed without being 
stopped, subgrain boundaries can form due to the pile up 
of a high density of edge dislocations (see Fig. 1 [20]). 
Similar small subgrains were also observed by Nogita and 
Une [21] in high burnup UO 2. These could act as nuclei 

Fig. 5. Microstructural changes in the fuel with 66.6 GWd/tM 
average burnup as a function of radial location. Part a shows the 
fully restructured rim, part b the beginning of a transition zone 
and part c isolated intragranular pores surrounded by small grains 
(see arrows). 
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Fig. 6. Radial variation of Vickers hardness H v for three loads for the fuel of Fig. 5. 
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lower energies. Fig. 3a shows calculations with the TRIM- 
95 code [22] of stopping powers of a typical light fission 
fragment (Mo), a typical heavy fission fragment (Xe) and 
of U-ions in UO 2 as a function of energy. The conditions 
for fission are indicated by a dashed box showing the 
energy range of fission products and their energy loss 
values in the beginning of their range, and hence at the 
surface of ion-implanted specimens. TEM analysis of irra- 
diated UO 2 reveals observable tracks for ions with a large 
stopping power [23]. An example is shown in Fig. 3b 
(U-238 ions, 1.3 GeV energy, 99.8% electronic stopping, 
( d E / d x ) e = 5 6  keV/nm,  0.2% nuclear stopping). The 
measured track radii ( ~  5 nm in Fig. 3b), together with 
known thermodynamic data of U O 2 ,  c a n  be used to calcu- 
late the temperature-time history along the track of the 
ions, applying a suitable model. The thermal spike model 
of Toulemonde et al. was used [24] to this end. For the 
case of Fig. 3b, central temperatures of about 8000 K were 
obtained. For fission products at fission energy, relatively 
large volumes heated to above the melting point were 
calculated. Any given atom of the UO 2 lattice will be 
affected in this way more than once per day, explaining 
why damage ingrowth reaches saturation rather fast. 

3.2. High burnup PWR fuel: Microhardness and fracture 
toughness measurements at room temperature 

In a previous study [4], the porosity and other relevant 
features of the microstructure of the rim zone of commer- 

cial PWR-UO 2 fuels with average burnups between 40 and 
67 G W d / t M  had been determined as function of the radial 
position and the average burnup. This work showed that at 
the pellet periphery, within a region of few tenths to 
several hundreds of microns (increasing with burnup), an 
exponential growth of the fuel porosity and the pore 
density takes place, resulting in 3 to 4 times larger porosi- 
ties at the pellet edge, and typically one order of magni- 
tude larger pore densities, compared to the values observed 
at the onset of the rim zone (Fig. 4). Accompanying the 
increase in porosity and in pore density, grain subdivision 
is also evident in the rim zone, leading to a typical 
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Fig. 7. The data of Fig. 6, normalized to the relatively constant 
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INDENTATION BEHAVIOUR OF IRRADIATED PWR FUEL 

Application of the Vickers method at room temperature 
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differences in determining Kic with the hot cell equipment (low loads) and previous work (high loads), using unirradiated UO 2. 
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'submicron' grain structure after irradiation, in contrast to 
the relatively large grain size of the as-fabricated material 
(7-10 Ixm). The characteristic of this 'in-reactor' grain 
subdivision is that it appears as a homogeneous structure 
only in a narrow band near the pellet edge, and that it is 
observed only locally concentrated around pores further in 
the fuel [4]. Typical examples of the structure at different 
radial positions of the fuel with the highest burnup are 
shown in Fig. 5. 

The cross-sections of the three fuels the rim zones of 
which are shown in Fig. 4 were analyzed with Vickers 
microindentations to determine the dependence of hardness 
H v and fracture toughness Kic on radial position and on 
burnup. 

Hardness: For all three fuel sections examined in this 
way, the hardness remained relatively constant along most 
of the pellet radius, with the exception of a peripheric 
region showing the rim structure. Here, a reduction of up 
to 30% of the average occurred towards the pellet edge, 
independently on the indentation load applied and of the 
average burnup examined. Fig. 6 shows as typical example 
the results for the fuel with 66.6 GWd/ tM.  This fact can 
be better seen in Fig. 7, where the ratio between the local 
hardness and the average hardness for the 'plateau' in Fig. 
6 (range r / r  o = 0 to 0.8) is plotted for the same fuel. The 
increase of the hardness with decreasing loads as observed 
in Fig. 6 is a typical feature of the Vickers tests if low 
loads are used [15]. This dependence can be eliminated 
using an expression of the type H ot ( P  - W ) / d 2 ,  where 
P and d have the usual meaning given in Section 2.2 and 
W represents a critical load below which no indentation is 
produced [15]. Applying this correction, a load indepen- 
dent hardness value can be assigned to each fuel for the 
region below r/ro = 0.8 ( 'plateau' of Fig. 7), showing a 
linear increase with the average burnup of the fuel [25]. 
Interesting to note is also the fact that the width of the 
region within which the decrease of the hardness is ob- 
served (Figs. 6 and 7), agrees rather well with that of the 
region where an enhanced porosity of these fuels is ob- 
served, i.e., with the rim region [4], for all fuels examined 
here. 

Crack length and fracture toughness: as with Hv, the 
radial dependence of the lengths of the indentation cracks, 
c, and the burnup dependence were determined. Fig. 8 
shows the variation of the indentation crack lengths with 
the radial position for the fuel with 66.6 G W d / t M  average 
burnup, together with the variation of the diagonal lengths 
of the same indentations. Similarly to the hardness profile 
(Fig. 6), the crack lengths remain relatively constant along 
most of the pellet radius ( r / r  o = 0 to 0.8) until they start 
to decrease on approaching the outer part of the fuel. This 
indicates a smaller propensity to crack propagation of the 
outer fuel regions. This fact, in combination with the 
observed hardness decrease (Figs. 6 and 7) will result in an 
improvement of the fracture toughness in the rim region. A 
second important feature is the fact that the shortening of 

the crack lengths starts well before any hardness decrease 
can be measured, suggesting that the toughening effect 
associated with the rim zone extends beyond the region 
defined by the porosity increase or by the hardness reduc- 
tion. The same observations were made on all three differ- 
ent fuels examined. 

Fig. 9 shows the K~c profiles obtained for the three 
fuels examined at a constant indentation load (50 g), 
indicating that the width of the toughened zone and the 
degree of toughening clearly increase with the average 
burnup. As mentioned before, the 'toughened' rim extends 
further into the fuel than the corresponding 'softened' 
region defined by the hardness profile. Fig. 9 also contains 
K1c values for unirradiated UO2, according to measure- 
ments by other authors at much higher loads (1000 g) 
[26,27], and the control measurements performed in the 
present study under the same conditions as for the irradi- 
ated fuels. These results show primarily that the fracture 
toughness of the central parts of the fuel roughly corre- 
sponds to the range of values for unirradiated UO 2, while 
the fracture toughness of the rim zone can be twice as 
large. 

4. Discussion 

The technological importance and possible mechanisms 
of formation of the rim structure have been discussed 
before (e.g., Refs. [2,4,7,14,21,28,29]). At the IEQES Con- 
ference, two modeling approaches were presented and are 
contained in these Proceedings [30,31]. We have per- 
formed electron microscopy and ion irradiation experi- 
ments in order to obtain more information on the possible 
mechanisms. A direct important property change of the rim 
structure, as compared to UO 2, is the reduction in thermal 
conductivity. Incorporation of fission products, and hence 
increasing burnup, is known to decrease the thermal con- 
ductivity A very significantly. A physical explanation and 
a pragmatic modeling approach were recently published 
[32]. A further important decrease in A is due to the 
increased porosity in the rim region. This region consti- 
tutes thus an effective heat barrier increasing the fuel 
temperatures. Another matter of concern is the capability 
of the rim structure to sufficiently retain fission gases, 
since the gas pressure inside the cladding must not exceed 
certain critical levels. The gas release from the fuel de- 
pends, among another material parameters, on its mechani- 
cal properties, i.e., on its ability to withstand internal 
overpressures in fission gas bubbles without fracture. Also, 
the mechanical properties of the rim structure play a 
significant role during power transients, since they deter- 
mine to a great extent the level of stress relaxation in case 
of pellet-cladding mechanical interaction, i.e., the possibil- 
ity for the cladding to survive or to fail during a given 
power ramp. Therefore, for a thorough evaluation of the 
in-reactor performance of high burnup fuels, the determi- 
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nation of its mechanical properties is important, in particu- 
lar in the rim zone since this zone is in contact with the 
clad. 

A first approach in this direction is to measure the 
variation of the hardness and fracture toughness along the 
fuel radius, since these quantities provide primary informa- 
tion on the deformation and fracture properties of the 
different radial zones which are formed under irradiation. 
In this paper, a rather extended set of indentation tests at 
room temperature is reported for three different PWR fuels 
with increasing degrees of rim structure formation. 

4.1. Ion implantation results 

Previous work using fission product ions of compara- 
tively low energy (0.1 to 1.5 MeV) (e.g., [2,14,17,18]) had 
shown that instantaneous defect recovery in UO z is very 
effective, that UO 2 does not become amorphous - -  as 
many other ceramics do, e.g., A1203, TiO 2 and U308 - -  
and that polygonization occurs at well defined threshold 
fluences of Xe- or 1-ions. Polygonization could be pro- 
duced at 77 K, at room temperature and at 772 K. The 
suggested mechanism was cleavage and fracture due to 
overpressurized bubbles of these insoluble fission prod- 
ucts. The new work presented here shows that subgrain 
boundaries in UO 2 can also be formed by largely elec- 
tronic energy deposition, i.e., with only very small amounts 
of Xe being stopped in the investigated specimen. Ion 
implantation was also extended to very high energies (up 
to 2.6 GeV) and, for the first time, ion tracks could be 
observed in bulk UO 2. Again, these were formed at ion 
energies causing essentially only electronic excitation of 
UO 2. With such experiments, the technologically interest- 
ing energy range of 70-100 MeV of fission products 
during fission can be approached from both low and high 
energies. Of course, ion irradiation can also be performed 
at the proper fission energy. This is done at JAERI [33] 
and at our institute, in cooperation with Chalk River, 
AECL, Canada (Dr R.A. Verrall and Dr P.G. Lucuta). 

The material in the rim of high burnups UO 2 is crys- 
talline, near-stoichiometric UO 2 with an oxygen potential 
of about - 4 0 0  k J / m o l  at 700°C [34,35]. This value 
proves that no oxidation took place due to fission. How- 
ever, the fuel in the rim region contains a large amount of 
soluble fission products and is thus not directly compara- 
ble to pure UO 2. For this reason, simulated high burnup 
UO 2, Simfuel, will be used in future work in parallel to 
experiments on UO 2. The present results are thus a neces- 
sary, but intermediate step towards fully understanding the 
behavior of high burnup UO 2. They show that small 
subgrains can be formed without large amounts of insolu- 
ble fission products. Note that full polygonization has not 
been achieved so far under these conditions (0.5 MeV Xe, 
thin TEM foil). However, the dose range used so far was 
limited. The observation of visible ion tracks produced by 
high energy heavy ions (see Fig. 3b) suggests and confirms 

that continuous remelting of material along the fission 
spikes occurs thus pointing to early saturation in point 
defect concentration, which is also compatible with the 
measured large rate of instantaneous defect recovery. This 
leaves essentially the formation of dislocations, loops, 
networks and resulting subgrains boundaries, and the lat- 
tice strain induced by soluble fission products (e.g., rare 
earths) as candidates to cause the grain subdivision in UO 2 
ion-irradiated to high doses, or in high burnup UO2, in 
addition to the (usually overpressurized) precipitates of 
insoluble, volatile fission products. 

4.2. Microhardness and fracture toughness of  high burnup 
LWR fuel 

The present results obtained with fuel stored for a few 
years after irradiation show that the rim zone in high 
burnup PWR fuels is associated with a hardness decrease 
of about 30% and with a fracture toughness increase of 
about 100% with respect to the rest of the fuel. While the 
variation of hardness correlates well with the local increase 
of porosity within the rim zone, the variation of toughness 
apparently extends further beyond the porous region at the 
rim. That hardness decreases almost monotonically with 
the degree of porosity is a normal feature in ceramic 
materials [36], which was also reported for unirradiated 
UO 2 and (U, Pu)O 2 [37]. This may indicate that the 
predominant effect on the hardness of the rim material is 
due to the increased porosity, since the other two important 
characteristics of this zone, i.e., the increased local burnup 
and the refined grain size, would act just in the opposite 
way. The increase in H with burnup is evidenced by the 
present results on the fuel regions outside of the rim region 
and by previous results on simulated burnup UO 2, so-called 
Simfuel [38]. The increase with decreased grain size would 
be expected due to a type of Hall-Petch strengthening 
mechanism [36,39,40]. 

The increase in Kxc at the rim is unexpected since most 
of the experimental evidence on other ceramics points to a 
decrease in Kic with increasing porosity [36,40-42], the 
opposite dependence to the one observed here. However, 
the increase in K~c could probably be attributed to the 
smaller grain size in the rim zone. Ceramics with submi- 
cron grain size can be expected to have an increased 
ductility at the crack tip (plastic zone [43]). If  this were the 
case, the observed improvement in K k beyond the porous 
region of the rim zone would suggest that some grain 
refinement occurs before any pore formation and bulk 
grain subdivision becomes noticeable. 

Finally, an overall idea of the improvement of the 
mechanical properties of the rim zone can be obtained by 
evaluating the 'brittleness parameter (H/K~c)', as sug- 
gested by Lawn and Marshall [44,45]. If this is done, the 
unirradiated UO 2 is comparable to hot-pressed SiC. The 
degree of brittleness is improved in the rim zone by 50% 
compared to unirradiated UO 2, bringing high burnup UO 2 
towards the tougher ceramics such as hot-pressed Si3N 4. 
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The above discussion has not considered a potentially 
important point. Measurements on high burnup fuel are 
made a few years after the end of irradiation, following a 
storage period at relatively low temperatures. Due to the 
high burnup, in particular in the (neutronic) rim zone, a 
high concentration of a-emitting, shortlived actinides are 
formed (Pu-238, Am-241, Cm-242, Cm-244 etc.). It has 
been shown for many ceramic materials (e.g., waste ce- 
ramics like z i rconol i te  C a Z r T i 2 0  7, G d 2 T i 2 0  7, 
Ca2Nd8(SiO4)60 2, Synroc etc.) subjected to a-decay 
damage (e.g., Ref. [46]), and also for ThO_~ irradiated with 
a-particles [47] that this type of damage shows exactly the 
same effects as observed here, i.e., a decrease in H by 
~ 30% and an increase in Kic by up to 100%. Similar 
effects can be expected for UO 2. However, since no exact 
data on o~-decay damage in higher actinide containing UO 2 
are available at present, a correction of the presented 
results for s-decay damage could not be made. The pre- 
sent results are thus representative for stored fuel, but not 
necessarily for fuel under reactor operating conditions. 

5. Conclusions 

The purpose of this paper is to present new information 
and experimental results of relevance to the mechanism of 
fort-nation of the rim structure, i.e., the polygonization or 
grain subdivision occurring at about 70 M W d / k g M  local 
bumup in UO 2 fuel irradiated below a threshold tempera- 
ture of about 1000 to 1100°C. The results are helpful for a 
better understanding of grain subdivision and provide in- 
sights towards a modeling of this complex phenomenon. 
This type of work has to be continued, more careful 
analyses of the rim of high burnup UO 2 have to be 
performed and modeling attempts as those presenting dur- 
ing the IEQES meeting and contained in the present 
proceedings [30,31] have to be continued and extended 
before a full understanding of the mechanism and of the 
contributing phenomena and factors can be achieved. The 
present study is a step forward in this direction. 

The presented results show that nucleation of subgrains 
can be achieved in the absence of large amounts of fission 
products and by predominantly electronic energy loss. 
They show also, that mechanical property changes (H, 
Kic) do not fully correlate with porosity formation in the 
rim zone: the changes in fracture toughness extend deeper 
into the fuel than those of the hardness and than the 
formation of the typical pores of ~ 1 ~m diameter point- 
ing to a nucleation mechanism causing property changes 
before the coarse pores are formed. This new information, 
together with the pre-existing knowledge, confirms that 
grain subdivision is a very complex phenomenon affected 
by many parameters. On the other hand, it is not restricted 
to high burnup UO 2. It has recently been found in high 
bumup (U, Pu)O 2 [9] and, more importantly, in high 
burnup (U, Pu)C [8] as well. It is thus not a particular 

feature of the fluorite structure. Since more information is 
becoming and will become available, a final understanding 
may be achieved in a not distant future. 
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