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Two kinds of disk-shaped UO2 samples (4 mm in diameter and 1 mm in thickness) were irradiated in a
test reactor up to about 60 and 130 GWd/t, respectively. The microstructures of the samples were inves-
tigated by means of optical microscopy, scanning electron microscopy/ electron probe micro-analysis
(SEM/EPMA) and micro-X-ray diffractometry. The measured lattice parameters tended to be considerably
smaller than the reported values, and the typical cauliflower structure which is often observed in high
burnup fuel pellet is hardly seen in these samples. Thermal diffusivities of the samples were also mea-
sured by using a laser flash method, and their thermal conductivities were evaluated by multiplying
the heat capacity of unirradiated UO2 and sample densities. While the thermal conductivities of sample
2 showed recovery after being annealed at 1500 K, those of sample 4 were not clearly observed even after
being annealed at 1500 K. These trends suggest that the amount of accumulated irradiation-induced
defects depends on the irradiation condition of each sample. From the comparison of the changes in
the lattice parameter and strain energy density before and after the thermal diffusivity measurements,
it is likely that the thermal conductivity recovery in the temperature region from 1200 to 1500 K is
related to the migration of dislocation.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The microstructural changes which are called ‘‘rim structure”
are often observed at the periphery of high burnup light water
reactor (LWR) fuel pellets. In the rim structure, coarsened bubbles
form, and due to this, local porosity increases. On the surface of the
coarsened bubble, the cauliflower structure which consists of small
sub-divided grains is observed. Since it is considered that the
coarsened bubble contains high pressure fission gas, the rim struc-
ture region becomes a possible source of fission gas release in high
burnup fuel pellets during normal operation or transient condi-
tions. In order to promote the burnup extension of LWR fuel, it is
important and necessary to clarify the characteristics and forma-
tion mechanisms of the rim structure.

The accumulation of irradiation-induced defects and fission gas
during irradiation is one of the probable causes of rim structure
formation. The temperature and burnup conditions in which the
rim structure forms have been investigated by several groups,
and it was reported that the thresholds were located at about
1400 K and 70 GWd/t, respectively [1]. Recently, the authors [2,3]
reported lattice parameters, non-uniform strains and crystallite
ll rights reserved.

: +81 29 282 5429.
ya).
size in UO2 fuel pellets irradiated in the burnup region from 40
to about 70 GWd/t by means of X-ray diffractometry. Although
they discussed the strain energy density changes which were eval-
uated from the uniform and non-uniform strains in the crystallite
in connection with the accumulation of dislocations and found a
relationship between them, the formation mechanism of the rim
structure has not been fully explained yet.

In this study, burnup and irradiation temperature effects on the
changes in crystallite size and non-uniform strain are investigated
based on the X-ray diffractometry results of the disk-shaped UO2

samples which were irradiated up to high burnup under various
irradiation conditions in a test reactor. Thermal conductivities of
the samples are also measured in order to investigate temperature
effects on the recovery of irradiation-induced defects. Based on the
results of X-ray diffraction and thermal conductivity measure-
ments, the relationship between changes in the crystal lattice strain
and thermal conductivity of high burnup UO2 pellets are discussed.
2. Experimental

2.1. Preparation of irradiation samples

Disk-shaped pellet samples (�4 mm in diameter and �1 mm in
thickness) were prepared by a sintering method. The fabrication
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process was as follows: UO2 powder was pressed into green pellets
(�5 mm in diameter and �1.3 mm in thickness). The green pellets
were sintered at about 2100 K for 8 h under a reducing atmosphere
of Ar–5%H2.

The details of the sample fabrication conditions and sample
characteristics are summarized in Table 1. The densities of the ob-
tained pellets were 94–95 %TD (TD: theoretical density of UO2.).

2.2. Irradiation test

A disk-shaped pellet was put into a sample holder of molybde-
num in order to reduce temperature distribution along the radial
and axial directions of the pellet. Thereafter, a fuel pin was
prepared by sealing six sample holders into a fuel cladding of
Nb–1%Zr with a fill gas of 1 bar of He. Five fuel pins were aligned
in the center of irradiation capsule BRF-31H. The overviews of
the sample holder and irradiation capsule are shown in Fig. 1. A
thermocouple was located on the cladding surface at the middle
of each sample holder stack, and the cladding surface temperature
was measured continuously during irradiation.

Power histories of the two fuel pins are summarized in Fig. 2.
Samples 1 and 2 and samples 3 and 4 were sealed into fuel pins
1 and 2, respectively, and the fuel pins 1 and 2 were irradiated at
power levels of 100–200 and 200–400 W/cm, respectively, in the
test reactor JRR-3 at Japan Atomic Energy Agency (JAEA). The
respective average burnups were evaluated as 126 and 60 GWd/t
by using the nuclear calculation code SRAC-95 [4].

Target irradiation temperatures of fuel pins 1 and 2 were 873
and 1273 K, respectively. However, it is probable that the actual
irradiation temperatures were higher than these target tempera-
tures: the measured cladding surface temperatures of fuel pins 1
and 2 had been kept at about 923 and 1113 K, respectively, during
the irradiation.

After the irradiation test, a puncture test was performed on
each fuel pin.

2.3. Optical and scanning electron microscopy (SEM) and electron
probe micro-analysis (EPMA)

The sample microstructures were examined by optical and
scanning electron microscopy. The microstructures on the as-pol-
ished and etched surfaces were observed.
Table 1
Sample fabrication conditions and sample characteristics for thermal diffusivity measurem

Sample No. 235U enrichment (%) Sintering temperatu

(a) Fabrication conditions
1 and 2 9.010 2173
3 and 4 19.751 2073

Fuel pin No.

(b) Irradiation conditions
1 and 2 1
3 and 4 2

At fabrication

Diameter (mm) Thickness (mm) Density (%TD) Grain size (lm)

(c) Sample characteristics for thermal diffusivity measurement
2 4.0 1.2 94.4 8
4 3.9 1.2 95.3 8

a The values were estimated from nuclear calculation.
b The values in the parentheses are the thickness measured after thermal diffusivity m

diffusivity measurement because the sample cracked when the sample was annealed at
c Values of sibling disk samples (samples 1 and 3) which were irradiated in the same
d Theoretical densities of samples 2 and 4 were estimated as 10.73 and 10.54 g/cm3 in

dependence of lattice parameter change in the soluble FPs-doped UO2 [15].
In order to investigate the radial burnup profiles in the samples,
the fission product of Nd which was retained in the fuel pellets was
analyzed by electron probe micro-analysis (EPMA) with an elec-
tron beam diameter of 1 lm. The element Nd is often used as a
burnup index because Nd is one of the elements that is soluble
in the UO2 matrix and hardly moves during irradiation.

The radial profiles of Xe were also investigated in order to know
how the retained fission gas be distributed in the samples.

2.4. Thermal conductivity measurements

Thermal conductivities of irradiated UO2 samples were mea-
sured by a laser flash method. The apparatus has been described
elsewhere in detail [5]. A sample is held on the knife-edge in the
sample cell of tantalum. The sample is heated using a tungsten
mesh heater in a vacuum of less than 2 � 10�3 Pa. After the sample
has been kept at a desired temperature for an appropriate time, a
ruby laser beam is irradiated on one side of the sample in order
to induce thermal energy into the sample. The temperature re-
sponse at the other side of the sample is measured using an InSb
infrared sensor. The measurements are carried out three times at
each temperature step.

The sample weights and thicknesses were measured before the
thermal diffusivity measurements. The sample thicknesses of sam-
ple 4 were also measured after the thermal diffusivity measure-
ments. The measured thicknesses are summarized in Table 1.

The thermal diffusivity of each sample was calculated from its
rear-surface temperature response by the ‘‘logarithmic method”
[6]. The ‘‘curve fitting method” [7] was also used to analyze the
temperature responses in order to check the thermal diffusivity ob-
tained by the logarithmic method and confirm that the values
which were evaluated by using both methods agreed well.

Thermal conductivities of the samples were estimated using the
following formula:

kM ¼ aMCpqM; ð1Þ

where kM is the thermal conductivity of the sample; aM, the thermal
diffusivity of the sample obtained from thermal diffusivity mea-
surements; Cp, the specific heat capacity; and qM the density of
the sample. The specific heat capacity of the irradiated UO2 samples
was assumed to be the same as that of unirradiated UO2 [8] because
impurity effects on the specific heat capacity is small.
ent.

re (K) Sintering time (h) Sintering atmosphere

8 Ar–5%H2

Target irradiation temperature (K)

873
1273

After irradiation

Burnupa (GWd/t) Thicknessb (mm) Densityc (g/cm3) Porosityd (%)

60 1.185 (–) 10.09 5.96
126 1.256 (1.260) 9.69 8.06

easurements. As for sample 2, the thickness could not be measured after thermal
1600 K.
fuel pins.

consideration of the mass decrease due to the nuclear fission of 235U and the burnup
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Fig. 1. Overview of the sample holder and irradiation capsule.

0

100

200

300

400

0 100 200 300 400 500 600

Li
ne

ar
 h

ea
t r

at
e 

of
 fu

el
 p

in
 (W

/c
m

)

Irradiation time (day)

Fig. 2. Power histories of fuel pins —— : pin 1, – – –: pin 2.
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Thermal diffusivity measurements were performed in the fol-
lowing sequence in consideration of the reported results of X-ray
diffraction, TEM observations and thermal conductivity measure-
ments [9,10].

Run 1: from room temperature to 700 K.
Run 2: from room temperature to 1200 K.
Run 3: from room temperature to 1500 K.
Run 4: from room temperature to 1800 K.
Since it was found that samples 2 and 4 cracked at 1600 and
1800 K, respectively, the thermal diffusivity could not be measured
beyond these temperatures.
2.5. Measurement of lattice parameter and crystallite size

2.5.1. X-ray diffractometry
X-ray diffraction measurements on irradiated UO2 pellets were

carried out by using a micro-X-ray diffractometer (RAD-3X type,
Rigaku Corp.) with Ni-filtered Cu-Ka radiation. The measurement
part of the apparatus is set in a hot cell and can be controlled from
outside of the cell. The sample was placed on the X–Y stage of the
measurement part and the position of the X-ray radiation was
monitored by a TV camera. The accelerating voltage and current
were 40 kV and 40 mA, respectively. The diameter of the X-ray
radiation area on the sample was about 0.5 mm. The diffraction an-
gle of the goniometer was calibrated from the measurement re-
sults of a Si standard powder sample. The accuracy of the
diffraction angle was better than ±0.006� in 2h above 75�. Fig. 3
shows the X-ray diffractometry position (shown as the white
box) on the axial cross-sectional surface of each sample.
2.5.2. Measurement of lattice parameter, non-uniform strain and
crystallite size

The lattice parameter and diffraction peak broadening (the in-
crease of the full width at half maximum (FWHM) of diffraction
peak) of the irradiated UO2 pellets were evaluated from the results
of X-ray diffractometry. The lattice parameter was obtained by
least-squares calculations using seven diffraction lines between
75 and 130� in 2h based on Cohen’s method. The scanning speed
of the goniometer was 0.25� min�1. The error in the obtained lat-
tice parameter was less than ±0.1 pm.

Since the obtained diffraction peak was the sum of peaks due to
Cu-Ka1 and Cu-Ka2 lines, it was necessary to separate these two
peaks prior to peak broadening evaluation. The mixed peak result-
ing from Cu-Ka1 and Cu-Ka2 lines was separated by using the
quasi-Voigt function and the difference of wave length between
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Fig. 3. X-ray diffractometry position on axial the cross-sectional surface of each sample.

1 In consideration of pellet thermal conductivity degradation due to irradiation
[10], it is probable that the actual temperatures of the disk fuel pellet were higher
than these estimated temperatures.
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Cu-Ka1 and Cu-Ka2 lines [11]. In addition, measured peak broaden-
ing contained the broadening due to the optical system arrange-
ment of the apparatus. The latter effect on measured peak
broadening was corrected based on the measurement results of
the unirradiated UO2 sample.

Non-uniform strain and crystallite size in a sample were evalu-
ated by using the Williamson–Hall method [12]. According to this
method, the non-uniform strain and crystallite size in the sample
can be expressed as follows:

b cos h ¼ kk
Dx
þ 2g sin h ð2Þ

where b is the peak broadening corrected for the systematic broad-
ening in 2h; h, the diffraction angle; k, the X-ray wave length; Dx, the
crystallite size; and g, the non-uniform strain. The coefficient k is
0.9 when the FWHM of the peak is used as the index of broadening,
and the diffraction peak and wave length of Cu-Ka1 were used for
calculation. The non-uniform strain and crystallite size were
obtained by least-squares calculations using twelve diffraction
peaks between 45 and 130� in 2h.

3. Results

3.1. Fuel pin puncture test results

Table 2 summarizes the puncture test results of the fuel pins. In
the table, fission gas releases (FGRs) were evaluated based on the
total volume and composition of inner gas, fuel weight in the fuel
pin and the generated gas volumes of 83Kr, 131Xe, 132Xe and 136Xe
during the irradiation test. The generated gas volumes were evalu-
ated using the codes SRAC-95 [4] and ORIGEN-2 [13].

Regarding fuel pin 1, neither krypton nor xenon was detected in
the inner gas. Accordingly, it is considered that the fission gas re-
lease from the disk fuel pellets in fuel pin 1 was negligible. On
the other hand, the fission gas release in fuel pin 2 was estimated
as about 70%. This result indicates that the irradiation temperature
of fuel pin 2 was considerably higher than the target temperature,
and most fission gas was released during the irradiation test.

3.2. Ceramography and SEM observation results of disk fuel samples

Fig. 4 shows the SEM observation results of the samples.
Regarding sample 1, since small pores which formed at fabrication
can be observed, it is considered that the sample did not experi-
ence so high temperature as to causes FP gas bubble growth.
As seen in the micrographs of sample 3, many large intra- and
inter-granular bubbles are precipitated in the whole of the sample.
As mentioned above, the measured cladding temperature of fuel
pin 2 was about 1113 K. Based on the dimensions of fuel pin, the
physical properties of the unirradiated materials of the fuel pin,
the linear heat rates during the irradiation and the composition
of pin-inner gas which was obtained from puncture test, the sur-
face and center temperatures of the disk fuel pellet of fuel pin 2
were estimated as about 1573 and 1673 K, respectively.1 It is
well-known that the precipitation of large intra- and inter-granular
bubbles occurs in this temperature range, and the characteristics of
the micrographs observed in sample 3 agree well with the features
which the temperature estimation results suggest. It is also consid-
ered that the high fission gas release of fuel pin 2 was due to the
high irradiation temperature above 1600 K.

In both samples, the pore inner surface is quite smooth, and the
typical cauliflower structure is not clearly observed. Accordingly, it
is likely that the rim structure did not form in these samples.
3.3. Radial profiles of burnup and retained fission gas in the samples

Fig. 5 shows the characteristic X-ray intensity profiles of Nd and
Xe along the radial directions of samples 1 and 3. As seen in the fig-
ures, it is considered that the burnup profile along the radial direc-
tion of each sample is flat because the Nd concentration profile
corresponds to a burnup profile in the sample. The radial profiles
of Xe are also flat in both samples.
3.4. Thermal diffusivities and thermal conductivities of samples

Measured thermal conductivities of samples were normalized
to the values of 96.5%TD (TD: theoretical density) by using the fol-
lowing Loeb’s formula:

kn ¼ kmð1� 0:035eÞ=ð1� ePÞ ð3Þ

where kn is the thermal conductivity normalized to the value of
96.5%TD; km, the measured thermal conductivity; e, the parameter
which expresses the effect of pore shape on the thermal conductiv-
ity of pellet; and P, the porosity evaluated from the measured sam-
ple density. The parameter e is expressed as follows [14]:



Fig. 4a. SEM observation results of sample 1.

Table 2
Puncture test results of the fuel pins.

Fuel pin No. Average burnup*
(GWd/t)

Fuel weight at
fabrication (g)

Total volume of pin-inner
gas at STP (cm3)

Volume ratios in the
pin-inner gas (%)

Released gas
volume (cm3)

Kr Xe

(a) Puncture results
1 60 0.9133 0.3 N.D. N.D. N.D.
2 126 0.9064 2.7 9.24 67.85 2.1

Released gas volume at STP (x10�2 cm3) (Fission gas release (%)) Generated gas volume at STP (x10�2 cm3) Averaged fission gas release (%)

83Kr 131Xe 132Xe 136Xe 83Kr 131Xe 132Xe 136Xe

(b) Gas composition analysis results
1 N.D. (�0) N.D. (�0) N.D. (�0) N.D. (�0) 1.97 11.7 22.8 56.5 �0
2 3.07 (73.4) 16.1 (66.9) 35.9 (75.4) 77.5 (65.7) 4.18 24.1 47.6 117.9 70

N.D.: Not detected.
*Values based on nuclear calculation results.

36 M. Amaya et al. / Journal of Nuclear Materials 396 (2010) 32–42
e ¼ 2:6� 5� 10�4ðT � 273:15Þ ð4Þ

where T is the temperature in K.
Measured thermal diffusivities and normalized thermal con-
ductivities of samples 2 and 4 are shown in Figs. 6 and 7, respec-
tively. In the figures, the thermal diffusivities and thermal



Fig. 4b. SEM observation results of sample 2.
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conductivities of unirradiated UO2 [15] are shown for comparison.
In the figures of thermal conductivities, the values calculated by
using the formula for irradiated UO2 pellets [10,16] are also shown.

As seen in the figures, the measured values of samples 2 and 4
are lower than the values of unirradiated UO2. While the thermal
diffusivity of sample 2 showed recovery after the sample experi-
enced a temperature of about 1500 K, sample 4 did not show
recovery even after the sample was annealed at about 1500 K.

3.5. Lattice parameter change

The burnup dependence of the lattice parameter of irradiated
UO2 samples is shown in Fig. 8. The lattice parameters of irradiated
UO2 reported by several groups [2,17–23] are also presented for
comparison. As seen in the figure, the measured lattice parameters
of this study tend to be lower than the reported values. It is consid-
ered that these tendencies are mainly due to the effect of irradia-
tion temperature: this implies that a part of the irradiation-
induced defects recovered during the irradiation experiment.

3.6. Changes in non-uniform strain and crystallite size

The burnup dependences of non-uniform strain and crystallite
size in irradiated UO2 samples are shown in Fig. 9. In the figure,
other reported values [2] are also shown for comparison.

The crystallite sizes of samples 1 and 3 are about 100 nm. These
sizes are close to the reported size of the sub-divided and/or
recrystallized grains in the rim structure [24]. From the compari-
son between the values of sample 1 and those of sample 2, it is
found that the non-uniform strain and crystallite size increase after
annealing at 1600 K. On the other hand, while the non-uniform
strain of sample 4 decreases compared to that of sample 3, the
crystallite size hardly changes. The crystallite sizes of samples 3
and 4 are about 100 nm irrespective of sample annealing.



Fig. 4c. SEM observation results of sample 3.
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3.7. Strain energy density in irradiated UO2 sample

The strain energy density which is accumulated in irradiated
UO2 samples can be expressed as the sum of the strain energy den-
sities due to crystal lattice strain and the non-uniform strain occur-
ring between crystallites. The total strain in an irradiated sample
can be divided into crystal lattice strain (ec) and non-uniform strain
(enu):

etot ¼ ec þ
ffiffiffiffi
2
p

r
enu ð5Þ

The crystal lattice strain ec is evaluated from the lattice param-
eter changes between irradiated and simulated soluble FPs-doped
UO2 as follows:

ec ¼
a� aFP

aFP

� �
ð6Þ

where a is the lattice parameter of the irradiated sample; and aFP,
the lattice parameter of soluble FPs-doped UO2 with a simulated
burnup of the irradiated sample [21].

It is considered that the strain occurring in an irradiated UO2

sample is isotropic because the lattice structure of the UO2 is fluo-
rite and a preferred orientation was not clearly observed in non-
uniform strain. Accordingly, the strain energy density, U, can be
evaluated as follows:

U ¼ 3
2

Ee2
tot ð7Þ

where E is the Young modulus.
Fig. 10 shows the burnup dependence of strain energy density

for irradiated UO2 samples. In the figure, other reported values
[2] are also shown for comparison. As seen in the figure, the ob-
tained strain energy densities of all samples tend to be lower than
the reported values even before the samples were annealed at high
temperature.

4. Discussion

4.1. Thermal conductivity changes in irradiated UO2 samples

As seen in Fig. 7, while sample 2 showed thermal conductivity
recovery after being annealed at 1500 K, sample 4 did not show clear
thermal conductivity recovery even after annealing at about 1500 K.
In addition, the thermal conductivity recovery at about 1100 K



Fig. 4d. SEM observation results of sample 4.
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which has been reported in the references [5,10] could not be seen in
either sample. Since it is considered that the recovery stage at about
1100 K corresponds to point defect recovery [9], it is likely that the
two samples in this study hardly contain point defects.

Nogita et al. [9] reported that broadenings of the X-ray diffrac-
tion peak from the (620) plane of UO2 slightly increased after irra-
diated UO2 pellets were annealed at 1123 K and rapidly decreased
in the annealing temperature range above 1400 K. Since the broad-
ening of the X-ray diffraction peak is caused by the non-uniform
strain of crystallite and crystallite size, it is probable that the ther-
mal conductivity recovery of sample 2 after being annealed at
1500 K is related to the changes in non-uniform strain of the crys-
tallite and crystallite size due to sample annealing.

4.2. Strain energy density changes in irradiated UO2 samples

According to the results of TEM (transmission electron micros-
copy) observations by Nogita et al. [25], dislocation densities in
irradiated UO2 increased in the range up to 44 GWd/t and satu-
rated due to dislocation tangles, and it may be appropriate to con-
sider that the formed dislocation is mainly an edge dislocation
from its appearance and behavior [2,25].

Elastic strain energy density of edge dislocation per unit length,
Udis, is expressed as follows:

Udis ¼ Udis1 þ Udis2 ð8Þ

where Udis1 and Udis2 are the elastic strain energy densities in the
outside and inside of the edge dislocation core, respectively. The
terms of Udis1 and Udis2 can be expressed as [26]:

Udis1 ¼
lb2

4pð1� mÞ ln
r1

r0
ð9Þ
Udis2 ¼
lb2

8pð1� mÞ2
ð10Þ

where l is the shear modulus; b, the Burgers vector; m, the Poisson
ratio; r1, the radius of stress region affected by dislocations; and r0,
the radius of the edge dislocation core.
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Elastic strain density of dislocation per unit volume, UdisV, can
be expressed as:

UdisV ¼ q � Udis ð11Þ

where q is the dislocation density per unit volume.
For irradiated UO2, the strain energy densities induced by the

accumulation of dislocations were calculated using the data shown
in Table 3.

Regarding sample 2, the non-uniform strain increases while the
lattice parameter decreases, compared to sample 1. As a conse-
quence, the total strain energy density hardly changes in either
sample, as seen in Fig. 10. It is likely that the decrease of uniform
strain causes the increase of non-uniform strain in sample 2. On
the other hand, the strain energy density of sample 4 decreases
compared to that of sample 3: this is mainly due to the decrease
of non-uniform strain which occurred in sample 4. It is considered
that the annealing temperature during thermal diffusivity mea-
surement affected the recovery behavior of strain energy density
in the sample.

It is found that the strain energy densities of the two samples
tend to be lower than the reported values which were measured
on the samples irradiated in commercial reactors [2]. In consider-
ation of the thermal conductivity recovery behaviors of the two
samples, it is suggested that the decrease of strain energy density
may be mainly caused by the recoveries of point defect and non-
uniform strain which occurred during irradiation.
4.3. Relationship between changes in the crystal lattice strain and
thermal conductivity of irradiated UO2 pellets

As seen in Fig. 8, the lattice parameter of sample 1 is close to
that of unirradiated UO2. After annealing at about 1600 K, the
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Table 3
Data used in calculation of strain energy density due to accumulation of dislocation.

Shear modulus l [27] 77 GPa
Burgers vector b [25] 0.39 nm
Poisson ratio m [27] 0.31
Dislocation density q [25] log q = 2.2 � 10�2 Bu + 13.8

(6 < Bu < 44 GWd/t)
= 14.77 (Bu > 44 GWd/t) q in m/m3 and
Bu in GWd/t)

Radius of stress region affected
by dislocation r1

1=
ffiffiffiffiqp

Radius of dislocation core r0 0.55 nm (derived from the lattice
parameter of UO2 [20,21])
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lattice parameter decreases as seen in the results of sample 2.
Though the lattice parameter of sample 4 also shows a decrease
after annealing at 1800 K compared to that of sample 3, the
amount of lattice parameter decrease is less than that between
samples 1 and 2. This trend of lattice parameter decrease is similar
to that of thermal conductivity recovery.

In connection with the recovery behavior of thermal conductiv-
ity, the lattice parameter changes before and after the high temper-
ature annealing of the samples can be explained as follows:

(1) Considering the changes in the lattice parameters and non-
uniform strains, it is likely that the increase of non-uniform
strain is caused by the decrease of uniform strain which is
mainly due to a point defect recovery.

(2) As seen in Fig. 7a, thermal conductivity of irradiated UO2

pellet recovers after being annealed at 1500 K during ther-
mal diffusivity measurements. Crystallite size and non-uni-
form strain also increased after the thermal diffusivity
measurements. It is considered that these phenomena occur
in the temperature range from 1300 to 1600 K, and are
mainly due to the migration of dislocations: dislocation tan-
gle proceeds by the migration of dislocation, and high-angle
grain boundaries generate gradually. Micro-bubbles with
fission gas in the crystal grain also migrate with the migra-
tion of the high-angle grain boundary, and the fission gas
bubble coarsens. As a result, thermal conductivity recovery
occurs after being annealed at 1500 K.
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5. Conclusion

Two kinds of disk-shaped UO2 samples (4 mm in diameter and
1 mm in thickness) were irradiated in a test reactor up to about 60
and 130 GWd/t, respectively.

Microstructures of the samples were investigated by means of
optical microscopy, scanning electron microscopy/ electron probe
micro-analysis (SEM/EPMA) and micro-X-ray diffractometry. Based
on the micro-X-ray diffraction results, lattice parameters and dif-
fraction peak broadenings (increase of FWHM of diffraction peak)
of the samples were obtained. Crystallite size and non-uniform
strain between crystallites were evaluated from the increases of
FWHM of the diffraction peaks using the Williamson–Hall method.

The measured lattice parameters tended to be considerably
smaller than the reported values, and the typical cauliflower struc-
ture which is often observed in high burnup fuel pellets is hardly
seen in these samples. In addition, many large pores were observed
in sample 3. This suggests that the irradiation temperature of sam-
ple 3 was higher than the target temperature of 1273 K. On the
other hand, the increase of pore size was not so significant in sam-
ple 1. It seems that the burnup of sample 1 did not reach the for-
mation threshold of the high burnup structure. Measured
crystallite sizes of irradiated samples were in the range of 50–
200 nm and these were nearly the same as those of the sub-divided
and/or recrystallized grains in the rim structure. Elastic strain en-
ergy densities in the samples were also evaluated based on the
crystal lattice and non-uniform strain.

Thermal diffusivities of the samples were measured by using a
laser flash method, and their thermal conductivities were evalu-
ated by multiplying the heat capacity of unirradiated UO2 and sam-
ple densities. While the thermal conductivities of sample 2 showed
recovery after being annealed at 1500 K, those of sample 4 were
not clearly observed even after being annealed at 1500 K. These
trends suggest that the amount of accumulated irradiation-in-
duced defects depends on the irradiation condition of each sample.

From the comparison of the changes in the lattice parameter
and strain energy density before and after the thermal diffusivity
measurements, it is likely that the thermal conductivity recovery
in the temperature region from 1200 to 1500 K is related to the
migration of dislocations: the migration of dislocations affects
the changes in crystal lattice strain and crystallite size and causes
the coarseness of micro-bubbles which contain fission gas.
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