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Abstract

A study of the thermal conductivity of a commercial PWR fuel with an average pellet burn-up of 102 MWd/kgHM is
described. The thermal conductivity data reported were derived from the thermal diffusivity measured by the laser flash
method. The factors determining the fuel thermal conductivity at high burn-up were elucidated by investigating the recov-
ery that occurred during thermal annealing. It was found that the thermal conductivity in the outer region of the fuel was
much higher than it would have been if the high burn-up structure were not present. The increase in thermal conductivity is
a consequence of the removal of fission products and radiation defects from the fuel lattice during recrystallisation of the
fuel grains (an integral part of the formation process of the high burn-up structure). The gas porosity in the high burn-up
structure lowers the increase in thermal conductivity caused by recrystallisation.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Knowledge of the radial temperature distribution
in UO2 fuel during irradiation is essential to the suc-
cessful prediction of fuel performance at high burn-
up. This is because the fuel operating temperature
affects, amongst other things, fission product migra-
tion, fission gas release, grain growth and swelling.
Moreover, the thermal stresses that are associated
with steep radial temperature gradients can cause
the fuel to plastically deform at the centre or crack
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at the outside during a reactor power transient. Of
the various factors affecting the fuel operating
temperature one of the most important is the fuel
thermal conductivity. This is not constant during
irradiation but decreases with burn-up due to a
combination of the build-up of fission products,
the formation of gas porosity and radiation damage
in the UO2 lattice.

With rise in the burn-up at which nuclear fuel
assemblies are discharged from the reactor, the
acquisition of data on degradation of thermal con-
ductivity with burn-up has become increasingly
important. Particularly since it was observed that
when the pellet burn-up exceeds 40–45 MWd/
kgHM, the UO2 grains in the outer region of the
.
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fuel pellet begin to recrystallise [1]. The transformed
microstructure, which is referred to as the high
burn-up structure, consists of small, recrystallised
grains of average size 0.15 lm and a high concentra-
tion of gas filled pores (up to 15 vol.% at the pellet
rim [2]) of typical diameter 1–2 lm [2,3]. Because
of its high porosity, theory indicates that the high
burn-up structure has a lower thermal conductivity
than untransformed fuel and that its presence would
cause the temperature in the interior of the fuel
pellet to rise, increasing fission gas release and fuel
swelling.

The OECD Halden Reactor Project (HRP) was
one of the first to respond to the need for informa-
tion on the degradation of the thermal conductivity
of UO2 fuel with rise in burn-up. Between 1989 and
1995, in the frame of their fuels and materials test-
ing programme, the HRP carried out a systematic
study of the increase in fuel operating temperature
with burn-up up to 75 MWd/kgUO2 (86 MWd/
kgU) [4,5]. In this study, centre-line temperatures
were measured in-pile in fuel rods instrumented with
expansion thermometers. The rods used in the study
contained highly enriched fuel (e.g., 13% 235U), had
a small fuel-cladding gap (100 lm diametrical) and
were filled with helium. Moreover, during irradia-
tion the rod power was regulated so that the centre
temperature of the fuel did not exceed the fission gas
release threshold. It was found [5] that, owing to the
degradation in thermal conductivity, the centre
temperature of the fuel increased by about 250 �C
on irradiation to 75 MWd/kgUO2 at a linear power
of 25 kW m�1. The degradation in the thermal
conductivity, k, derived from the in-pile fuel centre
temperature measurements carried out by the Hal-
den Project is given by

k ¼ 1

0:1148þ 0:0035Bþ 2:475� 10�4ð1� 0:003BÞT
þ 0:0132e0:00188T ;

ð1Þ
where T is the local fuel temperature in �C, B is the
local burn-up in MWd/kgUO2 and k is the thermal
conductivity in W m�1 K�1 for a fuel of 95% TD.
This correlation indicates that between 250 and
1000 �C the thermal conductivity of UO2 decreases
by 6–7% per 10 MWd/kgHM. It is pointed out that
temperature measurements made during the first
hours of irradiation failed to detect the steep fall
in thermal conductivity reported by Daniel and
Cohen [6] and Lokken and Courtright [7] and
attributed by them to radiation damage. As a result,
Wiesenack [5] concluded that radiation damage had
only a small effect on the thermal conductivity of
UO2 at the temperatures encountered in-pile, and
that it is insufficient to explain the recovery of ther-
mal diffusivity observed in out-of-pile laser flash
measurements.

Lucuta et al. [8] have studied the effect of burn-up
on thermal conductivity, using UO2 doped with
fission product elements to simulate burn-ups of 3
and 8 at.% (roughly 29 and 76 MWd/kgHM,
respectively) termed SIMFUEL [9]. The thermal
conductivity was derived from the thermal diffusiv-
ity that was measured by the laser flash method [10]
and a modulated electron-beam method [11]. They
also observed that the thermal diffusivity of the
UO2 decreased with increase in the simulated
burn-up. The percentage decrease, however, was
less than that reported by Wiesenack for irradiated
fuel (2.5–5.5% per 10 MWd/kgHM in the tempera-
ture range 250–1000 �C). Moreover, the thermal
conductivity values measured by Lucuta et al. [8]
were markedly higher (e.g., 2.4 W m�1 K�1 at
1000 �C at a burn-up of 76 MWd/kgHM compared
with 1.8 W m�1 K�1). The difference is mainly
explained by the fact that the major fission product
elements Cs and Xe are not present in SIMFUEL.
The absence of Xe is a particular drawback, because
in irradiated fuel it has a large influence on the ther-
mal conductivity since it forms gas bubbles and
pores, which decrease the fuel density. It is also to
be noted that at 76 MWd/kgHM the porous high
burn-up structure is wide spread in the outer region
of UO2 fuel, but it is not present in SIMFUEL
because there is no radiation damage. Using the
same material, Lucuta et al. [12] investigated the
effect of stoichiometry on thermal conductivity.
They found that at temperatures below 600 �C, the
thermal conductivity of hypostoichiometric SIM-
FUEL decreased with increase in the simulated
burn-up, but was unaffected at higher temperatures.
They also report that at a given burn-up the thermal
conductivity of SIMFUEL decreased with increase
in the degree of hypostoichiometry (i.e., increase
in the oxygen potential of the material).

More recently, Ronchi et al. [13] using the laser
flash method measured the thermal diffusivity of
UO2 disc fuel from the High Burn-up Rim Project
(HBRP) (see e.g., Ref. [14]). The disc fuel, which
had burn-ups in the range 32–96 MWd/kgU, dif-
fered from power reactor fuel in three main ways.
First, it was highly enriched to enable the target
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burn-up to be reached rapidly. Second, the radial
burn-up profile was relatively flat and a radial
temperature gradient was not present during ir-
radiation. Third, and perhaps most importantly,
cladding constraint was absent during irradiation.
Ronchi et al. [13] found, as expected, that the ther-
mal diffusivity of the irradiated discs decreased
with rise in burn-up. The largest decrease was
observed in a fuel disc that had been irradiated to
a burn-up of 92 MWd/kgU at a low temperature
of 450 �C. Most significantly, Ronchi et al.
observed that the thermal diffusivity of the irradi-
ated fuel discs recovered during annealing and that
the degree of recovery increased with the annealing
temperature. An important conclusion from this
study is that the high burn-up structure does not
have a detrimental effect on the fuel thermal con-
ductivity, as was assumed by many, but has a posi-
tive effect, since it limits the decrease of thermal
diffusivity with burn-up. Yagnik reports [15] that
the NFIR programme had performed a very simi-
lar fuel disc irradiation shortly before the inception
of HBRP and that thermal diffusivity measure-
ments by laser flash were also carried out on the
irradiated discs. The findings were very similar to
those reported by Ronchi et al. [13]. Moreover,
there is broad agreement that the fission product
inventory is principally responsible for the degrada-
tion of the thermal conductivity of UO2 with rise in
burn-up and that the recovery caused by thermal
annealing can be explained by the repair of radia-
tion damage and the removal of fission products
from solid solution. It is to be noted that Kinoshita
et al. [16] compared the thermal diffusivity results
for the irradiated discs from the NFIR Programme
and HBRP and showed that they are consistent.
On plotting the measured thermal diffusivity as a
function of the disc burn-up Kinoshita et al.
observed that the thermal diffusivity decreased only
slightly at a burn-up of 60 MWd/kgHM, which is
the local burn-up threshold for the formation of
the high burn-up structure [17,18]. They deduced
from this that formation of the high burn-up struc-
ture is not accompanied by a significant degrada-
tion in fuel thermal conductivity. The good
agreement between the thermal diffusivity data gen-
erated by the NFIR programme and HBRP clearly
reflects the broad similarities that exist in the fuel
disc and rod design characteristics and between
the histories of the two irradiations that were per-
formed in the Halden boiling water reactor
(HBWR).
To the knowledge of the authors only Carrol
et al. [19], Nakamura et al. [20] and Ohira and Itag-
aki [21] have used the laser flash method to mea-
sure the thermal diffusivity of irradiated power
reactor fuel pellets. Their results confirm those
obtained on disc fuel in the sense that the UO2

thermal diffusivity was seen to be lower after irradi-
ation and it was found that thermal annealing
resulted in recovery. Carrol et al. [19] carried out
laser flash measurements on fuel with a burn-up
of approximately 40 MWd/kgU from the Halden
IFA 558 irradiation. Nakamura et al. [20] mea-
sured the thermal diffusivity of UO2 fuel with a
burn-up 63 MWd/kgU, which had also been irradi-
ated in the HBWR. In contrast, Ohira and Itagaki
[21] investigated the thermal conductivity of UO2

fuel irradiated to 61 MWd/kgU in a commercial
BWR. They also comment that the observed degra-
dation in thermal conductivity was larger than that
exhibited by SIMFUEL [8].

The present paper describes a study of the ther-
mal conductivity of a commercial PWR fuel with
an average section burn-up of 102 MWd/kgHM.
The thermal conductivity data reported were
derived from thermal diffusivity measurements
made using the laser flash method. The factors
determining the fuel thermal conductivity at high
burn-up were elucidated by investigating the recov-
ery that occurred during thermal annealing. The
irradiated fuel has been characterised in detail using
a wide range of post-irradiation examination tech-
niques. For example, the radial distributions of fis-
sion products Nd and Xe, and Pu have been
measured by electron probe microanalysis (EPMA).
The Nd radial concentration profile is used as an
indicator of the radial burn-up distribution in the
pellet. Moreover, the radial porosity distribution
in the fuel has been measured using optical micros-
copy in combination with quantitative image analy-
sis. Further, the extent of formation of the high
burn-up structure in the fuel has been established
using optical and scanning electron microscopy. In
addition, inductively coupled plasma mass spec-
trometry (ICP-MS) was used to determine the con-
centration of the actinide isotopes in the fuel. From
the ICP-MS results the specific activity of the fuel
was calculated and the extent of self-irradiation dur-
ing storage of the spent fuel prior to the laser flash
measurements being performed was obtained. Thus,
the paper provides a comprehensive account of the
thermal conductivity of LWR fuel at ultra-high
burn-up.
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2. Fuel characteristics and irradiation history

The fuel pellet and rod design characteristics are
given in Table 1. The rods were of standard PWR
design for Siemens built reactors with plenum space
above and below the fuel stack. The fuel cladding
was a highly corrosion resistant zirconium alloy.

The rods were irradiated in Siemens built 15 · 15
fuel assemblies in a commercial PWR reactor. The
irradiation, which spanned nine reactors cycles
and lasted 2913 effective full power days (EFPD),
ended in June 1997. At the end of the fourth irradi-
ation cycle, when the original fuel assembly reached
its nominal discharge burn-up in the region of
60 MWd/kgHM, rod 12C3, from which the fuel
samples for thermal diffusivity measurement were
taken, was transferred to a carrier assembly contain-
ing partially burnt fuel. The rod was subsequently
introduced into a new carrier assembly at the start
of each new reactor cycle.

Table 2 shows the power history and burn-up
evolution of fuel rod 12C3. It is seen that during
the first four reactor cycles the average power rating
fell from 34 to 20 kW m�1. During irradiation in
the carrier assemblies the power rating decreased
gradually from 18 kW m�1 in the fifth cycle to
14 kW m�1 in the ninth and final cycle. At the
Table 1
Fuel pellet and rod design characteristics

Pellet diameter (mm) 9.3
Initial enrichment (wt% 235U) 3.5
Fuel density (% TD) 95
2D grain sizea (lm) 9–12
O/M 2.005
Diametrical gap (lm) 160–190
He fill gas pressure (bar) 22.5
Cladding material Zr-based alloy

a Linear intercept.

Table 2
Power history and burn-up evolution in the high burn-up fuel rod

Reactor
cycle

Maximum average
linear power (kW m�1)

Cumulative average
burn-up (MWd/kgHM)

1 34 19
2 29 37
3 23 48
4 20 59
5 18 67
6 17 72
7 16 82
8 14 90
9 14 98
end-of-life the rod average burn-up was
97.8 MWd/kgHM.

3. Fuel samples on which diffusivity measurements
were made

The thermal diffusivity measurements were per-
formed on two 1 mm thick discs cut from the upper
end of the fuel stack of rod 12C3 within 15 mm of
the location of the samples taken for optical micros-
copy, EPMA and SEM [23]. The average burn-up of
the discs, therefore, was assumed to be similar to
that of these samples, which was determined by
chemical burn-up analysis to be 102 MWd/kgHM.

An important variable influencing the thermal
diffusivity of nuclear fuel during irradiation is the
fuel temperature since the phonon mean free path
should vary as 1/T. Rod 12C3 was irradiated at
low temperatures. The radial temperature profile
in the upper end of the fuel stack of rod 12C3 during
the eighth irradiation cycle is shown in Fig. 1. It is
seen that fuel centre temperature was around
950 �C and that in the outer region of the fuel where
the high burn-up structure was present the temper-
ature varied from about 370 to 720 �C. Apparently,
the radial temperature profile changed little during
the last four reactor cycles. Moreover, indications
are that it would not have been significantly affected
by a 20% reduction in power rating during the last
two weeks of the irradiation.

The radial profile shown in Fig. 1 was calculated
with the advanced version of the Framatome ANP
fuel rod analysis and design code CARO-E [24].
This code makes allowance for the degradation of
the thermal conductivity of UO2 fuel with increase
in burn-up; both due to the build-up of fission prod-
ucts in the UO2 lattice and the presence of small gas
pores in the high burn-up structure. Knowledge of
the fuel temperature during the final stages of irradi-
ation is a basic requirement for the correct interpre-
tation of the thermal diffusivity results since it
determines the concentration of irradiation defects
in the spent fuel and thereby affects the measured
values.

4. Post-irradiation examination results relevant to

this study

4.1. Radial burn-up distribution

The radial burn-up distribution was determined
from the local concentration of fission product Nd
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Fig. 1. Radial temperature distribution in the high burn-up fuel samples during the last irradiation cycle as calculated with the CARO-E
fuel rod analysis and design code (Ref. [24]).
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measured by EPMA using the procedure described
in Ref. [23]. The resulting burn-up profile is shown
in Fig. 2. It can be seen from the figure that in the
body of the fuel the local burn-up is slightly less
than the pellet average burn-up of 102 MWd/
kgHM, whereas at the fuel surface it is around 2.5
times higher. The steep increase in burn-up at the
fuel surface is due to the fission of Pu created by
neutron capture [25].
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Fig. 2. Radial burn-up distribution in the high burn-up fuel samples
neodymium measured by EPMA.
4.2. Radial distribution of plutonium

The radial distribution of Pu was measured by
EPMA using the procedure described in Ref. [25].
The creation of Pu during the irradiation of UO2

nuclear fuel is the result of capture of epithermal
neutrons in the resonances of 238U. The measured
radial concentration profile for Pu is shown in
Fig. 3. Like the radial profile for Nd that for Pu is
0.6 0.8 1.0
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as determined from the local concentration of fission product
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Fig. 3. The radial distribution of Pu in the high burn-up fuel samples as measured by EPMA.
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flat in the interior of the fuel and increases steeply at
the fuel rim. The profile indicates that at the end of
the irradiation the integral average concentration of
Pu in the fuel was 1.62 wt%.

4.3. Radial distribution of retained xenon

The Radial distribution of retained Xe was mea-
sured by EPMA using the procedure reported in
Ref. [23]. The measured radial concentration profile
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Fig. 4. Radial distribution of fission product Xe in the
is shown in Fig. 4. It can be seen from the figure that
over the whole pellet cross-section only a small frac-
tion (0.15–0.3 wt%) of the created Xe concentration
(pellet average 1.4 wt%) was retained in the fuel
grains.

4.4. Radial porosity distribution

The local porosity was determined using quanti-
tative image analysis carried out on optical micro-
0.6 0.8 1.0
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high burn-up fuel samples as measured by EPMA.
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Fig. 5. Radial distribution of porosity in the high burn-up fuel samples as measured by optical microscopy. The broken line drawn
through the data point serves to guide the eye.

Table 3
ICP-MS results for the concentrations of the actinide isotopes in
the fuel and the specific alpha activity of the isotope

Nuclide Concentration
(wt%)

Specific alpha
activity (Bq g�1)

234U 0.010 2.30 · 108
235U 0.014 8.00 · 104
236U 0.369 2.39 · 106
237Np 0.086 2.60 · 107
238U 77.768 1.24 · 104
239Pu 0.502 2.30 · 109
240Pu 0.348 8.39 · 109
241Pua 0.113 9.36 · 107
241Am 0.075 1.27 · 1011
242Pu 0.265 1.46 · 108
243Am 0.104 7.38 · 109
244Cm 0.116 2.99 · 1012
245Cm 0.013 6.35 · 109
246Cm 0.009 1.14 · 1010

a Decays mainly by b� emission with a half-life of 14.4 yrs, but
a small branching probability to a-decay exists.
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graphs produced at a magnification of 500·. The
measured radial porosity profile is shown in
Fig. 5. In the central region of the fuel the porosity,
which was mainly a consequence of open gas escape
channels at grain edges, ranged from 3% at the pel-
let centre to 6% at r/r0 = 0.55. The high burn-up
structure extended from the pellet rim to about r/
r0 = 0.65 and resulted in an increase in porosity to
around 10% at the latter radial position. The poros-
ity of the high burn-up structure remained at
around this level until about r/r0 = 0.93 when it
exhibited a sharp rise, reaching 24% at the pellet
surface. This was the direct result of an extraordi-
nary increase in the size of the gas pores of the high
burn-up structure in the rim region of the pellet [23].

4.5. Specific alpha activity of the fuel

The specific alpha activity of the fuel was deter-
mined from the concentrations of the actinide
isotopes measured by ICP-MS in January 2004
[26]. The measured concentrations of the actinide
nuclides and their specific alpha activity are given
in Table 3. From the data in the table the specific
activity of the fuel was calculated to be 4.5 GBq g�1.

4.6. Microstructure of the fuel

The microstructure of the fuel was examined by
optical microscopy and SEM. Both techniques
revealed that the high burn-up structure (see
Fig. 6), penetrated from the fuel surface to about
r/r0 = 0.65. In the intermediate region between r/
r0 = 0.48 and 0.65, grain sub-division had occurred
but without the formation of the gas pores, which
are characteristic of the high burn-up structure.
The small grain size is attributed [23] to recrystalli-
sation that probably began at the earliest during
the sixth irradiation cycle and continued during
the whole period of extended irradiation. In the cen-
tral region of the fuel, between the pellet centre and
r/r0 = 0.48, grain growth and thermal fission gas



Fig. 6. Appearance of the high burn-up structure at r/r0 = 0.99 in
the high burn-up fuel samples. The local burn-up is about
210 MWd/kgHM.
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release had occurred. Accordingly, the microstruc-
ture exhibited equi-axed grains up to 20 lm in size
and large pores at grain boundary triple points.

4.7. Radial variation of the O/U ratio of the fuel

The local O/U of the fuel was determined from
the lattice parameter measured by micro-X-ray dif-
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Fig. 7. Radial variation in the O/U ratio of the high burn-up fuel sa
fraction [27] after correction for the concentrations
of fission products and Pu dissolved in the fuel lat-
tice and correction for radiation damage [26]. The
O/U ratios derived from lattice parameter measure-
ments are plotted as a function of radial position in
Fig. 7. It can be seen that between the pellet centre
and r/r0 = 0.89 the O/U ratio varied between 1.989
and 1.995. Thus, at all the radial positions where the
thermal diffusivity was measure the UO2 matrix was
slightly hypostoichiometric.

5. Elucidation of the factors determining the
thermal conductivity of irradiated UO2 nuclear

fuel at high burn-up

It is generally accepted that the thermal conduc-
tivity, k, of UO2 is dominated by phonon heat trans-
port that is well described at temperatures below
about 1500 �C by the relation [22]:

k ¼ 1

Aþ BT
; ð2Þ

where the coefficient A is a measure of the concen-
tration of phonon scattering centres in the lattice
that mainly consist of point defects and fission prod-
uct atoms in solid solution, and the coefficient B
represents the intrinsic thermal resistivity of the
UO2 lattice resulting from scattering between
phonons. The numerical values of the coefficients
A and B are determined from regression lines fitted
to scatterplots of 1

k versus T. Ronchi et al. [13] used
0.6 0.8 1.0

adius, r/ro

mples derived from lattice parameter measurements (Ref. [27]).
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sequential thermal annealing to reveal the factors
determining the thermal conductivity of UO2 nucle-
ar fuel during irradiation. They found that the
recovery in thermal conductivity caused by anneal-
ing was accompanied by a decrease in the value of
coefficient A and an increase in the value of coeffi-
cient B. Moreover, they showed that both coeffi-
cients A and B exhibited two recovery steps, one
in the temperature range 850–1000 K; the other be-
tween 1200 and 1300 K. The first recovery step they
attributed to the annihilation of point defects cre-
ated in-pile and the second to the coalescence of fis-
sion product atoms in solid solution to form voids
and solid precipitates. At annealing temperatures
below the irradiation temperature of the fuel disc,
Ronchi et al. [13] observed a small decrease in the
coefficient A of around 0.02 mK W�1 which was ex-
plained by the healing of self-irradiation defects
produced during storage of the spent fuel before
the thermal diffusivity measurements were made.

6. Experimental

6.1. Measurement of thermal diffusivity

A shielded laser flash device, LAF-1, was used to
measure thermal diffusivity. The device was
designed and built at the Institute for Transuranium
Elements specifically for measurements on irradi-
ated nuclear fuel. The fuel sample is heated to the
measurement temperature in a HF induction
furnace. A heat pulse is then produced on the lower
surface of the sample using a Nd-YAG pulse laser.
The temperature increase at the upper surface of
the sample caused by the laser heat pulse is mea-
sured using a high-speed pyrometer (0.05 �C sensi-
tivity) with a response time of around 100 ls.

Sheindlin et al. [28] show a diagram and give a
description of the device in its current form. The
specimen chamber is contained inside a lead-
shielded glove box. The specimen stage, which is a
sapphire disc on which the sample is placed, is
located inside the induction furnace, which is a
graphite cylinder heated by a copper coil. The high-
est temperature obtainable with the furnace is
1500 �C. Located above the sample stage is a
water-cooled objective lens that is connected by an
optical fibre to the detectors of the pyrometer. The
diameter of the area on the sample over which the
temperature is measured can be varied between 0.6
and 1.0 mm depending on the diameter of the opti-
cal fibre, which serves as a field stop aperture. The
fibre is built into an optical mirror that allows
observation of the complete cross-section of the
sample with a portable telescope and facilitates the
exact determination of the position on the sample
of the thermal diffusivity measurement.

The laser is situated outside the shielded glove
box and the laser beam is transferred to the sample
by way of focusing system that is located outside the
sample chamber and which is connected to the laser
head by a second optical fibre. The focal spot at the
sample surface can be varied between 2 and 5 mm
without the introduction of a significant radial
power gradient.

The thermal diffusivity of the high burn-up fuel
from rod 12C3 was measured on irregular shaped
fuel fragments several millimetres in size, broken
from the two discs samples. On one fragment the
thermal diffusivity at approximately the pellet mid-
radial position (r/r0 = 0.55) was measured; on the
other the variation in the thermal diffusivity with
radial position was measured. The thermal diffusiv-
ity at r/r0 = 0.55 was measured in the irradiated con-
dition starting at a temperature of 284 �C, and after
annealing at six temperatures in the range 359–
837 �C. The variation in the thermal diffusivity with
radial position was measured in the irradiated condi-
tion starting at 217 �C and after annealing at 317 and
452 �C. The samples were heated in a low pressure
atmosphere of 10�3 mbar N2. The time required to
reach thermal equilibrium decreased with the mea-
surement temperature from 1.5 h at 250 �C to
10 min at 830 �C. Experience has shown that holding
the sample at the measurement temperature for
longer periods does not lead to any measurable sup-
plementary recovery of the thermal diffusivity. When
the temperature was stable, a laser pulse of energy
density roughly 1000 Jm�2 and of duration 10 ms
was fired at the fuel sample. The relatively long pulse
length reduced the level of thermal shock experi-
enced by the fuel sample. The diameter of the laser
beam was slightly larger than the sample and the
radial power distribution within the beam was
homogeneous. Thus, the temperature pulse gener-
ated can be described by a plane wave travelling
through the material in the axial direction. This
greatly simplifies calculation of heat transfer within
the sample. The temperature recorded was the aver-
age value in an area measuring 1 mm in diameter.
The thermogram, T = T(t), recorded with the high-
speed pyrometer consisted of several thousand data
points and was analysed using a mathematical
expression for the propagation of the energy pulse



Table 4
Values of the quantities used to calculate the density of the fuel at
some radial positions where thermal diffusivity measurements
were made

Radial
position (r/r0)

Local burn-upa

(MWd/kgHM)
Porosity
(vol.%)

Xe fractional
retentionb

0.08 88 3.3 0.128
0.36 88 5.8 0.137
0.47 88.7 5.8 0.137
0.55 88.7 5.8 0.135
0.57 89.4 6.7 0.138
0.68 92.2 10.3 0.156
0.79 99.7 10.3 0.142
0.81 99.8 10.3 0.140

a From the local concentration of fission product Nd measured
by EPMA.
b Gas in solution in the fuel matrix as measured by EPMA. The

amount of Xe created in the fuel pellet is assumed to correspond
to 1.5 wt%.
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in the material that takes into account the experi-
mental time profile of the laser energy deposition.
The thermal diffusivity was then calculated together
with the heat loss coefficients using a numerical
fitting procedure. This was followed by a self-
consistency check that involved reconstruction of
the experimental thermogram [28]. Cracks and holes
in the fuel where the thermal diffusivity is measured
cause temperature perturbations in the thermo-
grams. Measurements producing thermograms
exhibiting temperature perturbations were dis-
carded. For irradiated nuclear fuel the accuracy of
the thermal diffusivity results is of the order of ±5%.

The radial variation of the thermal diffusivity was
determined from local measurements made at sev-
eral radial positions between r/r0 = 0.08 and 0.81.
For local measurements of the thermal diffusivity
the optical fibre and mirror are moved by step
motors over the sample surface; the sample itself is
not displaced.

6.2. Calculation of the local thermal conductivity

The local thermal conductivity of the fuel at the
measurement temperature, k(T), was obtained from:

kðT Þ ¼ aðT ÞqðT ÞCpðT Þ; ð3Þ
where a(T) is the measured local thermal diffusivity,
q(T) is the local fuel density and Cp(T) is the heat
capacity. The local fuel density, q was obtained
from the percentage theoretical density, % TD,
which is defined as

% TD ¼ q
qth

� 100; ð4Þ

where qth is the theoretical density of UO2, which
was taken to be 10.96 g cm�3. The percentage theo-
retical density was calculated using the following
expression:

%TD ¼ 100� P þ B
10

� DV
V

� �
solid FP

 ("

þ DV
V

� �
matrix gas

� f Xe

!)#
; ð5Þ

where % TD is the percentage theoretical density, P
is the local porosity, B is the local burn-up in MWd/
kgHM, DV

V

� �
solid FP

is the matrix swelling rate due to
solid fission products (0.32% per 10 MWd/kgHM
burn-up), DV

V

� �
matrix gas

is the matrix swelling rate
due to fission gas in solution (0.56% per 10 MWd/
kgHM see e.g., Ref. [29]) and fXe is the local fraction
of retained Xe measured by EPMA. The local burn-
up, local porosity and local fraction of retained Xe
at some radial positions where the thermal diffusiv-
ity was measured are given in Table 4. The fuel den-
sity at the measurement temperature, q(T), was
calculated from the linear thermal expansion of
UO2 using the expression

qðT Þ ¼ qð273Þ L273

LT

� �3

; ð6Þ

where q(273) is the density of UO2 at 273 K
(10.96 g cm�3) and L and L273 are the lengths at
the measurement temperature T (in K) and at
273 K, respectively. The increase of a unit length
of UO2 was calculated using the fourth order poly-
nomial for the linear thermal expansion coefficient
for UO2 given by Martin [30] and recommended
by Fink [31].

L ¼ L273ð9:973� 10�1 þ 9:082� 10�6T

� 2:705� 10�10T 2 þ 4:391� 10�12T 3Þ. ð7Þ

The heat capacity of irradiated fuel at the measure-
ment temperature was taken equal to that of unirra-
diated UO2. According to Lucuta et al. [8] in the
temperature range 25–1500 �C, the heat capacity
of stoichiometric irradiated UO2 at a burn-up of
85 MWd/kgHM is only 1.5% higher than that of
the unirradiated material. The heat capacity Cp(T)
of unirradiated UO2 in J mol�1 K�1 at the tempera-
ture of the thermal diffusivity measurement was cal-
culated from the six term polynomial (Eq. (8)) given
by Fink [31].
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CqðT Þ ¼ þ52:1743þ 87:951t � 84:2411t2

þ 31:542t3 � 2:6334t4 þ 0:71391t�2; ð8Þ

where t = T/1000 and T is the temperature in K.
Unless otherwise stated the thermal conductivity

values reported in the present paper have not been
normalised to 5% porosity, which is frequently done
to allow comparison of data from different
laboratories.

6.3. Elucidation of the influence of self-irradiation

during storage on thermal conductivity

The decrease in the thermal conductivity due to
radiation damage during storage was obtained from
the radiation dose, i.e., from the accumulated alpha
decay. This in turn was calculated from the specific
activity of the fuel and time elapsed between dis-
charge of the fuel from the reactor and the measure-
ment of the thermal diffusivity. At the radial
positionswhere the thermal diffusivity wasmeasured,
the local specific activity was derived from the local
Pu concentration measured by EPMA (see Fig. 3),
which was assumed to be representative of the local
concentration of the actinide isotopes in total.

The influence of alpha radiation dose on the ther-
mal conductivity was determined from thermal dif-
fusivity measurements made at 280 �C on samples
of UO2 doped with 0.1 and 10 wt% 238Pu and stored
for different lengths of time. As seen from Fig. 8, in
agreement with the findings of Schmidt et al. [32],
the percentage change in thermal conductivity with
radiation dose can be described by an Arrhenius
type equation of the form

Dk=k ¼ 0:38½1� expð�ynaÞ�; ð9Þ
where y is the rate constant of Schmidt et al. [32]
(5.88 · 10�18 cm3) and na is accumulated number
of alpha disintegrations per cm3.

From the isotopic composition of the actinide ele-
ments measured by ICP-MS (see Table 3) the specific
activity of the fuel was calculated to be 4.5 GBq g�1.
More than 95% of this activity was generated by
244Cm.During the time that had elapsed between dis-
charge of the fuel from the reactor and the measure-
ment of the thermal diffusivity (64 months for the
sample on which the thermal diffusivity was mea-
sured at r/r0 = 0.55 and 88 months in the case of
the other sample) the order of magnitude of the accu-
mulated alpha dose was 1018 disintegrations per cm3.
Fig. 8 indicates that at this high radiation dose, the
relative decrease in the thermal conductivity was very
close to its maximum value of 38%.
7. Results

7.1. Influence of annealing temperature on thermal
diffusivity

The influence of thermal annealing at tempera-
tures up to 840 �C on the local thermal diffusivity
of the high burn-up fuel close to the mid-radial
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pellet position is shown in Fig. 9. It can be seen that
in the irradiated condition the thermal diffusivity
decreased from about 7.1 · 10�7 m2 s�1 at 250 �C
to 6.2 · 10�7 m2 s�1 at 840 �C. On cooling from a
given temperature in this range the thermal diffusiv-
Table 5
Thermal diffusivity at 300 �C of the high burn-up fuel at r/
r0 = 0.55 in the irradiated condition and after annealing at
temperatures in the range 359–837 �C

Run no. Annealing
temperature (�C)

Thermal diffusivity
at 300 �C (m2 s�1)
(·10�7)

Da/a (%)

Irradiated
conditiona

6.98

1 359 7.16 2.6
2 485 7.29 4.4
3 523 7.35 5.3
4 648 7.93 13.6
5 736 8.34 19.4
6 837 8.24 18.1

a Including self-irradiation during storage prior to measure-
ment of the thermal diffusivity.
ity increased steeply with decrease in temperature.
Table 5 gives the local thermal diffusivity of the fuel
at r/r0 = 0.55 as measured at 300 �C after annealing
at successively higher temperatures. It can be seen
that annealing at 523 �C caused the thermal conduc-
tivity of the fuel at 300 �C to increase by around 5%,
whereas annealing the fuel at 837 �C increased the
thermal diffusivity by about 18%.

7.2. Variation in thermal diffusivity with radial

position

Fig. 10 shows the radial variation of the thermal
diffusivity of the fuel at 217 �C (the lowest tempera-
ture at which measurements were made) in the irradi-
ated condition and after annealing to 452 �C in two
steps. In all three cases, the thermal diffusivity
decreases from the centre to the surface of the fuel
pellet. In the radial interval in which thermal diffusiv-
ity wasmeasured, r/r0 = 0.08–0.81, the thermal diffu-
sivity of the high burn-up fuel at 217 �C decreased
from about 8.0 · 10�7 m2 s�1 at r/r0 = 0.08 to
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Fig. 10. Radial variation of the thermal diffusivity of the high burn-up fuel at a temperature of 217 �C before and after annealing at 317
and 452 �C. The error on the thermal diffusivity values is of the order of ±5%.

Table 6
Thermal diffusivity of the high burn-up fuel at 217 �C at various
radial positions after irradiation and following annealing at 317
and 452 �C

Radial
position r/r0

Thermal diffusivity (m2 s�1) (·10�7)

Irradiated Annealed
317 �C

Annealed
452 �C

0.1 7.94 – 8.31 (4.7)
0.4 7.23 7.45 (3.0) 7.66 (6.0)
0.8 6.28 6.50 (3.5) 6.82 (8.6)

The percentage change in the thermal diffusivity is given in
parentheses.
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6.3 · 10�7 m2 s�1 at r/r0 = 0.81, a drop of almost
25%. The effect of annealing on the local thermal dif-
fusivity of the high burn-up fuel at r/r0 = 0.1, 0.4 and
0.8 is summarised in Table 6. It can be seen that after
annealing the thermal diffusivity of the fuel was
higher. It is also evident that the increase in thermal
diffusivity at 217 �C caused by annealing at 452 �C
was noticeably higher in the outer region of the fuel
than in the central region of the fuel (cf., values at
r/r0 = 0.8 and 0.1).

7.3. Influence of annealing temperature on thermal

conductivity

The influence of thermal treatment on the local
thermal conductivity of the high burn-up fuel close
to the mid-radial pellet position is shown in
Fig. 11. In appearance, the figure is similar to
Fig. 9, which contains the thermal diffusivity results.
Like the thermal diffusivity, the thermal conductivity
of the irradiated fuel decreases with rise in tem-
perature; in the case of the thermal conductivity
from 2.0 W m�1 K�1 at 300 �C to 1.9 W m�1 K�1

at 850 �C. Moreover, like the thermal diffusivity,
the thermal conductivity increases steeply as the fuel
is cooled from the annealing temperature. The
increase in the thermal conductivity at 300 �C after
annealing the high burn-up fuel at various tempera-
tures in the range 359–837 �C is presented in Fig. 12.
It can be seen that following an initial gradual rise in
the temperature range 300–500 �C, the thermal con-
ductivity increases sharply reaching a maximum
value of approximately 2.4 W m�1 K�1 at of about
700 �C.

7.4. Variation in thermal conductivity with radial

position

Fig. 13 shows the radial variation of the thermal
conductivity of the high burn-up fuel at 217 �C in
the irradiated condition and following annealing
at 452 �C. In the irradiated condition, following a
linear decrease in the central region of the fuel, the
thermal conductivity exhibits a step in the region
between r/r0 = 0.55 and 0.66. As can be seen from
Table 7, in the irradiated condition the thermal
conductivity of the fuel decreased from
2.20 W m�1 K�1 at r/r0 = 0.2 to 1.67 W m�1 K�1

at r/r0 = 0.8. After annealing at 452 �C, the thermal
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conductivity at 217 �C had risen by 5% at r/r0 = 0.2
and by about 7% at r/r0 = 0.8. Moreover, the step
between r/r0 = 0.55 and 0.66 is virtually
imperceptible.

It is pointed out that the existence of a step in the
conductivity curve for the irradiated condition is
confirmed when the thermal conductivity values
are plotted against the local fuel temperature (see
Fig. 17).

8. Discussion

8.1. Relevance of the HBRP and NFIR fuel disc data

In Fig. 14 Kinoshita’s [16] plot of the thermal dif-
fusivity of the NFIR and HBRP fuel discs in the
irradiated state as a function burn-up is reproduced
with the addition of data points for thermal diffusiv-
ity of the high burn-up fuel at r/r0 = 0.08 and 0.81.
The fuel disc data represents the thermal diffusivity
of UO2 fuel under specific conditions of irradiation
temperature, porosity, microstructure and concen-
tration of fission products in solid solution. Conse-
quently, the data is not directly transferable to
power reactor fuel of equivalent burn-up because
the quantities referred to above vary with radial
position in the fuel pellet. Thus, it is evident from
Fig. 14 that, whereas the thermal diffusivity of the
high burn-up fuel at r/r0 = 0.81 is in excellent agree-
ment with that of disc fuel of similar burn-up, at r/
r0 = 0.08 the thermal diffusivity of the high burn-up
fuel is markedly higher. The cause of this inconsis-
tency is the fact that at r/r0 = 0.81 the irradiation
temperature, microstructure and porosity of the
high burn-up fuel was comparable to that of the disc
fuel, whereas at r/r0 = 0.08 they were significantly
different. For example, at r/r0 = 0.08 the high
burn-up fuel was characterised by thermal restruc-
turing in contrast to the disc fuel which exhibited
the high burn-up structure at 88 MWd/kgU.

8.2. Factors determining the thermal conductivity
of the high burn-up fuel

In Fig. 15 the variation in the coefficients A and
B of Eq. (2) with temperature at r/r0 = 0.55 in the
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Table 7
Thermal conductivity of the high burn-up fuel at various radial
positions at 217 �C in the irradiation condition and after
annealing at 452 �C

Radial
position (r/r0)

Thermal conductivity
(W m�1 K�1)

Dk/k (%)

Irradiated
condition

After annealing
at 452 �C

0.2 2.19 2.30 5.0
0.4 2.03 2.15 5.9
0.7 1.72 1.87 8.7
0.8 1.67 1.79 7.2
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high burn-up fuel are shown. In addition to experi-
mental data points, values calculated using the
mathematical expressions formulated by Ronchi
et al. [13] are included for the purposes of compar-
ison. It can be seen that for both coefficients A and
B the agreement between the experimental and
predicted values is impressive, indicating that the
theoretical models proposed by Ronchi et al. [13]
accurately describe the mechanisms determining
the thermal conductivity of irradiated UO2 fuel.
As is evident from Fig. 15 the models of Ronchi
et al. [13] reveal that the recovery of the thermal
conductivity of the high burn-up fuel during anneal-
ing occurs in two distinct steps. The first step occurs
in the temperature range 800–1000 K (527–727 �C)
and is characterised by a sharp decrease in the value
of A of approximately 0.1 K mW�1 and a steep
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Fig. 14. Variation in the thermal diffusivity of irradiated UO2 fuel with
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cycle).
increase in the value of B of about
5.0 · 10�5 mW�1. The second step occurs in the
temperature range 1150–1400 K (877–1127 �C) and
is characterised by drop in the value of A by a
similar magnitude to that denoting the first step,
and an increase in the value of B of about
8.0 · 10�5 mW�1, which is larger than that associ-
ated with the first step. A similar two step process
was reported by Ronchi et al. [13] for the recovery
of the thermal conductivity of an HBRP disc fuel
that was irradiated to a low burn-up of 35 MWd/
kgU at a temperature of 480 �C. From the investiga-
tion of the influence of self-irradiation on the ther-
mal conductivity of UO2 doped with 0.1 and
10 wt% 238Pu [33] it is almost certain that the first
recovery step is associated with the annihilation of
point defects that were created out-of-pile during
storage of the spent fuel before the thermal diffusiv-
ity measurements were made (64 months). The fact
that the first recovery step is complete at a temper-
ature lower than the irradiation temperature at r/
r0 = 0.55 during the last reactor cycle is taken as evi-
dence that the healing of in-pile irradiation damage
is not involved to any significant degree in this step.
The second step is assumed to be associated with the
annihilation of in-pile radiation damage and the
removal of fission product atoms from the fuel lat-
tice, particularly Xe and Cs atoms, which coalesce
to form nano-bubbles and nano-precipitates. As will
have already been noted, the experimental data
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points in Fig. 15 are restricted to annealing temper-
atures up to 1110 K (837 �C) and cover the first
recovery step only. At this temperature, the sample
began to fragment, and the thermal diffusivity mea-
surements were abandoned. Experience has shown
that at high burn-up the fuel disc samples on which
thermal diffusivity measurements are carried out
break when the annealing temperature exceeds the
irradiation temperature by only a few degrees. Thus,
the temperature threshold for fragmentation can be
used as an indicator of the reliability of the calcu-
lated radial temperature profile during the last reac-
tor cycle. The temperature at r/r0 = 0.55 during the
last irradiation cycle was calculated to be 800 �C
(see Fig. 1), which is 40 �C below which the mea-
surements were halted because the sample had
begun to break. This reveals that the temperature
history for the high burn-up rod calculated with
the computer code CARO-E [24] is accurate to a
high degree. It is also evident from Fig. 15 that
the experimental points for the values of the coeffi-
cients A and B at the lowest annealing temperature
of 632 K (359 �C) are incorrect. The error is due to
the large uncertainties on the intercept and slope of
the regression line, which arise because the thermal
diffusivity measurements were made in a narrow
temperature range of 75 �C.

8.3. Recovery of thermal conductivity due to the

healing of out-of-pile radiation damage

As reported in Section 6.3. the alpha-radiation
dose accumulated by the high burn-up fuel during
the storage was of the order of 1018 disintergrations
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per cm3. As seen from Fig. 8, this radiation dose
should result in a significant decrease in the thermal
conductivity of the high burn-up fuel during stor-
age. Nevertheless, the recovery in the thermal
conductivity measured at 217 �C after annealing at
452 �C amounted to 5–9% of the irradiated value
(Table 7). Thus, a temperature of 452 �C was clearly
insufficient to remove the bulk of the point defects
created by alpha decay during storage of the spent
fuel. This is consistent with the finding that the
coefficient A in Eq. (2) varies little with annealing
temperature below 800 K (527 �C). The latter being
the onset temperature for the first recovery step
associated with the removal of out-of-pile radiation
damage (see Fig. 15).

8.4. Effect of the high burn-up structure on the

thermal conductivity of UO2 fuel

It is evident from Fig. 14 that the formation of the
high burn-up structure produced a marked increase
in the thermal diffusivity and hence in the thermal
conductivity in the outer region of high burn-up fuel.
The data points in Fig. 14, with the exception of that
for r/r0 = 0.08 in the high burn-up fuel, are repro-
duced in Fig. 16 and regression lines are drawn
through the data points at burn-ups below
60 MWd/kgHM, which is generally taken as the
local burn-up threshold for the formation of the high
burn-up structure, and through the data points
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Fig. 16. Influence of the presence of the high burn-up structure on the
the fuel at a local burn-up of 100 MWd/kgHM the high burn-up structur
marks the burn-up at which the HBRP disc fuel had fully transfórmed
above 80 MWd/kgHM at which a large percentage
of the fuel microstructure has been transformed to
the high burn-up structure. If it is accepted that the
regression line for the data below 60 MWd/kgHM
represents the changes in the thermal diffusivity of
the fuel due to the build-up of fission products and
in-pile irradiation damage with burn-up, then it is
apparent that if the high burn-up structure had not
formed the thermal diffusivity at 100 MWd/kgHM,
would have fallen to 3.8 · 10�7 m2 s�1. As a conse-
quence of the formation of the high burn-up struc-
ture, however, the thermal diffusivity of the fuel at
100 MWd/kgHM is actually 5.9 · 10�7 m2 s�1; that
is, 55% higher than the value expected to result from
the degradation caused by the build-up of fission
products and point defects in the fuel lattice at this
burn-up. Clearly, the increase in thermal diffusivity
and conductivity caused by the formation of the high
burn-up structure is a consequence of the removal of
fission product atoms from the fuel lattice and heal-
ing of radiation defects that accompanies recrystalli-
sation of the fuel grains (part of the formation
process of the high burn-up structure). Evidently,
the decrease in thermal diffusivity and conductivity
caused by the porosity of the high burn-up structure
is small compared with the increase caused by the
fall in the concentrations of impurity atoms and
point defects in the lattice.

The role of the pores of the high burn-up struc-
ture as sinks for the fission gas expelled from the
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fuel lattice during recrystallisation is more impor-
tant than their effect as barriers to heat transport.
In Fig. 17 the local thermal conductivity of the high
burn-up fuel is plotted against the local radial tem-
perature during the last irradiation cycle. Regres-
sion lines are drawn through the data points lying
between the fuel centre and r/r0 = 0.5 and through
the data points in the outer region of the fuel at
r/r0 = 0.6, 0.7 and 0.81. The former line represents
the effect of temperature on the thermal conductiv-
ity of the fuel at a burn-up of about 90 MWd/
kgHM and a porosity of 3–6%. It reveals that if
the high burn-up structure had not formed the ther-
mal conductivity of the fuel would have fallen to at
least 1.1 W m�1 K�1 at r/r0 = 0.81. (The same con-
ductivity value is calculated from the thermal diffu-
sivity data in Fig. 16 if the as-fabricated fuel density
of 95% TD is taken for the untransformed fuel.)
Also shown in Fig. 17 is the thermal conductivity
of the recrystallised fuel in the outer region of the
pellet assuming it to contain 5% porosity instead
of the higher measured values of 8 and 10.3% (see
Fig. 5). It can be seen that the thermal conductivity
of the less porous, recrystallised fuel is substantially
higher than that calculated from the measured local
thermal diffusivity and the measured local porosity.
The thermal conductivity of the recrystallised fuel at
5% porosity was calculated using Eq. (10), which is
recommended by Brandt and Neuer [34] for this
purpose.

k0 ¼
kp

½1� aP � ; a ¼ 2:6� 05t; ð10Þ

where P is the porosity fraction, kp is the thermal
conductivity of UO2 with porosity P, k0 is the ther-
mal conductivity of UO2 of theoretical density, and
t = T(�C)/1000.

From Fig. 17 it is clear that recrystallisation
increased the thermal conductivity in the outer region
of the fuel at 217 �C by between 29% and 77%,
whereas the porosity created by the gas swept out
of the grains resulted in a decrease of 11–15%. It will
be noted that the inflection in the radial thermal con-
ductivity profile does not occur at r/r0 = 0.66, which
is the penetration limit of the high burn-up structure
reported by Manzel and Walker [23], but deeper in
the fuel at r/r0 = 0.51. Between r/r0 = 0.51 and
0.66, however, the fuel microstructure is closely
related to the high burn-up structure (see Fig. 9,
Ref. [23]). It is a mixture of untransformed and
recrystallised UO2 grains. The porosity in this region
also increases (see Fig. 5) as the extent of recystallisa-
tion increases. The pores, however, do not exhibit the
facetted morphology that is characteristic of the gas
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pores of the high burn-up structure. This can be
accounted for by the fact that at the radial positions
in question recrystallisation had been preceded
by thermal fission gas release earlier in the irradiation
[23]. The increase in thermal conductivity found
between r/r0 = 0.51 and 0.66 is undoubtedly a conse-
quence of the occurrence of recrystallisation in this
region.

As already mentioned the fuel disc samples used
for laser flash measurements exhibit a propensity to
fragment during recovery studies when the anneal-
ing temperature exceeds the local irradiation
temperature in the last reactor cycle. Regrettably,
the disc sample used to investigate the variation in
the thermal diffusivity with radial position frag-
mented at about 610 �C. This corresponds to the
irradiation temperature at r/r0 = 0.81 (see Fig. 1),
which means that the thermal diffusivity measure-
ments on the sample were all made at temperatures
below the irradiation temperature in the last fuel
cycle. In fact, depending on the radial position the
difference between the maximum annealing temper-
ature of 452 �C and the irradiation temperature in
the last cycle varied from 153 �C at r/r0 = 0.81 to
385 �C at r/r0 = 0.08. Consequently, the recovery
in the thermal conductivity observed during anneal-
ing was that resulting from the healing of self-radi-
ation damage during the storage of the fuel.

9. Conclusions

The thermal conductivity of UO2 nuclear fuel
decreases with burn-up. The decrease is mainly
caused by the build-up of fission product atoms
and point defects resulting from radiation damage
in the UO2 lattice, both of which act as scattering
centres for phonons. Thermal annealing of the spent
fuel results in the recovery of the thermal conductiv-
ity. This occurs in two distinct steps. The first step
occurs in the temperature range 800–1000 K (527–
727 �C) and is associated with the removal of point
defects produced by out-of-pile radiation damage.
The second step occurs in the temperature range
1150–1400 K (877–1127 �C) and is attributed to fur-
ther annealing of self-irradiation, the onset of anni-
hilation of in-pile radiation damage and the removal
of fission product atoms in solid solution in the fuel
matrix to form voids and precipitates. Thermal
annealing at temperatures below 800 K (527 �C)
results in slight recovery of the thermal conductivity
amounting to less than 10% of the value for the irra-
diated fuel. This recovery is due to the partial heal-
ing of point defects created by self-irradiation in the
time interval between discharge of the spent fuel
from the reactor and the measurement of the ther-
mal diffusivity. The bulk of the damage created dur-
ing this time is removed in the first recovery step.
The formation of the high burn-up structure has a
very positive effect on the thermal conductivity in
the outer region of the fuel. The thermal conductiv-
ity in this region of the fuel is much higher than
would be the case if the high burn-up structure
was not present. The increase in thermal conductiv-
ity caused by the formation of the high burn-up
structure is a consequence of the removal of fission
product atoms and radiation defects from the fuel
lattice during recrystallisation of the fuel grains
(an integral part of the formation process of the
high burn-up structure). The role of the pores of
the high burn-up structure as sinks for fission gas
expelled from the fuel lattice during recrystallisation
is more important than their effect as barriers to
heat transfer. In the outer region of the fuel,
between r/r0 = 0.81 and 0.66, the porosity of the
high burn-up structure reduced the increase in ther-
mal conductivity caused by recrystallisation by
between 35 and 50% at 217 �C.
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