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Abstract

Thermal diffusivities of UO, and (U, Gd)O, pellets irradiated in a commercial reactor (maximum burnups: 60 GWd/
t for UO; and 50 GWd/t for (U, Gd)O,) were measured up to about 2000 K by using a laser flash method. The thermal
diffusivities of irradiated UO, and (U, Gd)O, pellets showed hysteresis phenomena: the thermal diffusivities of irra-
diated pellets began to recover above 750 K and almost completely recovered after annealing above 1400 K. The
thermal diffusivities after recovery were close to those of simulated soluble fission products (FPs)-doped UO, and
(U, Gd)O, pellets, which corresponded with the recovery behaviors of irradiation defects for UO, and (U, Gd)O,
pellets. The thermal conductivities for irradiated UO, and (U, Gd)O, pellets were evaluated from measured thermal
diffusivities, specific heat capacities of unirradiated UO, pellets and measured sample densities. The difference in relative
thermal conductivities between irradiated UO, and (U, Gd)O, pellets tended to become insignificant with increasing
burnups of samples. © 2002 Elsevier Science B.V. All rights reserved.

PACS: 28.41.Bm; 65.40.—b; 61.82.—d; 61-82.Fk

1. Introduction

With increasing burnup of light water reactor (LWR)
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important thermal properties for calculating the fuel
temperature during irradiation.
For high-burnup fuels, fission products (FPs) accu-
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affected by these FP impurities and irradiation-induced
defects, and it is necessary to evaluate the quantita-
tive changes in the thermal conductivity due to them. It
is well known that thermal conductivity of undoped
UO, pellets decreases with increasing amounts of point
defects such as soluble impurities and also with accu-
mulation of defect clusters. Therefore, the thermal con-
ductivity of fuel pellets is expected to degrade with
burnup due to the accumulation of FPs and irradiation-
induced defects.

The thermal conductivities of stoichiometric UO,
pellets irradiated in a material test reactor up to about
120 GWd/t (2.8 x 10*! fissions cm™ ) have been mea-
sured [4-12]. In particular, at temperatures below about
800 K, it was found that the thermal conductivities de-
graded in comparison with unirradiated UO, and sim-
ulated FPs-doped UQ,. After the irradiated samples
were annealed at temperatures above 1000 K, the ther-
mal diffusivities and thermal conductivities recov-
ered. However, for (U, Pu)O, irradiated up to burnups
of 35 GWd/tM in a fast breeder reactor (FBR) [13,14],
the burnup dependence of thermal conductivities and
the thermal conductivity recovery were not clearly ob-
served. In addition, there have been few studies on the
thermal conductivities of irradiated (U, Gd)O, pellets,
and the effect of gadolinium on the thermal conductiv-
ities of irradiated fuel pellets has not been clarified yet.

The thermal conductivity degradation by soluble FPs
has already been formulated [15,16], but the effects of
crystal lattice strain caused by irradiation-induced point
defects and of microbubbles were not sufficiently quan-
tified [17-19]. In this study, the thermal diffusivities of
UO, and (U, Gd)O, pellets were measured for base-
irradiated samples by using a laser flash method up to
2000 K, and their thermal conductivities were evaluated
by using the thermal diffusivities, measured sample
densities and specific heat capacities of unirradiated
UO,. The evaluation was carried out to quantify the
effects of irradiation-induced defects on thermal con-
ductivities and to explain the thermal conductivity be-
havior.

2. Experimental
2.1. Sample preparation

Since the fuel pellets irradiated in a commercial re-
actor generally have many radial cracks (and sometimes
circumferential cracks) and high radioactivity, micro-
samples have advantages of decreasing the crack effects
on the thermal diffusivity and of easier sample handling.
Therefore, an experimental method for thermal diffu-
sivity measurements was developed previously for small
samples [17].

The fuel pellets irradiated in a commercial reactor for
1-5 reactor cycles were sliced into disks of about 1 mm
thickness. From the disks, disk shaped or regular pris-
matic specimens were microsampled at a point between
the fuel rim and mid-radius (0.6 < r/ry < 0.9; r/ry:
relative radius of the pellet) of the slices. Their charac-
teristics are summarized in Table 1. Specimens U-1 and
U-2 were samples from the top region of a fuel rod.
Their irradiated temperatures were evaluated as about
750 K. Specimens U-3-G-4 were samples near the high-
est power position for fuel rods. Their irradiation tem-
peratures were evaluated as about 1100 K. Specimens
G-1-G-4 were obtained from the fuel rods using pellets
of doped gadolinia (Gd,0;) of 4.5 wt% (6.4 at.%).

For samples U-2 and U-5, thicknesses after the
thermal diffusivity measurements were measured and
porosity change was estimated. The theoretical densities
and porosities of samples were evaluated by considering
the mean atomic mass decrease with burnup. Sample
porosities were about 4%.

2.2. Thermal diffusivity measurement

Thermal diffusivities of irradiated samples were
measured by using a laser flash method. The apparatus
for irradiated samples (type: TC-7000UVH; produced
by Sinku-Riko) was shielded by iron and lead and
modified to allow operation by a remote control system.
Schematic diagrams of the apparatus were shown else-
where [17]. The sample with sample cell was kept in a
vacuum of less than 2 x 10~* Pa during experiments by
using turbo-molecular and oil-rotary pumps. The heat
source of the laser flash method was a ruby laser with the
maximum energy about 6 J. The laser power used was in
the range of about 2.5-3.8 J cm 2. A tungsten mesh
heater was used for heating the sample with sample cell.
The sample temperature was monitored by a W—5% Re/
W-26% Re thermocouple located near the sample
holder. Prior to thermal diffusivity measurements, an-
other thermocouple of Pt/Pt-Rh was inserted at the
sample position in order to obtain a calibration curve for
the temperature deviation due to radiation effect. Sample
temperatures during measurements were calibrated by
using the calibration curves.

The thermal energy was induced on one side of the
sample by shining a ruby laser beam for about 500 ps
and the temperature response of the other side was
measured by using an In—Sb infrared sensor. A half-time
method (Fourier method) [20] was used to analyze the
temperature responses. A logarithmic method (Laplace
method) [21] was also used to analyze them in order to
check the validity of thermal diffusivities.

The thermal conductivities were evaluated by multi-
plying the thermal diffusivity by the specific heat ca-
pacity and the sample density as follows:
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Table 1
Characteristics of irradiated UO, and (U, Gd)O, samples
Sample no.  Burnup Gd,0; conc.  Sample characteristics before Sample characteristics Theoretical
(GWdt) (Wt%) experiment after experiment density
-3
Sample Density Porosity Density ® Porosity® (g cm™)
shape? (g cm™?) (%) (g cm™?) (%)
U-1 8.5 0 1 10.45 4.39 - - 10.93
U-2 8.5 0 1 10.45 4.39 10.05 8.05 10.93
U-3 39.3 0 2 10.41 3.60 - - 10.80
U-4 42.7 0 2 10.39 3.68 - - 10.79
U-5 44.7 0 1 10.28 3.11 9.72 9.88 10.79
U-6 48.8 0 2 10.33 4.04 - - 10.76
U-7 50.1 0 3 10.32 4.10 - - 10.76
U-8 53.2 0 3 10.30 4.18 - - 10.75
U-9 56.0 0 2 10.23 4.74 - - 10.74
U-10 60.0 0 3 10.26 4.36 - - 10.73
G-1 435 4.5 (6.4 at.%) 2 10.24 3.67 - - 10.63
G-2 46.5 4.5 (6.4 at.%) 2 10.20 3.95 - - 10.62
G-3 48.8 4.5 (6.4 at.%) 3 10.19 4.00 - - 10.61
G-4 50.7 45 (6.4 at%) 3 10.17 4.14 - - 10.61

#(1) Disk shape specimen of 2 mm diameter and 1 mm thickness. (2) Regular prismatic (square) specimen of 2 mm sides and 1 mm
thickness. (3) Regular prismatic specimen (square) of 1.5 mm sides and 1 mm thickness.
°Value estimated from thickness change during the experiment.

A =aC,p, (1) 3. Results

3.1. Thermal diffusivities of irradiated UO, and

where 4, the thermal conductivity; o, the thermal diffu-
sivity; C,, the specific heat capacity and p, the sample
density. The specific heat capacities of irradiated UO,
and (U, Gd)O, were assumed to be the same as those of
unirradiated undoped UQO, [22], considering that the
difference in the specific heat capacities between un-
doped UO, and simulated soluble FPs-doped UO, and
(U, Gd)O, was about 2% even at a simulated burnup of
90 GWd/t [15].

Thermal diffusivity measurements were carried out in
the following sequence, based on consideration of prior
results of X-ray diffraction and TEM observations by
other researchers in our laboratory [1-3].

Run 1 measurement. from room temperature to
1200 K.

Run 2 measurement. from room temperature to
1500 K after Run 1 measurement.

Run 3 measurement: from room temperature to
2000 K after Run 2 measurement.

Some of the high-burnup samples were cracked
above 1500 K, and their thermal diffusivities could not
be measured above that temperature.

From the thermal diffusivity measurements of unir-
radiated UO, pellets having various sizes, the experi-
mental error of this apparatus was estimated for a
microspecimen to be within £6% in the temperature
region from 400 to 2000 K [17].

(U, Gd)O, pellets

The examples of the thermal diffusivities for irradi-
ated UO, and (U, Gd)O, pellets are shown in Figs. 1-4.
In these figure, thermal diffusivities of unirradiated UQO,,
(U,Gd)O, and SIMFUEL (SIMulated high-burnup
FUEL) pellets [15] are also shown for comparison.
Furthermore, dotted line in Fig. 1 shows the calculated
values in the case that no irradiation-induced defects
recover against temperature and chain line in Fig. 1 the
calculated values in the case that irradiation-induced
point defects recover against temperature [17].

In Fig. 1, the measured values agree well with the
chain line and begin to deviate from the dotted lines
in 700-800 K. This shows that the thermal diffusiv-
ity (conductivity) begins to recover at about 800 K,
mainly because of the irradiation-induced point defects
recovery [1].

The thermal diffusivities of irradiated UO, and
(U,Gd)O, pellets decrease with increasing burnup at
lower temperature.

3.2. Thermal conductivities of irradiated UO, and
(U, Gd)O; pellets

The examples of the thermal conductivities for irra-
diated UO, and (U, Gd)O, pellets are shown in Figs. 5-8.
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Fig. 1. Thermal diffusivities of U-3 sample. O, ©, @: measured
values, O: RUN 1, ©: RUN 2, @: RUN 3; —: unirradiated
U0, [23]; ----- : simulated soluble FPs-doped UO, (simulated
burnup: 39 GWd/t) [15]; -+« -+ : calculated values assumed
that irradiation-induced defects do not recovered against tem-
perature, —-—-— : calculated values assumed that irradiation-
induced defects recovered against temperature.
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Fig. 2. Thermal diffusivities of U-10 sample. O, ©, @: mea-
sured values, O: RUN 1, ©: RUN 2, @: RUN 3; —: unirra-
diated UO, [23]; ----- : simulated soluble FPs-doped UO,
(simulated burnup: 60 GWd/t) [15].

The thermal conductivities of unirradiated UO,,
(U,Gd)O, and SIMFUEL pellets [15] are also shown
for comparison. As shown in these figures, the ther-
mal conductivities of irradiated UO, and (U, Gd)O,
samples decreased, compared with those of unirradiated
pellets.

Since the thermal conductivity degradation of irra-
diated UO, pellets may be caused by the accumulation
of FPs and irradiation-induced defects, the measured
thermal conductivities of irradiated pellets were com-
pared with the calculated values in the following section.
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Fig. 3. Thermal diffusivities of G-1 sample. A, &, A: measured
values, A: RUN 1, &: RUN 2, A: RUN 3; —: unirradiated
U0, [23];----- : unirradiated (U, Gd)O, (Gd,0; concentration:
4.5 wt%) [15]; ——-— : simulated soluble FPs-doped (U, Gd)O,
(Gd,0; concentration: 4.5 wt%, simulated burnup: 44 GWd/t)
[15].
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Fig. 4. Thermal diffusivities of G-4 sample. A, &, A: measured
values, A: RUN 1, &: RUN 2, A: RUN 3; —: unirradiated
UoO, [23];----- : unirradiated (U, Gd)O, (Gd,0; concentration:
4.5 wt%) [15]; —-—-—: simulated soluble FPs-doped (U, Gd)O,
(Gd, 05 concentration: 4.5 wt%, simulated burnup: 51 GWd/t)
[15].

4. Discussion

4.1. Thermal conductivities of irradiated UO, and
(U, Gd)O; pellets

After ceramic materials such as Al,Os, SiC and AIN
are irradiated, their thermal conductivities decrease and
become close to constant values which are independent
of temperature [24,25]. From the discussions using
Price’s theory [26], it is seen the thermal conductivity
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Fig. 5. Thermal conductivities of U-3 sample. O, ©, @: mea-
sured values, O: RUN 1, ©: RUN 2, @: RUN 3; ------...

ey mm - : calculated values from Eq. (4); -+~ : before
point defect recovery; —-—- — : after point defect recovery; - - - - - :
after microbubble growth; —: unirradiated UO, [15]; — - -—- -
simulated soluble FPs-doped UO, (simulated burnup: 39 GWd/t)
[15].
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Fig. 6. Thermal conductivities of U-10 sample. O, ©, @:
measured values, O: RUN 1, ©: RUN 2, @: RUN 3; ------ ...
ey mm e : calculated values from Eq. (4); --------- : before
point defect recovery; —- —- — : after point defect recovery; -- - - - :
after microbubble growth; —: unirradiated UO, [15] — - -— - =
simulated soluble FPs-doped UO, (simulated burnup: 60 GWd/t)
[15].

decreases due to the irradiation-induced impurities,
point defects, dislocations and vacancy/interstitial clus-
ters. This fact indicates that it is necessary to consider
the effects of irradiation-induced defects on thermal
conductivities as well as those of impurities, in order to
analyze the thermal conductivity changes of irradiated
UO, and (U, Gd)O, pellets.

The temperature ranges for irradiation-defect recov-
ery and microbubble growth in irradiated UQO,, which
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Fig. 7. Thermal conductivities of G-1 sample. A, &, A: mea-
sured values, A: RUN 1, &: RUN 2, A: RUN 3; -+---0
ey mmm - . calculated values from Eq. (4); --------- : before
point defect recovery; —- —- — : after point defect recovery; - - - - - : after
microbubble growth; —: unirradiated UO; [15]; — — -+ — — -
unirradiated (U, Gd)O, (Gd,0; concentration: 4.5 wt%) [15].
— - —.-: simulated soluble FPs-doped (U,Gd)O, (Gd,0;
concentration: 4.5 wt%, simulated burnup: 44 GWd/t) [15].
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Fig. 8. Thermal conductivities of G-4 sample. A, &, A: mea-
sured values, A: RUN I, &o: RUN 2, A: RUN 3; -+--vtn
ey mmm e : calculated values from Eq. (4); -+------- : before
point defect recovery; —-—- — : after point defect recovery; ---- - :
after microbubble growth; —: unirradiated UO, [15]; — - -— - -=:
unirradiated (U, Gd)O, (Gd,0; concentration: 4.5 wt% 0) [15].
— - .— .- simulated soluble FPs-doped (U,Gd)O, (Gd,O;
concentration: 4.5 wt%, simulated burnup: 51 GWd/t) [15].

are based on [1-3], are summarized in Fig. 9. The ther-
mal conductivity changes of irradiated UO, and
(U,Gd)O, pellets can be classified as the sum of the
effects of irradiation-induced point defects, FPs and ir-
radiation-induced microbubbles.

High concentrations of point defects and extended
defects coexist in high-burnup fuel pellets. According to
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Fig. 9. Temperature ranges for irradiation-induced defect recovery and microbubble growth based on [1-3].

Klemens’ theory [27-29], the phonon thermal conduc-
tivity of ceramics is expressed as follows using phonon
mean free path:

, L™
A:§/O [C(V)u(v)I(v)]dy, (2)

where C(v), the heat capacity of a material per unit
volume; u(v), the velocity of a lattice wave; /(v), the
phonon mean free path; and v,,, the Debye frequency.
The phonon mean free path, /(v), changes due to the
phonon scattering mechanism and each contribution to
the thermal conductivity in high-burnup fuel pellets is
expressed as follows:

(1/1v)) = (1/ L) + (1/1,) + (1/1), 3)

where /,, the intrinsic mean free path of phonon scat-
tering due to the Umklapp process; /,, the mean free
path of phonon scattering due to point defects; and /,,
the mean free path of phonon scattering due to extended
defects.

Substituting Eq. (3) for Eq. (2) leads to the following
thermal conductivity formula for high-burnup fuel pel-
lets after considering the lattice vibration frequency de-
pendence of each phonon scattering process and the
other effects on the thermal conductivity except heat
conduction by phonons:

A = j.oK[(‘)] tan’l(l/Hl) — 0, t’dnil(l/@z)] + CT3, (4)

where 4y is the thermal conductivity of undoped UO,
[19]; K, 0, and 0,, the phonon scattering parameters
which express the degrees of phonon scattering by point
defects and extended defects [19]; C, a coefficient which
express effects other than thermal conductivity by pho-
nons [19]; and 7, the temperature.

Figs. 5-8 compares the values calculated using Eq.
(4) with those measured in this study. The measured
values agree with the calculated data successfully below
1700 K. Above 1700 K, experimental data are slightly
lower than the expected values. This decrease in thermal
conductivity can be explained by the porosity change
during experiments [17].

4.2. Burnup dependence on the thermal conductivity of
irradiated fuel pellet

The measured thermal conductivities were normal-
ized to the values of 96.5% TD (TD: theoretical density)
by using the Loeb’s equation:

Jn = Jm(1 — 0.035¢) /(1 — &P), (5)

where /,, the thermal conductivity normalized to that of
96.5% TD; Ay, the measured thermal conductivity; ¢, the
parameter which express the effect of pore shape on the
thermal conductivity of pellets; and P, the porosity
evaluated from the sample density. The parameter ¢ is
expressed as follows [30]:

£=2.6-5x10"%T(K) — 273.15). (6)
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Fig. 10. Burnup dependence of relative thermal conductivity
for irradiated fuel pellets at 1273 K. @, ¥: measured values; O,
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(Gd,O;5 concentration: 4.5 wt%); A: (U,Gd)O, (Gd, O;
concentration: 6 wt%) —: calculated by using Eq. (4) for UO,;
————— : calculated by using Eq. (4) for (U, Gd)O, (Gd, O; con-
centration: 4.5 wt%).

It was evaluated that the relative thermal conductivities
for all irradiated samples of this study to those of
unirradiated UO, pellets. Fig. 10 summarizes the rela-
tive thermal conductivities of irradiated UO, and
(U, Gd)O, pellets at 1273 K, which are nearly the av-
erage temperature of the fuel pellets during irradiation.
Data obtained by other researchers [12,31,32] are also
shown for comparison. As shown in Fig. 10, the relative
thermal conductivities of irradiated fuel pellets decrease
with increasing burnups, but it seems that the relative
thermal conductivities gradually saturate. The difference
of the relative thermal conductivity between irradiated
UQO; and (U, Gd)O, pellets tends to become insignificant
with increasing burnups. This suggests that the effects of
soluble FPs and irradiation-induced defects on the
thermal conductivity are larger than those of Gd,0; in
high-burnup fuel pellets.

The values calculated by using Eq. (4) agree well with
the measured data and the data obtained by other re-
searchers.

5. Conclusion

Thermal diffusivity was measured from room tem-
perature to 2000 K by a laser flash method for micro-
samples prepared from UQO, and (U, Gd)O, pellets
irradiated in a commercial reactor. Their thermal con-
ductivities were evaluated by multiplying the thermal
diffusivities by the specific heat capacities of unirradiated
UO; pellets and sample densities.

Thermal conductivities decreased with increasing
burnup at lower temperature, then began to recover

above about 800 K, and recovered completely above
about 1500 K, becoming quite similar to the values for
SIMFUEL (SIMulated high-burnup FUEL). The ther-
mal conductivities of irradiated UO, and (U, Gd)O,
pellets were analyzed based on the results of X-ray dif-
fraction and TEM observations. The recovery stages
of thermal conductivity corresponded with those of
the irradiation-induced defects. Good predictions were
made using the thermal conductivity expression of
Amaya and Hirai, considering the effects of irradiation-
induced defects.
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