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Recovery behavior of thermal conductivity in irradiated U O  2 pellets 
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Abstract  

The thermal conductivity of irradiated UO 2 pellets was analyzed based on the results of X-ray diffraction and TEM 
observations, The thermal conductivity degradation of irradiated UO 2 pellets may be classified as due to the effects of 
soluble FPs, irradiation-induced point defects and extended defects such as microbubbles. A thermal conductivity formula 
was obtained by using Klemens'  theory. The formula could express the thermal conductivity of UO 2 pellets containing 
impurities, irradiation-induced point defects, and irradiation-induced microbubbles. The thermal conductivity recovery of the 
irradiated UO 2 pellets which was observed in out-of-pile data at about 1100 K could be expressed by considering the 
phonon scattering of irradiation-induced point defects and the lattice parameter recovery of irradiated UO 2. © 1997 Elsevier 
Science B.V. 

I. Introduction 

Thermal conductivity of fuel pellets is one of the most 
important thermal properties necessary to calculate fuel 
temperature. For high bumup fuels, fission products (FPs) 
accumulate in fuel pellets. The increased crystal lattice 
strain caused by irradiation-induced point defects and for- 
mation of microbubbles are also observed in irradiated 
UO 2 pellets [1-3]. The pellet thermal conductivity is 
affected by these impurities and irradiation-induced de- 
fects, and it is necessary to evaluate the quantitative 
changes in the thermal conductivity due to impurities and 
irradiation defects. 

The thermal conductivity of UO 2 pellets irradiated in a 
material test reactor up to 10 21 fissions cm 3 has been 
measured [4-12] and it was found that the thermal conduc- 
tivity was degraded at temperatures below about 800 K 
with increasing burnup, and that thermal conductivity re- 
covery occurred. However, for (U, Pu)O 2 irradiated up to 
burnup 35 G W d / t U  in an FBR [13,14], the burnup depen- 
dence of the thermal conductivities and the thermal con- 
ductivity recovery were not clear. 

The thermal conductivity degradation by soluble FPs 
has already been formulated [15,16], but the effects of 

* Corresponding author. Tel.: + 81-29 266 2131 ; fax: + 81-29 
266 2589; e-mail: amaya@nfd.co.jp. 

crystal lattice strain caused by irradiation-induced point 
defects and that of microbubbles were not quantified. In 
this paper, the thermal conductivity of irradiated UO 2 
pellets were evaluated based on the literature data. The 
evaluation were used to quantify the effects of irradiation- 
induced defects on the thermal conductivity and to explain 
the thermal conductivity recovery behavior. 

2. Thermal  conduct ivi ty  of  irradiated UO 2 

Thermal conductivity of irradiated UO 2 pellets is af- 
fected by irradiation conditions such as irradiation temper- 
ature and irradiation dose[4], because the structure of the 
irradiation-induced defects changes with these irradiation 
conditions [4]. Measured temperature ranges used by dif- 
ferent researchers are summarized in Table 1. 

Ross [5] measured the thermal conductivities of irradi- 
ated samples by using a longitudinal heat flow method. A 
thermal conductivity degradation of 26% at 333 K was 
obtained for the samples of 2 X 10 16 fissions cm 3 rela- 
tive to unirradiated UO 2. 

Daniel et al. [6] measured the thermal conductivities of 
UO 2 by using a heat flow method. They observed degrada- 
tion of about 50% at room temperature and thermal con- 
ductivity recovery at 423 K, 573 K and 1073 K at 1.1 × 
1019 fissions cm 3. Above 1.4 × 1019 fissions cm 3, the 
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Table 1 
Summary of irradiation doses and irradiation temperatures used by different researchers 

77 

Researchers Irradiation dose/fission cm-3 Irradiation temperature (K) 

Ross [5] 
Daniel et al. [6] 
Hawkings and Robertson [7] 
Clough and Sayers [8] 
Stora et al. [9] 
Daniel and Cohen [10] 
Nakamura et al. [12] 

2 X 1016-7 X 10 t8 
1.4 X 1018-1.1 X 1019 
101s_10 Is 
5 X 1017-1.5 X 1019 

< 7 x 1017 
< 28 X 1020 
16 × 102° (63 GWd/tU) 

< 723 
< 373 
< 773 
< 773 

thermal conductivities were degraded monotonously in 
proportion to irradiation dose. 

Hawkings and Robertson [7] measured the effective 
thermal conductivities of fuel elements and observed ther- 
mal conductivity degradation of pellets irradiated below 
773 K. The degradation tendency above 1018 fissions 
cm -3 was smaller than that below 1016 fissions cm -3. 

They also measured the effective thermal conductivities of 
stoichiometric UO 2 up to 1473 K. Their results showed a 
clear thermal conductivity degradation due to irradiation- 
induced defects below 1000 K and a tendency for the 
thermal conductivity to saturate at around 3.5 W m -  i K -  

below 1000 K. 
Clough and Sayers [8] measured the thermal conductiv- 

ities of the fuel pellets directly by using a radial heat flow 
method. They observed thermal conductivity degradations 
of 50% and 20% at irradiation temperatures of 453 K and 
593 K, respectively, and no apparent thermal conductivity 
changes at an irradiation temperature of 793 K, at 1.5 X 
1019 fissions cm -3. They annealed samples with irradia- 
tion doses from 1018 to 5 × 1018 fission cm 3 and found 
thermal conductivity degradations due to irradiation-in- 
duced defects formed at 453 K and 593 K were recovered 
at 723 K and 1023 K, respectively. However, no thermal 
conductivity recovery was observed for samples above 

1019 fissions cm -3. They also observed no apparent ther- 
mal conductivity degradation in the temperature region 
from 773 to 1873 K below 4 × 1019 fissions cm 3. 

Stora et al. [9] measured the effective thermal conduc- 
tivities of fuel pellets and observed no apparent thermal 
conductivity degradation in the temperature region from 
773 to 1573 K below 7 X 1017 fissions cm -3. 

Daniel and Cohen [10] measured the effective thermal 
conductivity of UO 2 pellets and observed thermal conduc- 
tivity degradations of 20% and 50% for burnups of 5 X 1020 
and 28 X 1020 fissions cm -3, respectively, in comparison 

with unirradiated UO 2. 
Marchandise [11] analysed the thermal conductivity 

data of Daniel and Cohen [10] and reported the thermal 
conductivities of 40 G W d / t U  burnup pellets were de- 
graded to those of 73% and 90% for unirradiated ones at 
773 and 1773 K, respectively. 

Nakamura et al. [ 12] measured the thermal diffusivities 
of irradiated UO 2 pellets, which were prepared from a fuel 
rod irradiated in a material test reactor up to 63 G W d / t U ,  
by using a laser flash method, and observed thermal 
diffusivity recovery due to sample annealing in the temper- 
ature region above about 1000 K. 

Fig. 1 compares the thermal conductivities for irradi- 
ated UO 2 as reported in these major studies. 
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Fig. 1. Comparison between thermal conductivities for high burnup irradiated UO 2 pellets as reported in major studies. 
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3. Data for estimation of  thermal conductivities for 
irradiated UO 2 pellets 

We used the following two reports of thermal conduc- 
tivity data for estimating the thermal conductivities of high 
burnup irradiated UO 2 pellets above 5 × 1020 fission cm 3 
(20 GWd/ tU) :  (1) Daniel and Cohen [10] and (2) Naka- 
mura et al. [12]. 

Daniel and Cohen [10] obtained the following equation 
to express the effective thermal conductivities of UO 2 
pellets irradiated up to 28 X 1020 fissions cm 3 

A~= 1/(Ao' + x+fz) ,  (1) 
where Air r is the in-pile thermal conductivity of U O  2 

pellet; A 0 is the thermal conductivity of unirradiated UO 2 
pellet; X is the thermal resistivity due to irradiation de- 
fects which occurred before the first in-pile measurements 
were made; f is the fission depletion in 10 20 fissions 
cm-3;  and Z is the thermal resistivity increase per 10 -20 
fissions - I  cm 3. The initial average fuel density was 10.6 
g / c m  3 (97% theoretical density) and the initial average 
fuel porosity was 3%. We assumed that the fuel average 
porosity was unchanged during irradiation. 

Nakamura et al. [12] reported only the thermal diffusiv- 
ities of irradiated UO 2 (burnup: 63 G W d / t U )  samples. 
Therefore, we converted the thermal diffusivity into the 
thermal conductivity using the following equation: 

• ~ = O l C p p ,  (2) 

where A is the thermal conductivity of the sample; cx is 
the thermal diffusivity of the sample; Cp is the specific 
heat capacity; and p is the sample density. They did not 
state the sample density explicitly. Therefore, we assumed 

that the initial sample density was 10.4 g / c m  3 (95% 
theoretical density), the initial sample porosity was 5%, 
and the sample porosity was unchanged during irradiation. 
Since the difference between the specific heat capacity of 
UO 2 and soluble simulated FP-doped UO 2 is about 2% 
even at simulated burnup 90 G W d / t U  [15], we used the 
specific heat capacity of UO e [17] as that of the irradiated 
UO 2 sample. 

4. Discussion 

After ceramic materials such as A120 3, SiC and AIN 
are irradiated, their thermal conductivities are decreased 
and are close to being independent of the temperature 
[18,19]. From the discussions using Price's theory [20], the 
decrease of thermal conductivities was caused by the 
irradiation-induced impurities, point defects, dislocations 
and vacancy/interstitial clusters. This fact indicates that it 
is necessary to consider the effects of irradiation-induced 
detects on thermal conductivities as well as those of 
impurities, in order to analyse the thermal conductivity 
changes of irradiated UO 2 pellets. 

4.1. Recorder)" beha~'ior o f  irradiation-induced dejects in 

irradiated UO 2 

The temperature ranges for irradiation defect recovery 
and microbubble growth, based on Refs. [1-3], are sum- 
marized in Fig. 2. We considered that the thermal conduc- 
tivity changes of irradiated UO 2 pellets could be classified 
as to the effects of irradiation-induced point defects, fis- 
sion products and irradiation-induced microbubbles. 
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Fig. 2. The temperature range for irradiation defect recovery and microbubble growth based on Refs. [1,1,3]. 
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4.2. The effects of  point defects and extended defects on 
thermal conductivity of  UO 2 pellet 

The thermal conductivity of UO 2 pellet containing 
point defects, such as impurities (FPs, Gd 3+, us+) ,  is 
expressed as follows [15,21-25]: 

Ap = Aotan I x ~ x +  CT 3, (3) 

where Ap is the thermal conductivity of UO 2 pellet con- 
taining point defects; A 0 is the thermal conductivity of 
pure UO2; x is the phonon scattering parameter which 
expresses the degree of phonon scattering by point defects; 
C is a coefficient which express the other effects except 
thermal conductivity by phonons; and T is the temperature 
in K. From our previous work [15], the phonon scattering 
parameter of UO 2 pellets, x, can be expressed using the 
concentration of impurities as follows: 

x = Z [OiYi]ll2Alo/2, (4) 
i 

where D i is the coefficient which expresses the effect of 
impurity i on the thermal conductivity; and Ys is the 
metallic fraction of i. 

The thermal conductivity degradation of UO 2 pellet by 
extended defects is expressed as follows [23]: 

Ax/A o = 1 - x o t a n -  t( 1/Xo),  (5) 

where A x is the thermal conductivity of UO 2 pellet which 
has extended defects; Xo is the parameter which expresses 
the degree of phonon scattering by the extended defects, 
and Xo can be expressed as follows: 

Xo = [3c%/ (uL)]  '/2, (6) 

where a 0 is the thermal diffusivity of pure UO 2 [26], 
a o = 1/(0.46586 + 0.087386T) in cmZ/s; u is the group 
velocity of phonons in UO 2 crystal, u = 3.09 × 105 cm/s ,  
which was evaluated from the elastic constants [17]. L is 
the mean free path of a phonon in UO 2 and it is expressed 
as follows: 

1 / L  = NA = N~rR 2, (7) 

where N is the number density of extended defects; A is 
the cross-section of an extended defect; and R is the radius 
of an extended defect. 

High concentrations of point defects and extended de- 
fects coexist in high bunmp fuel pellets. According to 
Klemens' theory [21-23], the phonon thermal conductivity 
of ceramics is expressed as follows using phonon mean 
free path 

i ' % C  f h =  3 f ° { ( ) v ( f ) l ( f ) } d f ,  (8) 

where C ( f )  is the heat capacity of a material per unit 
volume; v ( f )  is the velocity of a lattice wave and l ( f )  is 

the phonon mean free path. / is changed due to the phonon 
scattering mechanism and each contribution to the thermal 
conductivity in high burnup fuel pellets is expressed as 
follows: 

1/ l  = l / l  i + 1/lp + l / l × ,  (9) 

where li is the intrinsic phonon scattering mean free path 
due to the Umklapp process; lp is the phonon scattering 
mean free path due to point defects; and I x is the phonon 
scattering mean free path due to extended defects. 

Substituting Eq. (9) into Eq. (8), we obtained the 
following equation after considering the lattice vibration 
frequency dependence of each phonon scattering process 
[22]: 

A s = AoK[0 , t a n - ' ( 1 / 0 , )  - 02 tan-  ' ( 1 / 0 2 )  ] + CT 3, 

(lO) 

where 

K = 1/71 - 4X2X 2 , (11) 

0,  = + ( 1 2 )  

In this paper, we assumed that the point defects were 
soluble FP atoms and the irradiation-induced point defects, 
and the extended defects were microbubbles. 

The lattice strains formed by the irradiation-induced 
point defects recovered at around 900 K [1] and the 
concentration of the soluble FP is increased nearly in 
proportion to burnup. According to the X-ray diffraction 
results of Une et al. [27], the lattice parameters of irradi- 
ated UO 2 pellets also increased nearly in proportion to 
bumup below about 50 G W d / t U  due to the accumulation 
of irradiation-induced point defects. Therefore, we made 
the following assumptions: 

(1) the concentration and the lattice strain of the irradia- 
tion- induced point defects are increased in proportion to 
burnup, 

(2) the recovering process of the irradiation induced 
point defects can be expressed using the Weibul function 
and 

(3) the degradation effect of thermal conductivity due 
to irradiation-induced point defects is equivalent to that of 
FP atoms. 

Using these assumptions, Eq. (4) can be rewritten as 

X = [DFp" E{I + A e x p ( - ( t / t r ) " ) ) ] i / 2 A l o / 2 ,  (14) 

where E is the burnup in GWd/ tU;  t is the temperature in 
°C; t r is the temperature of the recovering stage in °C; n is 
a coefficient. Dye is expressed by the following equation 
based on our previous work [15]: 

DFp = 6.69 × 10-3exp(--3.28 X 10-4T) .  (15) 
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Fig. 3. Comparison between the thermal conductivities of irradiated UO 2 pellets calculated from Eq. (10) and the measured ones by 
Nakamura et al. [12]. 

The coefficient  A shows the phonon-scat ter ing effects 
o f  irradiation-induced point defects  and we assumed that 
A = 1 for the l st- run data of  Nakamura  et al. [12] and 
A = 0 for all data of  Nakamura  et al. after being annealed 
above 1100 K. In order  to express  the lattice parameter  
changes  obtained by Nogita et al. [1], we used 650 as t r 
and 5 as n. 

The relat ionship be tween  the number  densi ty and the 

radius of  microbubbles  was obtained by Kashibe et al. [14] 
for irradiated UO 2 pellets which had burnup above about 6 
G W d / t U ,  and is expressed as follows: 

g = 1 0 1 9 1  ( 2  R )  - 2 " 6  , ( 1 6 )  

where  N is the number  density of  microbubbles  in c m - 3 ;  
and R is the radius of  microbubbles  in rim. 
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Fig. 4. Comparison between the thermal conductivities of irradiated UO 2 pellets (burnup: 60 GWd/tU)  calculated from Eq. (10) and the 
calculated ones from Eq. (1) by Daniel and Cohen [10]. 
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In TEM observations [1], the radii of micro-bubbles 
were from 1 nm to 10 nm for as-irradiated samples and 
about 10 nm for samples after annealing at 1300 K. To 
calculate the thermal conductivity of irradiated UO 2 pel- 
lets, it was necessary to evaluate the radius of microbub- 
ble, R, and we assumed that R was 1 nm for as-irradiated 
samples and before being annealed at 1300 K. 

Fig. 3 compares the values calculated using Eq. (10) 
with values measured by Nakamura et al. [12]. The calcu- 
lated values were slightly lower than measured ones. How- 
ever, the recovery behaviors of the thermal conductivity 
with temperature were in good agreement with each other. 
The difference between calculated and measured values 
may be caused by the sampling position of each sample for 
each examination, because the annealing conditions of 
irradiation-induced defects and the microstructure of sam- 
ples depend on the sampling position. Since Nakamura et 
al. [12] did not indicate the sampling position clearly, we 
found it necessary to adjust the coefficients in Eq. (10), 
considering the irradiation temperature at the sampling 
position. 

The measured values are close to the thermal conduc- 
tivity of soluble FP-doped UO 2 [15] after being annealed 
at 1200 K. Probably, the effects of irradiation-induced 
point defects on the thermal conductivity had almost van- 
ished at around 1000 K, in consideration of X-ray diffrac- 
tion results [1]. 

On the other hand, Daniel and Cohen [10] did not 
observe clear thermal conductivity recovery of UO 2 fuel 
pellets for the in-pile condition, and they reported that the 
coefficient, Z, in Eq. (1) was 1.0 and X lay between 0 and 
7.4. Fig. 4 compares values calculated using Eq. (10) and 
Eq. (1) for equivalent burnup of 60 G W d / t U  and X 
between 0 and 7.4. Since they may have averaged the 
in-pile data of various irradiation conditions, we show their 
results as the shaded band in Fig. 4. We assumed that the 
coefficients in Eq. (10) were similar to those Nakamura et 
al. [12] used. The calculated thermal conductivities based 
on Eq. (10) are in the shaded band calculated from assum- 
ing X =  0 and 7.4 in Eq. (1). 

5. Conclusion 

The thermal conductivities of irradiated U O  2 pellets 
were analyzed based on the results of X-ray diffraction and 
TEM observations. 

The thermal conductivity degradations of irradiated UO 2 
pellets may be classified into the degradation by soluble 
FPs and irradiation-induced point defects and that by 
extended defects such as microbubbles. The thermal con- 
ductivity formula which could be applied to UO 2 pellets 
containing impurities, irradiation-induced point defects, and 

irradiation-induced microbubbles was obtained by using 
Klemens'  theory. 

The thermal conductivity recovery of the irradiated 
UO 2 pellets which was observed in experimental data [12] 
at about 1100 K could be expressed by considering the 
lattice parameter recovery of irradiated UO 2. 
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