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a b s t r a c t

In plutonium compounds, the lattice parameter increases due to self-radiation damage by a-decay of plu-
tonium isotopes. The lattice parameter change and its thermal recovery in plutonium and uranium mixed
dioxide (MOX) were studied. The lattice parameter for samples of MOX powders and pellets that had
been left in the air for up to 32 years was measured. The lattice parameter increased and was saturated
at about 0.29%. The change in lattice parameter was formulated as a function of self-radiation dose. Three
stages in the thermal recovery of the damage were observed in temperature ranges of below 673 K, 673–
1073 K and above 1073 K. The activation energies in each recovery stage were estimated to be 0.12, 0.73
and 1.2 eV, respectively, and the corresponding mechanism for each stage was considered to be the
recovery of the anion Frenkel defect, the cation Frenkel defect and a defect connected with helium,
respectively.

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

Nuclear fuels are left under non-operating conditions during
periodic inspections or when there is trouble in the plant. In some
cases fresh fuels are also kept for several years until loaded into the
core. In the case of plutonium and uranium mixed oxide (MOX)
fuels used as fast reactor fuels, radiation damages accumulate in
the fuel pellets during the storage time due to a-particles produced
from spontaneous decay of actinide elements at low temperature.
In several studies [1–4], the radiation damages were found to affect
physical properties of the pellets, i.e., lattice parameter, electrical
resistivity and thermal conductivity. Such variations of physical
properties might affect irradiation behavior when the reactor is
restarted.

Studies of radiation damage of PuO2, AmO2 and CmO2 have
been carried out [5–11]. The following relationship between lattice
parameter and storage time was obtained for 238PuO2, 239PuO2,
240PuO2, 241AmO2, 244CmO2:

Da=a0 ¼ A1 � exp 1� ð�B1 � k� tÞf g; ð1Þ

where a0 is the lattice parameter just after preparation, Da is the
increment of lattice parameter caused by self-radiation, A1 and B1

are constants, k is the decay constant of actinide isotope and t is
ll rights reserved.

: +81 29 282 9473.
time for storage. However, it should be pointed out that Eq. (1)
cannot be applied directly to plutonium and uranium mixed oxide
(MOX) because plutonium includes several isotopes having differ-
ent decay constants.

Weber [12–14] examined thermal recovery of lattice defects
in a-irradiated UO2 and found three recovery stages from which
it was concluded that the three stages corresponded to recoveries
of the three different types of defects, i.e., anion Frenkel defects,
cation Frenkel defects and defects composed of isolated helium
trapped in a vacancy. There are no data on recovery for MOX.
In this work, the rate of the lattice expansion and the thermal
recovery due to the self-radiation damage for MOX were
investigated.
2. Experimental

2.1. Sample preparation

The mixed oxides with various Pu contents were prepared by
mechanical blending method [15]. The mixed oxide sample charac-
teristics are summarized in Table 1. Samples A–D were prepared
from the same material powders of UO2 and MOX with plutonium
content of 48.6 wt%, which was obtained by co-conversion of ura-
nium plutonium mixed nitrate. Plutonium isotope ratios of the
samples are shown in Table 2 together with half-life and decay
constant of a-decay. The samples were sintered at 1973 K for 2 h
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Table 1
Samples.

Sample Pu content (wt%) Density (% TD) O/M ratio Storage time (days) Sample form during storage

After sintering After storage

Sample A 29.7 95.1 2.00 2.00 626 Powder
Sample B 39.9 94.8 2.00 2.00 626 Powder
Sample C 45.0 94.7 2.00 2.00 626 Powder
Sample D 48.6 94.9 2.00 2.00 626 Powder
Sample E 17.4 92.6 1.99 1.99 11 688 Pellet
Sample F 18.9 92.5* 1.99 1.99 5903 Pellet
Sample G 30.0 85.0* 1.97 2.01 8794 Pellet
Sample H 27.9 92.8* 1.97 1.97 5478 Pellet

* Samples were prepared by use of pore former Avicel.

Table 2
Isotope ratios of samples [Isotope/(Pu + Am)], half time and decay constant.

Half-life (year) Decay constant (S�1) Isotope ratio (%)*

Samples A–D Sample E Sample F Sample G Sample H

Pu-238 87.74 2.505 � 10�10 1.07 1.10 0.97 1.07 1.16
Pu-239 24 110 9.116 � 10�13 60.42 65.65 65.59 65.00 65.15
Pu-240 6563 3.349 � 10�12 25.34 22.83 22.78 23.05 23.12
Pu-241 3.2 � 105 6.869 � 10�14 6.14 6.55 3.11 4.04 6.43
Pu-242 3.733 � 105 5.888 � 10�14 4.31 3.87 3.87 4.13 4.14
Am-241 432.1 5.086 � 10�11 2.73 2.91 3.67 2.70 3.49

* At the time of fabrication.
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Fig. 1. The change ratio of lattice parameter as a function of storage time.
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in flowing gas of Ar/5% H2 and then annealed at 1123 K for 5 h
under the condition that D�GO2 ffi �400 kJ/mol to adjust O/M to
2.00. Pellet samples were crushed and milled to powder and left
in air for about 2 years before measuring the lattice parameter. It
was confirmed that O/M ratio of the samples did not change and
remained as 2.00 ± 0.005 for about 2 years. A portion of sample D
was stored in air as pellets and was provided for helium analysis.

The pellets of samples E–H were fabricated in 1975, 1991,
1983 and 1992, respectively for irradiation tests and were stored
in sample containers sealed in air. The O/M ratios and isotope
ratios of the samples are shown in Tables 1 and 2. The O/M ra-
tios were adjusted to hypo-stoichiometric composition (1.97–
1.99). In the case of sample G, the O/M ratio changed from
1.97 to 2.01 after 15 years. No change of the O/M was observed
for the other samples. The homogeneity of plutonium was con-
firmed by the a-autoradiography method and electron probe mi-
cro analyzer. There was no significant plutonium enriched zone
in the samples.

2.2. Analysis of samples

Isothermal annealing was done to samples A–D having pluto-
nium contents of 29.7, 39.9 and 48.6 wt% at 473–1473 K for 2 h.
Sample D was annealed for 4 and 6 h at temperatures of 673,
873, 1073 and 1273 K. Number of annealing per sample was just
one time. Oxygen partial pressure during annealing was controlled
by flowing Ar/H2/H2O gas in order to keep the O/M ratio constant.
A thermal gravimeter was used to check the change of the O/M ra-
tio during annealing.

The lattice parameter of samples, after storage, was measured
by X-ray diffraction (Rigaku RINT-1100). Diffraction patterns were
taken in 2h range from 110� to 145� using the Cu–Ka ray. Lattice
parameter was determined by Rietveld analysis, which allows
automatic evaluation of the lattice parameter.

The helium analysis was done for sample D. Samples were
heated at 973, 1073, 1173, 1273 and 1373 K for 0.5 h in vacuum.
The gas released from the samples was analyzed by mass spec-
trometer (ULVAC Mass Mate 100).
3. Results

3.1. Lattice parameter change

Analyses of X-ray diffraction patterns show that all samples
have the single fcc structure. Fig. 1 shows variation of Da=a0. Lat-
tice parameters increase with time and seem to saturate for
long-time storage. As seen in Fig. 1, the effect of the storage on lat-
tice expansion is enhanced in the case of the sample with high plu-
tonium content. This can be explained as production rate of lattice
defects is related to plutonium content.

Lattice expansion of actinide oxides such as 238PuO2, 239PuO2,
241AmO2 and 243CmO2 has been studied by several groups
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[1,3,4,8–11] and they reported that the fractional increase of lattice
parameter was well represented by Eq. (1). Eq. (1) can be applied to
oxides containing only one actinide isotope. However, MOX sam-
ples have multi-isotopes of plutonium with various isotopic com-
positions. The effective decay constant (k0 of the MOX fuel is
considered in this work:

k0 ¼ CPu

X
kiCi; ð2Þ

where CPu is plutonium content, ki is decay constant of plutonium
isotope and Ci is plutonium isotopic composition. A total of four
kinds of plutonium isotopes and one americium isotope are consid-
ered here: 238Pu, 239Pu, 240Pu, 241Pu and 241Am. The decay of 241Pu
to 241Am is not considered in estimating the effective decay con-
stant in Eq. (2), since the influence on k0 is evaluated as about 1%
during storage for 2 years.

The Da=a0 values plotted in Fig. 1 are re-plotted in Fig. 2(a) as a
function of k0t. The figure shows that the Da=a0 of samples with
various Pu contents are reproduced with a single curve as a func-
tion of k0t, which corresponds to self-radiation dose, in other
words, a-particle dose. Fig. 2(b) shows the relative expansion of
Da=a0 for samples E–H as a function of k0t. Using k0 for k in Eq.
(1), a modified equation is derived as follows:

Da=a0 ¼ A2 1� expðB2k
0tÞð Þ; ð3Þ

where A2 = 2.9 � 10�3 and B2 = �12 000.
The values of constants A2 and B2 are obtained by fitting Eq. (3)

to the data. As shown in Fig. 2(b), Eq. (3) can reproduce experimen-
tal data very well. This fact validates the idea of the effective decay
constant, in evaluating lattice expansion of MOX after storage.
According to Eq. (3), the relative expansion Da=a0, reaches a satu-
ration value after a sufficient storage time, and that value is ex-
pressed by the constant A2. So, the lattice parameter of MOX is
saturated after the increase of about 0.29%.

3.2. Thermal recovery

Fig. 3 shows the effect of isothermal annealing for 2 h on lattice
parameter. All data were tested by use of fresh samples. The verti-
cal axis of Fig. 3 is recovery fraction, which is expressed by the fol-
lowing relation:

F ¼ ðaS � aHTÞ=ðaS � aOÞ ¼ ðaS � aHTÞ=Da; ð4Þ
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where aS and aHT are lattice parameters before and after annealing,
respectively.

Thermal recovery behavior of MOX with different plutonium
contents might be correlated to each other and the behavior can
be expressed by a single curve as shown in Fig. 3. No plutonium
content dependence on thermal recovery is observed. The lattice
expansion due to self-radiation is completely recovered by anneal-
ing to 1473 K. The thermal recovery of MOX is also compared with
recovery of the other actinide oxides in Fig. 4. The thermal recovery
of UO2, PuO2 and (U,Th)O2 might be occurring in three stages. We-
ber [13] reported that the recovery occurred in three stages in UO2.
However, the recovery stages in the thermal recovery of MOX were
not clear.

Sample D was annealed for 2, 4 and 8 h, and its lattice parame-
ters were measured after the annealing. As shown in Fig. 3, the
thermal recovery of the sample annealed at 673 K for 2 h was esti-
mated to be F = 0.24. In the Fig. 5, the thermal recovery at 673 K
was not observed until 8 h. These observation results suggested
5 10 15
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OX dependence on k0t.
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Table 3
Results of gas analysis in MOX kept for 2 years.

Annealing
temperature (K)

Total amount of released
gases (ll)

Detected gases

973 0.7 H, H2, N, O, H2O, N2, CO,
O2, CO2

1073 1.0 H, H2, H2O, CO
1173 1.5 H, H2, H2O, CO
1273 4.1 H, H2, He, H2O, CO
1373 6.5 H, H2, H2O, CO
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Table 4
Comparison of constants A and B in Eq. (1).

A B

MOX 2.90E�03 1.22E+04
238PuO2 [8] 2.83E�03 1.08E+04
238PuO2 [4] 3.20E�03 1.11E+04
239PuO2 [1] 3.90E�03 0.87E+04
239PuO2, 238PuO2, 241AmO2 [3] 3.38E�03 1.23E+04
241AmO2 [10] 2.39E�03 1.34E+04
(U,Th)O2 [16] 8.4E�3 –
UO2

* [12] 4.5–7.9E�3 –

* Single crystal irradiated with a-particles.
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that some recovery process existed in the temperature range of
less than 673 K, and the recovery at 673 K occurred in a short time
of less than 2 h.

If the recovery was caused by elementary process, the recovery
rate increased with temperature. However, the recovery proceeded
slowly at 873 K and its rate decreased again at 1073 K. As observed
above, the thermal recovery rate did not increase with increasing
temperature. These results suggested that thermal recovery in
MOX occurred in at least three kinds of process which were
occurred in the temperature ranges of less than 673 K, 673–
1073 K and more than 1073 K. In previous works [8,11,14,16], it
was reported that the thermal recovery of PuO2, UO2 and
(U,Th)O2 occurred in three stages, which were explained by the
recoveries of three kinds of the lattice defects, anion Frenkel
defects, cation Frenkel defects and defects composed of isolated
helium trapped in a vacancy occurred. Their data were shown in
Fig. 4. The temperature ranges in which three kinds of recovery
occurred are almost same with those of the recoveries observed
in MOX. Therefore, it is assumed that the thermal recovery in
MOX proceeded by three kinds of process, and the three recovery
processes are called ‘‘Stage I”, ‘‘Stage II” and ‘‘Stage III”.

Total amount of gases and the gases detected are shown in Ta-
ble 3. The amount of gases released after heating increases at tem-
perature over 1173 K and the main detected gases are H2, H2O, CO
and CO2. The release of helium gas is only detected at 1273 K,
which occurs in the temperature region of Stage III. Therefore, it
is considered that the recovery is caused by migration of helium.

4. Discussion

4.1. Lattice expansion and self-radiation damage

The dependence of self-radiation dose on fractional increase of
lattice parameter of MOX is shown in Fig. 6 together with that of
other actinide oxides [8,11,13,16]. The data for dose dependence



Table 5
Comparison of activation energy in each thermal recovery.

Stage I (eV) Stage II (eV) Stage III (eV) References

MOX 0.12 0.73 1.2 This work
238PuO2 0.15 ± 0.05 – – [17]
PuO2 0.20 – – [6]
PuO2 0.23 – – [8]
UO2 1.5 2.2 [12]
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of lattice parameter are fitted by a modified Eq. (1) and the two
constants A and B appearing in Eq. (1) can be obtained; those val-
ues are shown in Table 4. As shown in Fig. 6, dose dependence of
the lattice parameter tends to saturate for all samples. The satura-
tion occurrence is attributed to the lattice parameter increase with
increasing number of lattice defects. The maximum lattice defect
concentration might be limited and controlled by the temperature
during radiation, the density and the grain size of samples. It
should also be pointed out here that self-radiation damage causes
a number of lattice defects, including some kinds of Frenkel pairs
(Frenkel defects) and some of them are annealed by a-recoil caus-
ing a temperature rise of the corresponding region. The concept is
also supported by Nellis [7]. Table 4 shows that values of A and B
with MOX have good agreement with those of PuO2.

4.2. Thermal recovery of self-radiation damage

As noted before, three kinds of lattice defects might be consid-
ered for MOX from Figs. 3 and 5. Consideration is given next to
thermal recovery behavior as corresponding to the type of lattice
defects of MOX. There are four types of lattice defects: anion Fren-
kel defects, cation Frenkel defects, defects composed of isolated he-
lium trapped in a vacancy and spike defects caused by recoil ions
produced by self-radiation. Since it can be considered that accumu-
lation of spike defects does not cause lattice expansion, each of the
three thermal recovery stages then corresponds to the recovery of
anion Frenkel defects, cation Frenkel defects and defects composed
of isolated helium trapped in a vacancy.

At first activation energy for recovery is calculated using ther-
mal recovery experimental data according to the following proce-
dure. It is assumed that recovery of the lattice parameter, ða� as;iÞ,
in each recovery stage is proceeded by a first order reaction accord-
ing to the following equation:

lnða� as;iÞ ¼ �Ki � t þ C0; ð5Þ

where a is lattice parameter after annealing time; t, as,i is saturated
lattice parameter of recovery stage; i, Ki is rate constant of recovery
stage; i, t is annealing time and C0 is a constant. The lattice param-
Table 6
Comparison of activation energy.

Temperature
(K)

Activation
energy (eV)

References

Thermal recovery of lattice
expansion in MOX

This work

Stage I <673 0.12
Stage II 673–1073 0.73
Stage III 1073–1573 1.2

Thermal recovery of point defects in irradiated UO2

Ui in UO2 <763 0.1–0.4 [18]
VU in UO2 853–1023 2.0–2.4 [19–21]
Oi in UO2 373–673 0.9–1.4 [19–22]
VO in UO2 973–1073 1.7–2.8 [19,18]

Diffusion in MOX
O in MO2±X 473–1273 0.2–0.7 [23]
U in MO2±X 1173–1873 1.6 [24,25]
Pu in MO2±X 1173–1873 1.42 [24,25]
eters recovery in the three recovery stages are estimated from Figs.
3 and 5 to be �0.0575% (0.25), �0.184% (0.80), �0.23% (1.0), respec-
tively, because three kinds lattice defects are recovered on anneal-
ing at 673, 1073 and 1473 K, respectively. The relationship between
lnða� as;iÞ and t for several temperatures can be easily obtained by
the annealing experiment done here, then the Ki values are deter-
mined for each temperature. The activation energy, E, can be esti-
mated from the following expression:

Ki ¼ K0 expð�E=kTÞ;

where k is the Boltzmann constant, K0 is a constant and T is temper-
ature. The rate constant, Ki, is obtained as follows:

K1 ¼ 0:002 expð�1400=TÞ; ð6Þ

K2 ¼ 0:80 expð�8500=TÞ; ð7Þ

and

K3 ¼ 5:0 expð�14000=TÞ: ð8Þ

Thus the activation energies for Stage I, Stage II and Stage III are
calculated as 0.12, 0.73 and 1.2 eV, respectively. The activation
energies obtained here are compared with those in the literature
[6,8,12,17] in Table 5. The activation energy of MOX for Stage I is
in agreement with that of PuO2, but it is smaller than that of
UO2. The activation energies of MOX for Stage II and Stage III are
also smaller than those of UO2 as shown in Table 5. The difference
in thermal recovery behavior between MOX and UO2 might be due
to the characteristics of the samples such as pellet density and
grain size which are related to sink density for interstitial atoms.
In addition, the difference might be explained by the fact that
MOX is composed of many cations having various ionic radii as dis-
cussed below.

Table 6 compares activation energies which correspond to ther-
mal recovery of lattice expansion in MOX obtained in this study,
thermal recovery of point defects in UO2 [18–22] and diffusion of
oxygen, uranium and plutonium ions in MOX [23–25]. As shown
in Table 6, uranium interstitial type defects can be annealed
around 763 K with an activation energy of 0.1–0.4 eV and oxygen
ions can migrate with an activation energy of 0.2–0.7 eV in the
temperature range from 473 to 1273 K. Since the lattice defects
in the first recovery stage can be completely recovered at temper-
atures below 673 K with low activation energy of 0.12 eV, the first
recovery stage is considered to correspond to the recovery of anion
Frenkel defects that can be easily annihilated with the lowest acti-
vation energy among the three kinds of defects noted above. The
total amount of helium gas atoms accumulated in the pellets dur-
ing two years is estimated to be about 45 ll, and only 0.07 ll of he-
lium can be detected at 1273 K and no release of helium gas atoms
can be detected at 1373 K.

The result might be explained by the fact that helium gas atoms
which are present very near the pellet surface can be released and
the other helium gas atoms which are trapped by a vacancy in the
lattice can be clustered into helium gas bubbles and they are
trapped by pores in the pellet. Such helium gas bubbles cannot
cause lattice expansion. Therefore, the third recovery stage is
considered to correspond to the recovery of defects composed of
Table 7
The change ratio of lattice parameter in each stage (%).

Total Stage I Stage II Stage III

MOX 0.29 0.08 0.15 0.06
UO2 [13] 0.84 0.29 0.30 0.25
(U,Th)O2 [16] 0.55 0.25 0.22 0.08
PuO2 [11] 0.34 0.15 0.13 0.06
PuO2 [8] 0.32 0.13 0.14 0.05
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isolated helium trapped in a vacancy, and as a result, the second
recovery stage is considered to correspond to the recovery of cation
Frenkel defects. This speculation for the thermal recovery mecha-
nism coincides with the results reported for UO2 and (U,Th)O2

[13,16]. The third thermal recovery stage with PuO2 has not been
discussed in the literature. However, the third recovery stage can
be clearly found above 1073 K with PuO2 in Fig. 4.

The lattice expansion of each recovery stage to the total lattice
expansion is estimated from Figs. 3 and 5 and is summarized in Ta-
ble 7. The data of UO2, (U,Th)O2 and PuO2 are also shown there for
comparison. The lattice expansions of three recovery stages with
MOX are 0.08%, 0.15% and 0.06%, respectively. On the other hand,
those of PuO2 are 0.15–0.13%, 0.13–0.14% and 0.05–0.06%. This
means that the contribution of oxygen Frenkel defects on lattice
expansion in MOX is small compared with PuO2. The contribution
of metal Frenkel defects and defects composed of isolated helium
trapped in a vacancy to lattice defects is almost the same for each.

It might be considered that oxygen interstitial atoms tend to in-
crease the valence of cations and oxygen vacancies tend to de-
crease the valence, keeping electrical neutrality. This means that
oxygen interstitial atoms promote the change of uranium ions
from +4 to +5, and oxygen vacancies promote the change of pluto-
nium ions from +4 to +3, and these changes cause the lattice
expansion. The small contribution observed in the first recovery
stage might be due to the fact explained above. In addition, it
might be speculated that excess oxygen vacancy should cause
the saturation of oxygen interstitial atoms at low concentration
and the recovery with low activation energy if the MOX pellets
used in this experiment have a low density and small grain size,
i.e., high sink density for interstitial atoms. If this is true, the small
fraction of lattice expansion and the small activation energy for
recovery in the first stage can be easily accepted.

The recovery fractions F are calculated as a function of temper-
ature and annealing time using Eqs. (5)–(8), and the calculation re-
sults are shown in Fig. 7 together with experimental data. The
calculation reproduces the experimental data very well. The calcu-
lation results after annealing for 8 h shows recovery in three stages
as shown in Fig. 7(c). These results show that the recovery stages
are not observed clearly in the experimental data shown in
Fig. 3, because annealing time was too short.

5. Conclusion

Self-radiation damage of a-particles in MOX was examined in
this study. MOX samples stored for several decades remained in
good condition and lattice parameter changes during storage and
after annealing were measured in detail. The results obtained are
summarized as follows.

(1) An empirical equation could be derived and the equation
could predict the dependence of lattice parameter change
on self-radiation dose. The lattice parameter saturated after
expansion of about 0.29%.

(2) Three thermal recovery stages were observed and the mech-
anisms for these recoveries were considered to be due to the
recoveries of anion Frenkel defects, cation Frenkel defects
and defects composed of isolated helium trapped by a
vacancy. Their corresponding activation energies were esti-
mated to be 0.12, 0.73 and 1.2 eV, respectively.

(3) Lattice expansion due to self-radiation with MOX was small
compared with those for UO2 and PuO2, and it was explained
by the fact that lattice expansion of MOX due to oxygen
interstitial atoms was smaller than that of other actinide
oxides.
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