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Abstract

A mixture of UO, and Gd,0; powders was pressed into compacts and sintered under various atmospheres ranging
from reducing to oxidizing gases. The sintered density of UO,—10 wt% Gd,O; pellets decreases with increasing oxygen
potential of the sintering atmosphere. Dilatometry and X-ray diffraction studies indicate that the delay of densification
takes place between 1300°C and 1500°C, along with the formation of (U,Gd) O,. A very large solubility of Gd,0; in
UO, relative to the reverse solubility might cause Gd ions to diffuse into UO, so directionally that new pores are
produced at the places of Gd,O; particles. The new pores may be difficult to shrink and thus lead to the density decrease
under an oxidizing atmosphere but not under a reducing atmosphere, because a driving force for the shrinkage of new
pores may be smaller under an oxidizing atmosphere than under a reducing atmosphere. © 2001 Elsevier Science B.V.

All rights reserved.

1. Introduction

UO,-Gd,0; fuel pellets are widely used as a burnable
absorber to suppress initial excess reactivity at the begin of
life (BOL) in LWRs. The fabrication method of
UO,-Gd,0; pellets has been developed based mainly on
that of UO, fuel pellets [1,2], and thus it includes the
processes of mixing or milling, pressing and sintering as
the fabrication method of UO, fuel pellets does. However,
UO0,-Gd,0s5 pellets are more difficult to produce than
UQ; pellets because the UO,—~Gd, 05 pellet is apt to have a
smaller grain size and an inhomogeneous Gd distribution
under the same sintering temperature and atmosphere.

The fabrication method of UO,-Gd,0; pellets has
been widely studied in order to improve the fuel prop-
erties. The effect of powder properties on the sintered
density, grain size and Gd homogeneity of UO,~Gd,03
pellets has been investigated [3,4]. Riella et al. [4] showed
that co-precipitated (U,Gd)O, powder was better in
getting a homogeneous Gd distribution than any other
powder. The effect of sintering atmosphere on the
properties of UO,-Gd,0; pellets has been studied by
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some workers [5-7]. The published literature reported
that the sintered density decreases as the oxygen po-
tential of the sintering atmosphere increases.

Regarding the density decrease under an oxidizing
atmosphere, Yuda and Une [6] observed that pores were
newly formed in accordance with the decrease in density,
and they simply explained that the sintering process
between UO, and UO, particles rapidly progressed un-
der an oxidizing atmosphere prior to that between UO,
and Gd,Oj; particles, so that new pores formed just near
the Gd,O; particles by the shrinkage of surrounding
UO, particles. A more detailed study on the pore for-
mation has not been carried out until now.

The purpose of this work is to understand the effect
of the oxygen potential of the sintering atmosphere on
the sintering behavior of UO,~Gd,0; pellets. The den-
sity decrease, (U,Gd)O, formation and changes in mi-
crostructure are investigated under various sintering
atmospheres. A mechanism for the density decrease is
proposed and discussed.

2. Experimental

A powder mixture of UO, and Gd,0;3 was prepared
as starting material for the pellet fabrication. The UO,
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powder used was made through the ammonium uranyl
carbonate (AUC) process [8]. The UO, powder had a
round shape and a BET surface of 5 m?/g. The average
particle sizes of the UO, and Gd,0; powders, which
were measured by the laser light scattering method, were
17 and 4.1 pm, respectively. The UO, and Gd,0;
powders were mixed in a tumbling mixer for 2 h to form
a uniform powder mixture with the composition UO,—
10 wt% Gd,0j3. Three independent samples for chemical
analysis were taken and analyzed after mixing. The re-
sults showed that the difference between the three gad-
olinium contents was less than 0.2 wt%.

The powder mixture was pressed into compacts
(green pellets), which had a density of 6.0 g/cm3. The
compacts were heated at 1680°C at 5°C/min and then
held for 4 h to sinter to UO,-10 wt% Gd,0O; pellets.
Four sintering gas atmospheres with different oxygen
potentials were used: hydrogen (H,) and three gas
mixtures of hydrogen and carbon dioxide (CO,). The
hydrogen gas used in this work had a dew point of
—-30°C and thus contained a water vapor of 5 x 1072
vol.% as an impurity. The CO,-to-H, volume ratios in
the CO,/H, gas mixtures were 0.05, 0.15, and 0.30.

The gas mixture of H, and CO; reacts in thermo-
dynamic equilibrium at elevated temperatures as fol-
lows:

CO, + H, = CO + H,0,
H,0 = H, +10,.

The resultant composition of a gas mixture is deter-
mined by the equilibrium constant, which is a function
of the temperature of the gases. The SOLGASMIX
program [9], which can calculate the Gibbs free energy
and equilibrium constant of a reaction, was used to
calculate the oxygen partial pressures of the sintering
atmospheres under the total gas pressure of 1 bar. The
calculated results are plotted against temperature in
Fig. 1. The oxygen potential (AG(O,) = RT In p(0,))
increases with the CO,-to-H, volume ratio. It is assumed
that the oxygen potential of the pellet material changes
almost in accordance with the calculated value during
the heating stage of sintering, and that it is equivalent to
the calculated value for the holding period at the sin-
tering temperature. The density of the sintered pellets
was determined by the water immersion method. The
theoretical density (TD) of a UO,-10 wt% Gd,O; pellet
was calculated to be 10.56 g/cm3 using the following
relation [1]: TD(g/cm’) = 10.96-0.04 wt% of Gd,O:;.
Sintered pellets were sectioned longitudinally and pol-
ished, and the microstructure was observed.

In order to study the dependence of densification on
temperature, the shrinkage of compacts was measured in
an axial direction with a linear variable differential
transformer (LVDT) transducer in a push-rod type dil-
atometer. UO,—10 wt% Gd,0; and UO, compacts were
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Fig. 1. Oxygen potentials of various sintering gases as a func-
tion of temperature.

heated to 1650°C at a rate of 5°C/min under reducing
and oxidizing atmospheres: the reducing one was hy-
drogen gas with a water vapor of 5 x 1072 vol.%, and
the oxidizing one was a gas mixture of CO, and CO, in
which the CO,-to-CO volume ratio was 0.15. The oxy-
gen potential of this CO,/CO gas mixture is similar to
that of the CO,/H, gas mixture having a CO,-to-H,
volume ratio of 0.30 above about 1000°C (see Fig. 1).
The CO,/CO gas mixture was used in place of
the CO,/H, gas mixture to avoid the damage of Pt
thermocouple in a dilatometer.

Partly sintered pellets were prepared by heating the
compacts up to 1400°C and 1600°C in the same sintering
atmospheres as the dilatometry study used. X-ray dif-
fraction patterns were obtained from the partly sintered
pellets using monochromatic Cu K, radiation. The dis-
tribution of gadolinium concentration in the partly
sintered pellets was analyzed by electron probe micro-
analysis (EPMA) using wavelength-dispersive X-ray
spectroscopy.

3. Results

Fig. 2 shows the dependence of the sintered density of
UO,-10 wt% Gd,0; pellets on the CO,-to-H, volume
ratio in the sintering atmospheres. The sintered density
of UO,-10 wt% Gd,0; pellets is relatively low due to
the low sintering temperature. The sintered density ap-
pears to increase slightly in the atmosphere with the gas
ratio of 0.05, and thereafter it decreases gradually with
increasing the gas ratio. The overall amount of the
density decrease reaches about 2.5% TD at a gas ratio of
0.3. The density decrease of the UO,-Gd,O; pellets was
found under oxidizing atmospheres also by other
workers [6,10]. Yuda and Une [6] observed that the
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Fig. 2. Dependence of the sintered density of UO,~10 wt%
Gd,0; pellets on the CO,-to-H, vol ratio in the sintering
atmospheres.

density began to decrease above a threshold oxygen
potential. Fig. 2 indicates that the sintered density of
UO,-10 wt% Gd,Os pellets begins to decrease at a CO,-
to-H, volume ratio between 0.05 and 0.15 and between
—370 and —330 kJ/mol at 1680°C (see Fig. 1).

Figs. 3(a)~(d) show the microstructures of UO,-10
wt% Gd,0; pellets sintered in the four gas atmospheres.

The number of pores appears to increase significantly
with the oxygen potential (the CO,-to-H, volume ratio),
and the decrease in density can be attributed to the
formation of new pores. An EPMA examination of the
Gd concentration revealed [7] that the new pores were
preferentially produced in the regions of a relatively high
Gd concentration.

Figs. 4(a) and (b) show the variations in shrinkage
(densification) of UO,-10 wt% Gd,O; compacts with
temperature in hydrogen gas and in the CO,/CO gas
mixture. For comparison the shrinkage of UO, powder
compacts is shown together with them. All the compacts
start to densify at about 800°C, but each compact den-
sifies quite differently over the whole temperature range.
Under a reducing atmosphere (hydrogen gas), the den-
sification of the UO,~Gd,03; compact progresses more
slowly than that of the UO, compact, and the difference
in densification between the former and the latter in-
creases gradually in the temperature range 1000-1300°C.
That difference is largest in the temperature range 1300—
1500°C because the densification of UO,-Gd,O3; com-
pacts is remarkably delayed. The densification of
U0,-Gd,0;3 compacts starts again above 1500°C.

Fig. 4(a) also shows that the densification of the
UO,-Gd,0; compact under an oxidizing atmosphere
(CO,/CO gas mixture) progresses to a lesser extent than
that of the UO, compact. The delay of densification
under an oxidizing atmosphere is found in nearly the
same temperature range as that under a reducing

Fig. 3. Microstructures of sintered UO,-10 wt% Gd,O; pellets in various gases: (a) H,O/H, =5 x 104 ; (b) CO,/H, = 0.05;
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Fig. 4. Densification curves of UO, and UO,-10 wt% Gd,0;
compacts under reducing (H,O/H, = 5 x 107*) and oxidizing
(CO,/CO = 0.15) atmospheres: (a) densification; (b) densifi-
cation rate.

atmosphere. However, it takes place at a shrinkage of
about 12% in length under an oxidizing atmosphere but
at a shrinkage of 4-6% under a reducing atmosphere.
Therefore, the delay of densification takes place in the
intermediate sintering stage under a reducing atmo-
sphere, but near the final sintering stage under an oxi-
dizing atmosphere.

Fig. 4(a) shows that the UO,-10 wt% Gd,0O; com-
pact densifies much more under an oxidizing atmosphere
than under a reducing atmosphere, but Fig. 2 shows that
the sintered density is lower under an oxidizing atmo-
sphere. This apparent disagreement can be understood
by assuming that the densification of UO,-10 wt%
Gd,0; compacts during the holding period at the sin-
tering temperature progresses much more under a re-
ducing atmosphere.

Fig. 4(b) shows the densification rates derived from
the densification curves in Fig. 4(a). The UO, compact
exhibits a single peak at 1100°C under an oxidizing at-
mosphere and a single peak at 1300°C under a reducing
atmosphere, while the UO,-Gd,0; compact exhibits
double peaks at 1100/1600°C under an oxidizing atmo-
sphere and at 1200/1600°C under a reducing atmo-
sphere. The UO,-Gd,0O; compacts have minimum
densification rates at 1400-1450°C, owing to the delay of
densification. Under an oxidizing atmosphere the peak
of UO, and the first peak of UO,-Gd,0; are very
similar in temperature and rate, but under a reducing
atmosphere the peak of UO, is much larger in rate than
the first peak of UO,~Gd,0;.

Fig. 5 shows the X-ray diffraction patterns of partly
sintered pellets obtained at intermediate temperatures
during sintering in hydrogen gas. Both the UO, and
Gd,03 phases remain up to 1200°C. At 1450°C the
Gd,0; phase disappears, and additionally other phases
might form. Accordingly, reactions between UO, and
Gd,0s5 start in the temperature range of 1200-1450°C,
where the densification of UO,-Gd,O; pellets is re-
markably delayed (see Fig. 4(a)). Reactions between
UO;, and Gd,O; initially include the formation of
(U,Gd)0, and UGdOy; [11,12]. Since the UGdOy,
phase is not an equilibrium phase in the composition of
UO,-10 wt% Gd,0s, it likely exists temporarily. So the
delay of densification is mainly related to the formation
of (U,Gd)O,. The (U,Gd)O, phase with a strong in-
tensity and the UO, phase with a weak intensity are
found at 1680°C/4 h, suggesting that the (UpgsGdy 14)O>
solid solution which corresponds to UO,-10 wt% Gd,0;
in Gd content is not yet fully formed. Before the for-
mation of (U,Gd)O,, the densification could take place
mainly by sintering between UO, and UQO, particles.
X-ray diffraction results in Fig. 5 are in good agreement
with the work of Manzel and Dorr [13], who reported
that the initial densification occurred mainly by sintering
between UO, and UO, particles and then it was delayed
by the formation of (U,Gd)O;.

Fig. 6 shows the X-ray diffraction patterns of partly
sintered pellets obtained at intermediate temperatures
during sintering in the CO,/CO gas mixture. Both UO,
and Gd,0; phases remain up to 1100°C, and the in-
tensity of the Gd,O; phase is slightly reduced at 1400°C.
Thus reactions between UO, and Gd,0; — mainly the
formation of (U,Gd)O, — might start under an oxidizing
atmosphere around 1400°C, at which the delay of den-
sification occurs significantly. Both the (U,Gd)O, and
UO, phases with comparable intensity are found at
1650°C/4 h, suggesting that a complete (UpgsGdy.14)O02
solid solution has not yet been formed. Under an oxi-
dizing atmosphere the same findings are noticed as un-
der a reducing atmosphere; the delay of densification is
related to the formation of (U,Gd)O,, and the densifi-
cation, which occurs before the formation of (U,Gd)O,,
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Fig. 5. X-ray diffraction patterns of partly sintered UO,-10
wt% Gd,0; pellets heated in hydrogen gas up to intermediate
temperatures.

is mainly due to the sintering between UO, and UO,
particles.

The densification curve showed that the temperature
range where the delay of densification occurred was little
affected by the difference in the sintering atmosphere.
However, before the delay of densification, the densifi-
cation through sintering between UO, and UO, particles
progressed much more under an oxidizing atmosphere.
Sintering between UQ, particles can progress through
the diffusion of U ions, but the formation of (U,Gd)O,,
which is related to the delay of densification, essentially
needs the diffusion of Gd ions. It is well known [14] that
the uranium diffusion in UQ; is greatly enhanced by the
increase in oxygen potential because the increased oxy-
gen-to-uranium ratio involves oxygen interstitials and
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Fig. 6. X-ray diffraction patterns of partly sintered UO,-10
wt% Gd,0; pellets heated in the CO,/CO gas mixture up to
intermediate temperatures.

the valence of U ions changes from 4+ to 5+ or 6+.
However, the diffusion of Gd ions is unlikely to be de-
pendent on the change in oxygen potential because Gd
ions have only one oxidation state of 3+. So the diffusion
of Gd ions may be mainly dependent on temperature,
making the formation of (U,Gd)O, at similar tempera-
tures under oxidizing and reducing atmospheres.

Figs. 7(a) and (b) show the microstructures of UO,—-10
wt% Gd,Oj; pellets which were heated in hydrogen up to
1400°C and 1600°C, respectively. Figs. 8(a) and (b) show
the microstructures of UO,—10 wt% Gd,O; pellets which
were heated in the CO,/CO gas mixture up to 1400°C and
1600°C, respectively. Round UO, particles of about 20
um can be individually distinguished in Figs. 7 and 8. The
difference in pore structure between Figs. 7(b) and 8(b)
suggests that the sintering of UO, particles progresses
much more under an oxidizing atmosphere than under a
reducing atmosphere. Thus a UO, matrix is dense in an
oxidizing atmosphere but rather porous in a reducing
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Fig. 7. SEM micrographs showing Gd concentration profile in partly sintered UO,—10 wt% Gd,O; pellets heated in hydrogen gas up
to: (a) 1400°C, (b) 1600°C. (The Gd concentration is obtained along the white straight line.)

Fig. 8. SEM micrographs showing Gd concentration profile in partly sintered UO,-10 wt% Gd,O; pellets heated in the CO, /CO gas

mixture up to: (a) 1400°C, (b) 1600°C.

atmosphere. This result can be expected from Fig. 4(a),
which shows that the densification of UO,-Gd,O; pellets
is much larger under an oxidizing atmosphere.

Figs. 7(a) and 8(a) show that the partly sintered
pellets at 1400°C have sharp Gd concentration peaks on
the interface between UO, and UQ, particles. Figs. 7(b)
and 8(b) show that parts of the interfaces have small and
broad peaks, suggesting that the Gd ions diffuse partly
into the surrounding UO, at 1600°C. The comparison
between Fig. 7 and Fig. 8 implies that the initial disso-
Iution behavior of Gd in UO, is only slightly different
between reducing and oxidizing atmospheres. An inter-
esting point is that a Gd concentration peak tends to be
wide in breadth and to split into several peaks as the
temperature increases.

Fig. 9 shows a set of split peaks in a region of high Gd
concentration in the partly sintered pellet at 1600°C. In
this region the intensity of split peaks is low at the po-
sition of pores but high between pores. This region might
originally consist of Gd,O; particles before sintering. It is
supposed that new pores are produced during the for-
mation of (U,Gd)0O; in the region where Gd,O; particles
were originally placed. A similar observation was re-
ported in UO,-Dy,Os sintering by Flipot and Delbras-
sine [15], who described that pores were often located in
the places where Dy,O; particles were situated.

Fig. 9. SEM micrographs showing a set of the split Gd con-
centration peaks. (The Gd concentration is obtained along the
white straight line.)

4. Discussion

According to the phase diagram of the UO,-Gd,0O;
system [16] that was revised from the original [11], UO,
and Gd,0; do not form a complete solid solution over
the whole range of composition. The phase diagram
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Table 1
Estimation of the shrinkage of new pores under reducing and oxidizing atmospheres, compared to the shrinkage of pores in a UO,
matrix®

Case Pore size Reducing atmosphere Oxidizing atmosphere

A Dy > Dy > D,y Highly shrinkable Shrinkable

B Dy > D,y > Dy Shrinkable Less shrinkable

C D,, > D, > Dy Less shrinkable Least shrinkable

4D, is the size of new pores, Dy is the size of pores in a dense UO, matrix, D, is the size of pores in a porous UO, matrix, D, is

assumed to be larger than Dy.

indicates that UO, can dissolve Gd,O; up to over
20 mol% GdOy;s, but Gd,O;3 can dissolve UO, very
slightly. This fact suggests that the diffusion of Gd ions
into UQO, is much more favorable in forming a (U,Gd)
O, solid solution rather than the reverse diffusion. We
found experimentally that Gd ions diffused into UO, but
U ions did not diffuse into Gd,O; when a diffusion
couple of UO,/Gd,0; was annealed at 1700°C for 100 h
in hydrogen gas [17]. The solubility difference between
UO, and Gd,0; and our experiment strongly suggests
that Gd ions can diffuse directionally into UO, — at least
in an initial stage of (U,Gd) O, formation. Such a di-
rectional flow of Gd ions might leave new pores at the
original places of Gd,O; particles (Kirkendall pores). In
general, it is known [18] that new pores form by the
Kirkendall effect when two materials that are very dif-
ferent in diffusivity or solubility are mixed and sintered.

The densification curve and phase analysis indicated
that the delay of densification occurred together with the
formation of (U,Gd)O, under reducing and oxidizing
atmospheres. As discussed above, the formation of
(U,Gd)0O, involves the directional diffusion of Gd ions
into UO, and the formation of new pores. Accordingly,
the delay of densification can be mainly attributed to the
formation of new pores during the formation of
(U,Gd)O, under reducing and oxidizing atmospheres. It
is supposed that the formation of new pores is not in-
fluenced by the oxygen potential of the sintering atmo-
spheres since it cannot occur through the diffusion of U
ions but the diffusion of Gd ions. The diffusion of Gd
ions might not be dependent on the oxygen potential
because Gd ions have only one oxidation state of 3+.

The directional diffusion of Gd ions into UO, can
produce new pores very similarly under reducing and
oxidizing atmospheres. After the new pores have
formed, the possibility of shrinkage of the new pores
might be different between the two atmospheres. The
formation of new pores occurs near the final sintering
stage in an oxidizing atmosphere but in the intermediate
sintering stage in a reducing atmosphere (see Fig. 4(a)).
The driving force for densification is generally smaller in
the final sintering stage than in the intermediate sinter-
ing stage. So the further densification of new pores is
likely to progress less under an oxidizing atmosphere
than under a reducing atmosphere.

From the viewpoint of pore size, the shrinkage of
new pores is dependent on whether they are larger than
matrix pores or not. A UO, matrix surrounding the new
pores is dense under an oxidizing atmosphere but po-
rous under a reducing atmosphere. It is reasonable to
assume that the pores in a dense UO, matrix are smaller
in size than those in a porous UO, matrix. On the other
hand, the new pores formed by diffusion of Gd into UO,
are assumed to be nearly identical in size under both
atmospheres. Since the driving force for pore shrinkage
is inversely proportional to pore size, the difference in
size between the new pores and the matrix pores plays a
dominant role in the shrinkage of new pores under each
atmosphere. The possibility of shrinkage of new pores is
estimated under each atmosphere for every case of rel-
ative pore size, and the results are shown in Table 1.

In case A of Table 1, the new pores are expected to
shrink more than the matrix pores under reducing and
oxidizing atmospheres, but this expectation disagrees
with the experimental results in an oxidizing atmo-
sphere. In case C, it can be expected that the new pores
shrink less than the matrix pores under both atmo-
spheres, but this expectation is not consistent with the
experimental results in a reducing atmosphere. In case B,
it is expected that the new pores can shrink under a re-
ducing atmosphere but hardly shrink under an oxidizing
atmosphere, compared to the respective matrix pores.
This expectation in case B is consistent with the exper-
imental results, suggesting that the size of new pores is
larger than that of matrix pores under an oxidizing
atmosphere and is smaller than that of matrix pores
under a reducing atmosphere. Therefore, the driving
force for the shrinkage of new pores may be smaller
under an oxidizing atmosphere than under a reducing
atmosphere. If the new pores are much larger than the
matrix pores in an oxidizing atmosphere, they will be
subject to growth by absorbing vacancies from small
pores in a dense matrix.

5. Conclusions
It was found that the sintered density of UO,—10 wt%

Gd, 05 pellets decreased and new pores formed in the
region with high Gd concentration as the oxygen poten-
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tial of the sintering atmosphere increased. Densification
curve and phase analysis indicate that the delay of den-
sification occurs together with the formation of (U,Gd)O,
in the temperature range of 1300-1500°C under reducing
and oxidizing atmospheres. Before the formation of
(U,Gd)0,, sintering between UO, and UO, particles
takes place extensively and thus a dense UO, matrix is
produced under an oxidizing atmosphere, but a porous
UO; matrix is produced under a reducing atmosphere.

A mechanism for the density decrease of UO,~Gd,0;
pellets can be proposed. While the formation of
(U,Gd)O, progresses, new pores are produced at the
original sites of Gd,O; particles as a result of the di-
rectional diffusion of Gd ions into UQO, because the
solubility of Gd,0; in UO, is much higher than the
reverse solubility. The delay of densification is mainly
attributed to the formation of new pores. This pore
formation is likely to occur very similarly in reducing
and oxidizing atmospheres, but the driving force for the
densification of new pores may be different between the
two atmospheres. That driving force is expected to be
much smaller under an oxidizing atmosphere than under
a reducing atmosphere because the new pores form near
the final sintering stage under an oxidizing atmosphere,
but in the intermediate sintering stage under a reducing
atmosphere. In addition, the new pores might be larger
in size than the surrounding UO, matrix pores under an
oxidizing atmosphere (in a dense matrix), but might be
smaller than the surrounding UO, matrix pores under a
reducing atmosphere (in a porous matrix). Therefore,
the new pores may be difficult to shrink in an oxidizing
atmosphere, but may be relatively easy to shrink in a
reducing atmosphere, and finally they give rise to the
density decrease of sintered UO,-Gd,0; pellets under
an oxidizing atmosphere.
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