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Abstract

The effects of dopants on the modification of microstructure of UOz and UQ2-4ut%CeQ: sinter-
ed pellets have been studied in hydrogen and CQOz/CO mixture atmospheres by using Ta:0s, TiO:
and Nb20s as sintering additives. The dopants were added as oxide powders and homogenized by
attrition milling. The mixed powders were pressed, and then sintered in hydrogen at 1700, or in
oxidizing atmosphere using controlled CO/CO mixtures at 1250C.

Both density and microstructure of UQO: are modified by the addition of dopants in reducing at-
mosphere. The sintered density is increased with Ta:Os addition up to 0.33wm% and subsequently
decreased with higher content of the additive. The effects on the densification and the grain growth
are apparent with the addition of 0.24wt% Nb:Os. With 0.1ut% titania and 0.6wt% TazOs, the sinter-
ed density is decreased, but the grain size is increased.

In oxidizing atmosphere, the grain sizes for UO2 doped with the above additives are smaller than
that for pure UQ:. The grain size of Ta or Nb-doped UQ: is decreased with increasing CO2/CO rat-
io, but that of pure UO: or Ti-doped UQ: is increased. A large portion of second phases is obser-
ved in UQ: doped with 0.1wt% TiO: sintered in hydrogen atmosphere, while, in CO2/CO atmos-
pheres, the second phases or dopant agglomerates are not observed.

For UQ:z-4wt%CeQ:2 mixed oxide, the effect of additives on the grain growth is not so much as
that for the pure UQ:. This is attributed to the formation of clusters by dopant cations and Ce ions,
so that the additives contribute to a lesser exent to the grain growth for the mixed oxide.

1. Introduction

It is known that the microstructure of UO: and
UQO:z-based fuel pellets is modified by the addition of
sintering additives, so that their plasticity, ability of re-
taining fission gas and/or fuel swelling can be improv-
ed during iradiation [1-2]. Densification of fuel pellet
during reactor operation depends strongly on the
porosity content, grain size and fission rate. Fine por-
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es in coarse grain fuel are more stable than those in
fine grain fuel during irradiation. Therefore, the fuel
with controlled microstructure is expected to improve
the safety margin of fuel in extended bumup stages.
In early investigations, Ti [3-7], Nb [6-8], V [9] and
Mg [10] have been used as sintering additives for
UQO.. These additives result in larger grains than
would have been produced by sintering pure UQ: at
the same oxygen potential, as the additives cause
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enhanced uranium diffusion rates. However, the con-

tributions of these additives are a little different amon-

g them, and the causes of the accelerated grain grow-

th have not been clarified vet.

TiO: and NbOs can be reduced in dry hydrogen
atmosphere at sintering temperature, but can be pres-
ent as higher valence states as the oxygen potential
increases in oxidizing atmosphere. Reduction of TiO:
occurs above 300C in reducing atmospheres or vac-
uum, and above about 800°C in air [3], which shows
the readiness in reduction of the Ti** ions to Ti’"
jons. Nb is also reduced from 5+ valence state and
is present as Nb*" in UO: for sintering in hydrogen
atmosphere [11}.

If T** or Nb°" ions which are reduced in hydro-
gen enter into UQ2 lattice substitutionally during sin-
tering, the grain size of Ti- or Nb-doped UQO: rather
decreases than pure UQ2. The reason for the positive
effects of Nb and Ti on the grain growth of UO: in
reducing atmosphere can be interpreted if Nb*™ or
Ti®" enters into the UQ: lattice interstitially.

Moreover, the UO2-TiO: system is a simple eutectic
system which melts at about 1645C[7, 12]. It was
suggested that the increased densification and grain
growth rates of Ti-doped UO: are due to the effect
of the liquid eutectic at the grain boundaries [3].
Arthur and Scott [12], however, have shown, by sin-
tering above and below the eutectic temperature, that
the increased densification rate is not due to the eu-
tectic phases, though a liquid eutectic is a pre-requi-
site for enhanced grain growth. The main contri-
bution of Nb:0Os or TiO: additions to the grain grow-
th of UOz has not been clearly known.

In this study, the contributions of dopants on the
sinterability of UO: and UO:4wt%CeO: have been
studied in hydrogen and CO2/CO mixture atmos-
pheres. TiO2 and Nb20s have been used as sintering
additives. TazOs is selected as another candidate for
sintering additive because Ta has a stable 5+ val-
ence.

The sintering behaviors are compared between
pure UO: and additive-doped UQ, in reducing and

oxidizing atmosphere, respectively. The effects of ad-
ditives on the densification and grain growth of
UO2-4wt% CeO: mixed oxide are also studied. The
causes of the different contributions of dopants be-
tween oxidizing and reducing atmosphere are dis-

cussed in terms of defect structures.

2. Experimental

UO: powder used for the experiment was
AUC-derived UQ2, of which the main impurity levels
are shown in Table 1. CeO: and the sintering addit-
ives, Ta20s, TiO2, and Nb2Os, were added as fine ox-
ide powders with the purity of 99.99%. The additives
were doped to UQ: at the level of 0.1wt% of oxide,
and further addition of 0.24wt% for Nb:Os, 0.33 and
0.6wt% for Ta:0s were made. The addition of dop-
ants to UO:2 and homogenization was made for
30minutes by attrition milling using zirconia ball me-
dia which occupy 43 vol% of mill jar volume.

The mixed powders were pressed into pellets of
10mm in diameter at 312MPa with die wall lubri-
cation. The pellets were subsequently sintered in hy-
drogen at 1700°C for 4 hrs or in oxidizing atmos-
phere using controlled COz/CO mixture at 1250C
for Shrs. The pellets sintered in oxidizing atmospher-
es were reduced in hydrogen at 1200°C for 2 hrs.
Densities of the sintered pellets were measured by

Table 1. Impurity contents of UO2 powders

U content : 87.72%
Hz0 : 0.22%
0O/U ratio : 2.099

Impurities {(ppm U basis) :

Al (¢ 10 B ¢ 02
C 60 Ca (20
Cd ¢ 02 Cr (¢ 10
Cu ( 10 Dy ¢ 01
F 28 Fe { 50
Gd ¢ 01 Mg ( 10
Mn ¢ 5 Mo ¢ 1
Ni ( 10 Si (¢ 10
Th {100
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water immersion method. A pellet of each exper-
imental variable was examined metallographically.
Pore size and area fraction of the second phase were
quantitatively analyzed by image analyser. Grain size
was measured by a linear intercept method.

3. Results and Discussion

Both grain and pore structures of UQ: are signifi-
cantly modified by the additions of sintering additives
in reducing atmosphere, as shown in Fig. 1. The

S0um
Fig. 1. Micrographs of UO: and additives-doped UOQ: in reducing atmosphere at 1700C.
[a] pure UO: (density=10.73g/cm’,G.S.=9um)
[b] UO,-0.33wt% Ta:0s (density= 10.82g/cm’, G.S.=52um)
[c] UO:-0.24ut%Nb-Os (density=10.72g/cm’, G.S.=49m)
[d] UO:-0.10wt% TiO: (density=9.30g/cm®, G.S.=18um)



Microstructural Analysis on UO:z and UQ:z-4ut% CeO: by Using Additives -+ Han Soo KIM, et al 461

grain size of pure UO: of 9um is increased up to 18,
49 and 52um for the additions of 0.1wt% TiOz, O.
24wt% NbOs and 0.33wt% Tax0s, respectively. The
sintered density is little affected by additives except
for UO: doped with 0.1wt% TiO:z and 0.6wt% Taz0s,
for which the densities are considerably decreased.
Originally hyperstoichiometric UOz+x are reduced by
the hydrogen to near-stoichiometry, and the sintering
additive cations, Ti and Nb are expected to be red-
uced at the sintering temperature [3, 4, 11). Previous
studies of Ti-doped UO: indicated that the reduction
of additive cations occurs under reducing sintering
conditions (3, 4]. Sawbridge et al. [11] suggested
that Nb is present as Nb** in UO. when sintered
under dry hydrogen conditions typical of fuel fabri-
cation conditions but can be present as Nb°* as the
oxygen potential increases. If Nb** or Ti** ions which
are reduced in hydrogen enter UO: lattice substitu-
tionally, the sinterability of Nb or Ti-doped UQ: rat-
her decreases than pure UQ:. Therefore, the reason
for the positive effect on the grain growth of Nb and
Ti in reducing atmosphere can be interpreted when
Nb** and Ta®* enters the UQ; lattice interstitially. It
has been reported that both Ti and Nb ions can be
accommodated readily in the large interstitial holes
regardless of their valence state [6, 13]. However, the
higher valent Ta®" or Nb®* ion is difficult to enter
the UO: lattice because of the charge compensation.
Ta’* or Nb** which has higher valence than U**
also imparts an effective positive charge to the UO:
lattice regardless of the mechanism of solid solution
formation.

The main reason of the grain growth of UQO: with
additive addition is due to the increase of uranium
diffusivity. Once the solid solution is formed, the Ta,
Nb or Ti imparts an effective positive charge to the
UQO; lattice and decreases; although the prevailing
defects in UO2 are oxygen vacancies and interstitials
(antiFrenkel type defect), both Fenkel and Schottky
defects are present simultaneously amd additions of
NbOs, Ta20s and TiO: should decrease the concen-

tration of anion vacancies, thereby increasing the con-

centration of cation vacancies through Schottky equi-
librium [6]. The increase of the uranium lattice vac-
ancies increases its diffusion coefficient.

Fig. 2 shows the effect of Ta addition on the sinter-
ability of UO2 in reducing atmosphere. The sintered
density and the grain size are increased with Ta con-
tent up to 0.33wt% Ta:0s but subsequently decreas-
ed by higher contents of Ta. The sintered density is
decreased by the addition of 0.6wt% Taz0s, but grain
size is larger than that for pure UO.. Ta contributes
positively to the sinterability of UQO: within the solu-
bility limit when Ta’* ions form a solid solution with
UQ:. If the amount of the additive exceeds the solu-
bility limit, the additive cations can affect negatively
on the sinterability [3].

Fig. 3 shows the sintering behaviors of UO. and
0.1wt% additive-doped UQO: in reducing and oxidiz-
ing atmospheres, respectively. The sintered density of
doped UOQ:; is nearly the same as that of pure UO;,
except for Ti-doped UQ: sintered in reducing atmos-
phere. In the case of 0.1wt% Ti-doped UO;, the sin-
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Fig. 2. Variations of sintered density and grain size with
the content of Ta:0s in reducing atmosphere.
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tered pellets have the minimum density of 9.3g/cm’,
but the grain size is increased up to 18um. For Ta-
or Nb-doped UQs, both the sintered density and the
grain size are nearly the same as pure UQO: sintered
in reducing atmosphere. Both the grain and the pore
size for 0.1wt% Nb-doped UOQ: are larger than those
for any others sintered in oxidizing atmosphere with
CO:/CO=1/1. The grain size of pure UO: and
Ti-doped UQ: is increased with increasing CO2/CO
ratio, contrary to that of Ta- and Nb-doped UO: whic-
h is decreased as COz/CO ratio increases. Pore size
is slightly increased by dopant addition in hydrogen,
but decreased in CO2/CO =80/1.

Fig. 4 shows the microstructures of UO: and O.
1wt% additive-doped UO: sintered in oxidizing at-
mosphere with CO2/CO=1/1 and CO./CO=80/1.
The grain size for additive-doped UOz is smaller than
that for pure UO: in oxidizing atmosphere. It is evi-
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Fig. 3. Sintering behaviors of UQ: and
additives-doped UQ: in hydrogen at 1700
and in CO2/CO at 1250, respectively.
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dent that each of the sintering additives produces a
suppression in grain growth of UQO: sintered in oxid-
izing atmosphere, meanwhile, in reducing atmos-
phere, it enhances the grain growth.

In the reducing atmosphere, it is difficult to form a
complex defects in additive-doped UO: solid solu-
tions because the concentration of oxygen vacancy is
very low. However, in oxidizing atmospheres, the in-
terstitial oxygen ions which have negative effective
charge compensate the positive charge of dopant ca-
tions. In this case, the dopant cations can not con-
tribute to the formation of uranium vacancies, but
can make dopant-oxygen clusters, such as (Ta OJ),
(Nb O) and (Ti O). These clusters restrict the trans-
port of uranium ions, so that the grain size is rather
decreased in oxidizing atmospheres. Microstructures
in Fig. 4 also show that the grain growth for UO:
and Ti-doped UO: is much enhanced as increasing
CO:/CO ratio, whereas that for Ta and Nb-doped
UO: is inhibited. The different dependence of grain
growth on CO,/CO ratio is due to the difference in
the formation of defect structure with charge com-
pensation in each of the hyperstoichiometric solid
solutions. Other factors such as the ionic size of the
dopant cations and their solubility limits are also con-
sidered to play an important role. The oxygen poten-
tial of UiyTayOss is lower than that of pure UO:
[14], similar to those of Ui, iyOzsx [13] and
Ui NbO2+x [15]. The effect of aliovalent cations dop-
ed substitutionally in UO2 on the oxygen potential is
generally explained by the valence control rule. If all
the titanium cations are present as Ti'" ions substitu-
tionally, no direct effect on the defect structure and
on uranium diffusion is to be expected. In the case
of TiO;, Ti ions enter into UQ: lattice interstitially,
and interstitial Ti; ions react with interstitial oxygen to
form (Ti O) clusters which have the positive effec-
tive charge. Therefore, the grain size of pure UO:
and Ti-doped UO: can be increased as CO2/CO rat-
jo increases. For Nb°* and Ta®", these ions enter
into UQ: lattice substitutionally in oxidizing atmos-
phere, since it is difficult for them to compensate the
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Fig. 4. Micrographs of UO: and additives-doped UQ: sintered at 1250C in CO2z/CO ratio=1/1 and
80/1, respectively.
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charge valence by entering interstitially [16]. The sub-
stitutional Nb and Ta ions react with interstitial oxy-
gen ions and form clusters such as (Now™ O,
(Tau" O’)” which have the negative effective charge
so that the grain sizes are decreased as CO2/CO rat-
io increases.

Fig. 1, [c] and Fig. 4 show that the solubility limit
is affected by the sintering atmospheres. A large por-
tion of second phase is observed in UQ: doped with
0.1wt®% TiO: sintered in hydrogen atmosphere at
1700, while none of any dopant oxides or the eu-
tectic phases can be observed in the pellets sintered
in CO2/CO atmospheres at 1250C. Second phases
have been previously reported in the UO:-TiO: [4,
12] and UQ»\kOs [9] systems. The eutectic can
form only if the additive concentration exceeds the
solubility limit [3].

The additive cations going into solutions require
the formation of defects such as oxygen interstitials
or uranium vacancies to compensate charge valence
in hyperstoichiometric UO2+. T#* has been found to
be more soluble in UO: than the lower valence states
[4]. It is probably due to the smaller radius of Ti**
jon than that of Ti**, and moreover, the easier com-
pensation of charge valence by the interstitial oxygen-
s in oxidizing atmosphere. The Ta ion exists only in
5+ valence state and can not form non-stoichio-
metric compositions, however, the results are the
same as Ti-doped UQO: because of its easier charge
compensation by the formation of the (Tau” O)’
clusters. Therefore, the solubilities of both Ti and Ta
are increased in hyperstoichiometric UQOz+.. The
amount of dopants going into solid solutions at a giv-
en temperature can therefore be controlled by the
oxygen potential of the sintering atmosphere.

For UOz-4wt%CeQ: mixed oxides, the pellet sinter-
ed in Hz at 1700C shows the density of 10.38g/cm®
and the grain size of 7um. Fig. 6 shows the micro-
structural appearance of the mixed oxide and addit-
ives-doped mixed oxide pellets. The grain and pore
morphology was not affected by the addition of
TazOs. The grain size of the mixed oxide pellet dop-
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ed with Nb:Os was 10um and reached to a density
of 10.29g/cm’.

The pellet of TiOz-doped UQOz-4wtBCeO: mixed
oxide reached only to a density of 9.87g/cm’, but
shows increased grain size of 16um. The eutectic
phases have also been observed in the T.O:-doped
mixed oxide.

In the mixed oxide, Ce ions make a substitutional
solid solution with UOz, and have negative effective
charge in the solution. If each of sintering additives,
Taz0s, Nb20s and TiO: is added to the mixed oxide,
the dopant cation which has positive effective charge
would react with Ce and form defect cluster, such as
{Ceu Tau), (Ceu Nb)™~ or (Cev Ti)” in reducing at-
mosphere at the sintering temperature. The defect
cluster which has neutral or negative effective charge
reduce the sinterability of the mixed oxides. Taz0s lit-
tle contributes to the sinterability of the UOz-4wt%
CeQ: mixed oxide, however, for TiO: and Nb:Os,
the grain sizes are increased since their defect cluster-
s have positive effective charges in reducing atmos-
phere.

4. Conclusions

Ta, Ti and Nb are effective sintering additives for
UO: in reducing atmosphere. The sintered density
and the grain size are increased with Ta content up
to 0.33wt% Taz0s but subsequently decreased by hig-
her contents of Ta. The grain size of pure UO: and
Ti-doped UOQ: is increased with increasing CO2/CO
ratio, but those of Ta and Nb-doped UQO: is decreas-
ed.

A large portion of second phase is observed in
UO; doped with 0.1wt% TiO: sintered in hydrogen
atmosphere at 1700°C, but none of any dopant oxid-
es or the eutectic phases is found in the pellets sinter-
ed in CO2/CO atmospheres at 1250°C. It is found
that TiO: is more soluble in hyperstoichiometric
UQ2:+« than in stoichiometric UOs..

Each additive, Ta, Nb or Ti is considered to react
with Ce ions and form defect clusters in UOz-4wt®
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Fig. 5. Micrographs of mixed oxide pellets sintered in hydrogen at 1700C for 4hrs;
[a] UO2z-4wt%CeO: (density=10.38g/cm’, G.S.=7.m)
{b] UO:-4wt%Ce02-0.3wt% Ta:0s (density=10.42g /cma, G.S.=7um)
[c] UO2-4wt%Ce0:2-0.1wt% TiO: (density=9.87g/cm’, G.S.=16um)
[d] UO2-4wt%CeO2-0.15wt%BNb20s (density= 10.29g/cm3, G.S.=10um)

CeO: mixed oxide at the sintering temperature. The positive effective charges in reducing atmosphere.
grain of UO2-4wt% CeO: mixed oxide is not affected
by the addition of TaxOs in reducing atmosphere. References
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