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The applicability of cerium oxide, as a surrogate for plutonium oxide, was evaluated for the fabrication
process of a MOX (mixed oxide) fuel pellet. Sintering behavior, pore former effect and thermal properties
of the Ce-MOX were compared with those of Pu-MOX. Compacting parameters of the Pu-MOX powder
were optimized by a simulation using Ce-MOX powder. Sintering behavior of Ce-MOX was very similar
to that of Pu-MOX, in particular for the oxidative sintering process. The sintered density of both pellets
was decreased with the same slope with an increasing DA (dicarbon amide) content. Both the Ce-MOX
and Pu-MOX pellets which were fabricated by an admixing of 0.05 wt% DA and sintering in a CO, atmo-
sphere had the same average grain size of 11 um and a density of 95%T.D. The thermal conductivity of the
Pu-MOX was a little higher than that of the Ce-MOX at a lower temperature but both conductivities
became closer to each other above 900 K. Cerium oxide was found to be a useful surrogate to simulate

the Pu behavior in the MOX fuel fabrication.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

(U, Pu)O,, mixed oxide fuels have been developed and used in
commercial reactors or research reactors for the last several dec-
ades. Most MOX fuels have been fabricated using reactor-grade
plutonium which is derived from the reprocessing of spent fuels.
Recently, MOX fuels have gained considerable attention because
of the soaring uranium price and the advent of weapon-derived
plutonium from the reduction in strategic nuclear weapons. It is
probable that this plutonium will be disposed of by burning it as
a MOX fuel in thermal reactors [1,2] or commercial fast reactors
in the future.

Powder treatment, namely, the mixing and milling processes
determines the sinterability and the Pu homogeneity of a MOX
fuel. The earliest powder treatment for producing MOX fuel was
a direct co-milling of PuO, and UO, powders to obtain a specified
fissile plutonium concentration, but the resultant Pu distribution in
a pellet was found to be heterogeneous. Several powder treatment
methods [3] have been developed to improve the homogeneity of a
MOX fuel including Micronized Master (MIMAS) blending, Opti-
mized Co-milling (OCOM), Short Binderless Route (SBR), etc. Sin-
tering process is also important to control the density and
microstructure of a fuel pellet. Several experiments are needed to
develop and qualify the fabrication process of a MOX fuel.

During the MOX fabrication process, cerium oxide has been
used as a surrogate for plutonium oxide in order to avoid the mis-
cellaneous issues caused by a direct use of PuO,. UO, + CeO, mixed
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oxide forms a cubic fluorite-type (U, Ce)O, solid solution during a
sintering at a high temperature. Both the thermal processes and
material properties of this solid solution are similar to those of
(U, Pu)O, [4-9]. For the research studies on the removal of gallium
from weapons-grade plutonium, cerium oxide also has been used
as a surrogate for plutonium oxide because of the similarities in
their thermodynamic properties [10-13]. But it is questionable
whether a simulation using Ce-MOX of (U, Ce)O, is valid for a real
Pu-MOX of (U, Pu)O, to some extent. Simulation results are
needed for the Ce-MOX to compare them with those of the real
Pu-MOX processes.

Each Ce-MOX and Pu-MOX pellet was fabricated by using the
same process conditions in this study. Sintering behavior, the dop-
ing effects of a pore former and the thermal properties were com-
pared for both pellets.

2. Experimental
2.1. Pellet fabrication

Raw materials used in this study were UO,, PuO, and CeO, pow-
ders. UO, powder was a depleted uranium oxide which was pro-
duced by integrated dry route. MOX fabrication process was
developed using CeO, as a surrogate for PuO, in KAERI (Korea
Atomic Energy Research Institute) and (U, Pu)O, pellets were fab-
ricated in PSI (Paul Scherrer Institut, Switzerland) as part of a coop-
eration program with KAERI. PuO, of 8.2 wt% or CeO, of 5.0 wt%
was mixed with UO, using a turbula mixer. Both mixing ratios pro-
vide the same concentration of Pu or Ce in each pellet for the basis
of their atomic concentration. Each powder mixture was milled
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with a continuous type attrition mill [7] with 10 or 15 passes
through the mill, then 0.3 wt% ZS (zinc-stearate, Zn(C;7H3505),)
and 0.1 to 0.7 wt% DA (dicarbon amide, C;H4N,0,) were added to
each of the milled powders. Granulated powder was obtained by
a series of pre-compacting, crushing and sieving steps. The granu-
lated powder was admixed with an additional 0.2wt% ZS and then
pressed into green pellets. These green pellets were sintered by
two different sintering processes: S1; in 8H, + 92N, at 1873 K for
10 h, or S2; in a slightly oxidizing atmosphere using CO, gas at
1723 K for 4 h and subsequently in 8H; + 92N, at 1473 K for 2 h.

2.2. Characterization of the material properties

The density of the sintered pellet was measured by using an
immersion method. Diametral shrinkage and microstructure of
the Ug.goPug.0s0, pellets were compared with those of
Uop.92Ce€0.0802.

The Pu-MOX pellet was cut into three pieces and two of them
were mounted with a resin. The mounted sample was ground in
five steps with SiC paper from 180 to 600 grids and then polished
with diamond sprays of 15, 6 and 3 pm each. Microstructures were
observed on the polished and etched sections. The sample was re-
polished down to 0.25 um, cleaned and decontaminated with
adhesive tape. A thin layer of carbon was coated onto the sample’s
surface and a silver track was attached to the sample’s edge. SEM
(scanning electron microscope) imaging and a rapid X-ray map-
ping for Pu and U were undertaken at different positions on a sam-
ple. EPMA (electron probe microanalysis) examination of the Pu-
MOX was performed on a shielded instrument (CAMECA CAMEBAX
SXR/SX 50) with wavelength dispersive spectrometers. The varia-
tion of Pu concentration was obtained by quantitative
measurements.

2.3. Thermal property measurements

Thermal diffusivity and heat capacity of UggyPugos0, were
measured by a laser-flash device installed in a lead-shielded glove
box with remote manipulators in ITU (Institute for Transuranium
Elements). A small disk sample of 2 mm in diameter was heated
in a high frequency furnace under a vacuum or a helium atmo-
sphere of 0.1 bar. A laser pulse was applied to the front surface
of a sample; the emerging temperature perturbation on the oppo-
site surface was recorded by a photodiode pyrometer (0.05 K sen-
sitivity) with a rise-time in the order of 10 ps. Thermal diffusivity,
heat capacity and various heat losses were calculated by a numer-
ical fitting procedure [14].

Thermal diffusivity of Ugg,Ceg g0, was also measured by a la-
ser-flash device under a vacuum at KAERI. A sample was prepared
as a disk shape of 8mm in diameter and 1 mm in thickness. The
thermal diffusivity was measured three times at every test temper-
ature step under a vacuum of less than 10> Pa. A pulse of a laser
was projected onto the front surface of a disk and the pyrometer
signal on the rear side was monitored as a transient temperature.
Heat capacity of Ugg,Ceg0302 was calculated by using Kopp’s law
which has been validated for a low Pu (or Ce) content MOX fuel,
only up to 1573 K [15].

3. Results and discussion
3.1. Fabrication characteristics of Ce-MOX and Pu-MOX

Both Ce-MOX and Pu-MOX powders were prepared by using
the same types of equipments and the same parameters. A

weighed amount of UO, + 5wt%Ce0, and UO, + 8.2wt%PuO, were
mixed in a turbula mixer for 4 h, and then milled by using a contin-

uous attrition mill with 10 or 15 passes. Table 1 presents the pow-
der density and specific surface area (SSA) for the mixed, milled
and granulated MOX powders. The SSA of the Ce-MOX powder
was increased from 2.14 to 3.23 m?/g after a milling with 10
passes. There was no real difference in the pour and tap densities
between the two powders. For the milled or the granulated pow-
der, Pu-MOX had a little higher powder density than that of Ce-
MOX. This is mainly due to the differences in their mixing compo-
sition and the density itself. The behavior of both powders for the
mixing and milling processes was the same in terms of their flow-
ability, sticking and resistance against a stirrer rotation.

During the simulation of a compacting process using Ce-MOX
powder, some defects, such as an end capping, cup-and-cone fail-
ure and stratified crack were observed at certain parameters as
shown in Fig. 1. After the optimum parameters were determined,
it was relatively easy to prepare a green pellet for the Ce-MOX.
The compressibility of the Pu-MOX powder was similar to that
of Ce-MOX, so a green pellet of Pu-MOX was prepared at the same
optimal parameters without any defects.

Fig. 2 shows the green densities of the pure UO,, UO; + 5 wt%-
Ce0, and UO,; + 8.2 wt%PuO, with the compacting pressure. Each
powder contains 0.3 wt% ZS as a lubricant. Pure UO, powder has
the best compressibility, then it was the Ce-MOX powder and
the Pu-MOX powder by considering the specific gravity of the
powder mixtures. When the green pellets were sintered by the
S1 process, the Pu-MOX shrank in its diametral direction from
35 up to 38%, next Ce-MOX from 28 to 32% and pure UO, from
23 to 30%, which is in a reverse order when compared to the green
density, as shown in Fig. 2. The variational trend of the diametral
shrinkage with the compacting pressure was very similar between
Ce-MOX and Pu-MOX, even though their numerical values were
different from each other. The compacting process of Pu-MOX
was simulated properly using Ce-MOX powder when both pow-
ders were prepared by the same powder treatments.

Fig. 3 shows the sintered densities of the UO,, Ce-MOX and Pu-
MOX pellets. The density of the Pu-MOX pellet is higher than that
of the pure UO, pellet, because the former pellet was prepared by
using milled powder but the later was with the as-received pow-
der. From the routine sintering process of the S1 process, sinter-
ability of Ce-MOX was worse than that of Pu-MOX, even when
both powder mixtures were prepared by using the same powder
treatment and lubrication processes. Sintered density increases
linearly with the compacting pressure for the Ce-MOX pellet but
it is already saturated at more than 98% of the theoretical density
for the Pu-MOX.

When the Ce-MOX and Pu-MOX pellets were sintered by the S2
process, an oxidative sintering process, sintered density of the Ce-
MOX was lower than that of the Pu-MOX as shown in Fig. 4. The
sintered density decreased with an increasing compacting pres-
sure, in contrast to Fig. 3. The sintering of a green pellet with a
higher density seems to be accelerated more in an oxidizing atmo-
sphere. Pore channels of the pellet become closed at an earlier
stage of the sintering process and the gases contained in the closed
pores are pressurized during a sintering. The reduction of the

Table 1
Properties of the MOX powder after a mixing, milling and granulation

Powder treatment U0, + 5 wt%CeO, powder U0, + 8.2 wtsPuO,

Pour Tap SSA Pour Tap

(glem®)  (glem®)  (m%g)  (glem?) (gem?®)
Mixed 0.82 1.38 2.14 0.80 1.10
Milled* 2.10 3.07 3.23 2.01 3.25
Granulated 2.67 3.27 - 2.86 345

2 MOX powder passed through the attrition mill 10 cycles.
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Capping
p: 400MPa, cg 0.5°, gap,; 0.02mm,
gapy; 0.005mm, ASBF; not applied

Cup and cone
p; 400MPa, cy, 5°, gap,,; 0.005mm,
gap;; 0.005mm, ASBF; not applied

7

Stratified crack
p; 400MPa, ¢, 5°, gapy; 0.005mm,
gapy; 0.005mm, ASBF; not applied

Sound pellet
p; 460MPa, c5; 5°, gapy; 0.0175mim,
gapy; 0.0075mm, ASBF; applied

Fig. 1. Visuals of the green pellets for the Ce-MOX with the compacting parameters: p (compacting pressure), ¢ (chamfer angle in the outlet of a die), gap, (radial gap
between the upper punch and die), gap, (radial gap between the lower punch and die), and ASBF (anti-spring back force on the upper punch).
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Fig. 2. Green density and diametral shrinkage of the pellets with compacting
pressure.

density with the compacting pressure is caused by the early clo-
sure of the pore channels for the oxidative sintering process [16].
The diametral shrinkage for both the Ce-MOX and Pu-MOX pellets
in Fig. 4 reveals the same variational trend with the compacting
pressure as that for Fig. 2. The compacting and the sintering pro-
cesses of the Pu-MOX can be simulated by that of Ce-MOX in
terms of its compressibility and densification behaviors.
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Fig. 3. Densities of the UO, and MOX pellets sintered by the S1 process.

The sintering result for the S1 and S2 processes presented that
the density of Pu-MOX was generally higher than that of Ce-
MOX, but the density difference between the two was markedly
decreased for the S2 process. This result can be explained by the
diffusivity of Pu and Ce in UO, structure. The data reported in
the literature [17-20] shows a big discrepancy among them by
the influence of experimental factors. But it is generally accepted
that both (U, Pu)O, and (U, Ce)O, have a similar behaviour in dif-
fusion-controlled thermal processes [6,19]. The oxygen/metal ratio
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Fig. 4. Density and diametral shrinkage of the MOX pellets sintered by the S2
process.

for Ce-MOX has more hypostoichiometric composition than that
for Pu-MOX under reducing atmosphere because there is a much
larger change of oxygen potential near stoichiometric region for
the (U, Pu)O,_, than that for the (U, Ce)O,_y [4,8]. The diffusivity
strongly depends on oxygen composition of MOX during sintering.
Cation diffusivity in reduced (U, Pu)O,_, is decreased by a decrease
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Fig. 5. Reduction of the sintered density with the pore former content and the
sintering process.

in metal vacancy concentration [17]. During sintering by the S1 or
S2 process, both Pu-MOX and Ce-MOX pellets were finally heated
under 8H, + 92N, without moisture and their oxygen/metal ratios
were within 1.998 + 0.001. The density difference between Pu-
MOX and Ce-MOX is probably due to the difference in the inherent
properties of raw PuO, and CeO, powders.

Fig. 5 shows a density decrease with the content of pore former
for various pellets fabricated by different sintering processes.
When the Ce-MOX was pressed by a die-wall lubrication method
and sintered by the S1 process, the sintered density was 97.9%
T.D. The density of the Pu-MOX pellet was 98.2% T.D. which was
a little higher than that of Ce-MOX, even when its green pellet con-
tained 0.3 wt% ZS as a lubricant. When the MOX pellets were sin-
tered by the S2 process, the density was around 97%T.D. which is
too high for a fuel pellet. In order to reduce the density by 95%
T.D., ZS and DA were added to the powder mixture as a lubricant
and/or a pore former [21]. Fig. 5 shows that the density of Ce-
MOX was a little higher than that of Pu-MOX when 0.5 wt% ZS
was added to both powders and sintered them by the S2 process.
The densities of the Ce-MOX and Pu-MOX pellets were decreased
linearly with an increasing DA content, and all the slopes of the
lines were nearly the same. The pore structure of the pellet was
inhomogeneous when DA was added to the powder mixture more
than 0.5 wt%. The target density of a Pu-MOX pellet could be pre-
supposed by a process simulation using Ce-MOX. From the result
of Fig. 5 0.3 wt% ZS was added to the Pu-MOX powder before a
pre-compaction, then 0.2 wt% ZS and 0.1 wt% DA were additionally
added to the granulated powder for the main compaction and a
pore control. The Pu-MOX powder was compacted and sintered
by the S2 process, consequently a target density of 94.5% T.D.
was obtained.

3.2. Microstructure and Pu distribution

The sintered pellets were visually sound and free from any sur-
face defects for both the Pu-MOX and Ce-MOX. Internal crack and
free PuO, (or CeO,) were not observed on the polished section of
both pellets. Fig. 6 shows the microstructures of the Ce-MOX
and Pu-MOX pellets fabricated by an oxidative sintering process.
From the restraints of the Pu-MOX ceramography, some artifacts
were included during a grinding and etching of the samples, as
shown in Fig. 6(b). Both pellets had homogeneous microstructures
with an average grain size of 11 um, and a density of 95%T.D. These
pore and grain structures are important for the in-service perfor-
mance of a MOX fuel. They are mainly determined by the adopted
powder treatment and sintering process. The microstructure of the
Pu-MOX fuel can be optimized by a process simulation using
Ce-MOX, both economically and safely.

200pm

Fig. 6. Microstructures of (a) Ce-MOX and (b) Pu-MOX pellets sintered by the S2 process.
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Fig. 7. Pore structure and quantitative Pu distribution of the Pu-MOX pellet.

Fig. 7 shows the pore structure and the distribution of the Pu
rich particles on the polished section of the Pu-MOX pellet. Pores
were homogeneously distributed and their size was mostly below
6 wm. Some pores with a size as large as a grain could be formed by
a grain plucking around a cluster during a ceramography. The dot
mappings revealed that the Pu particles were randomly distributed
over a zone of 0.75 x 0.75 mm?. The sizes of the Pu rich particles
with a concentration between 10 and 30 wt% were less than
15 pm.

SEM pictures and elemental distribution mappings of U and Pu
are shown in Fig. 8. Pu concentration around a pore cluster was
higher than that of a matrix. The concentrations of U and Pu are
contrary to each other for the same zone. Fig. 8 shows a typical
Pu rich particle which has a maximum size of 13 um and a maxi-
mum Pu concentration of 18 wt%. It is a very small particle when
compared to the particle of the MOX fuel produced by the OCOM
or MIMAS process which has a size up to several tens of microme-
ters [22]. The average Pu concentration in the surrounding matrix
was 6.8 wt% but its concentration in some micro-zones was be-
tween 5 and 6 wt%.

The concentrations of U and Pu measured by EPMA were nor-
malized because of the porosity of a sample. The variation of the
Pu concentration was within +0.6 wt% (+10% rel.) for the measure-
ment area (75 x 60 um?) and within £1.7 wt% (225% rel.) for the
point measurements (3 x 2.5 pm?). The Pu was homogeneously
distributed throughout the UO, matrix. This homogeneity arises
from the milling using a continuous attrition mill and the sintering
in a slightly oxidizing atmosphere.

Typical mapping zone ‘

U mapping

3.3. Thermal properties

The thermal data for a MOX fuel is rare and some of the mea-
sured data is only available for a specific composition and a given
temperature range. Thermal diffusivity and heat capacity for Pu-
MOX are determined from the measured data by a numerical fit-
ting procedure [14]. The precision of the individual measurements
is always better than 1% for the diffusivity and 5% for the heat
capacity. In the case of the Ce-MOX, the heat capacity was calcu-
lated by using Neumann-Kopp’s equation and the thermal diffu-
sivity was determined from the measured data. The heat capacity
of Ce-MOX is compared with that of Pu-MOX in Fig. 9. The heat
capacity curve of Ce-MOX is slightly shifted from that of UO, by
the used Ce composition. The capacity of Pu-MOX is nearly over-
lapped with that of pure UO,. The enthalpy of the MOX is depen-
dent on the Pu content and the O/M ratio [15]. A slight variation
in the O/M ratio and Pu content has a negligible effect on the en-
thalpy data for MOX. The heat capacity of Ugg,Pug 030, does not
really shift from that of UO, at a temperature range from 600 K
to 1300 K because it differs by less than the experimental errors.

Thermal diffusivity of the Ce-MOX and Pu-MOX is shown in
Fig. 10. There is a little difference in the diffusivity between the
two samples. The diffusivity for the Pu-MOX was higher than that
for the Ce-MOX at a lower temperature but it was reversed above
950 K.

The thermal conductivity was calculated by the following equa-
tion k = oncp pr, where oy, is the thermal diffusivity, ¢, is the heat
capacity and py is the sample density at a certain temperature. Both

Pumapping

Fig. 8. SEM image and elemental distribution of U and Pu at a local position.



H.S. Kim et al./Journal of Nuclear Materials 378 (2008) 98-104 103

550
—a—U0,

—~ 500| ~*Ce0, R
¢ Uo.azceo 0902 /./
E’ a0l 77 Uy 6P U5 060, ./.
2 o
> °
‘S 400 /
3]
T
O 350} ®
I vt
T 300 — Al
o B V)'ﬂ
3 2501 //‘
joR
(7]

200 1 1 1 1 1 1 1 1

200 400 600 800 1000 1200 1400 1600 1800
Temperature (K)

Fig. 9. Heat capacity of UggCe,0s02 and Ugg>Pug gs05.

1.8x10°
- UO,cheOvOSOZ

1.6x10° - Uo.szpuo.oaoz
Q
N 6
£ 1.4x107 |
< \
£ .
‘o 1.2x1 -
..3 x10 \
a " .
5 1.0x10 " |
£ -
© E S
< soxt0” | S5

.\.
—~
6.0x107 |-
" 1 " 1 " 1 " 1 " 1 "
400 600 800 1000 1200 1400 1600

Temperature (K)

Fig. 10. Thermal diffusivity of Ugg,Ceg 0802 and Ugg,Pug 0g05.

the Ug.g2Pug 80, and Ugg2Cep 030, samples had the same theoret-
ical density of 95% each. Thermal expansions of both the UO, and
Pu-MOX pellets were less than 1.5% at a temperature up to
1700 K according to Martin’s recommendations [23]. For the
Uo.92Pug 0802 and Ugg,Cep g0, samples, the value of p, was ob-
tained by the above recommendations.

Thermal conductivity of the pure oxide and MOX samples is
shown in Fig. 11. The thermal conductivity data for Pu-MOX gen-
erally exists between those for pure UO, and PuO,. The conductiv-
ity for Ugg2Pug 030> almost corresponds with that for Ug goPug 1002
[15] even when their Pu composition is a little different. The con-
ductivity for Ugg,Ceq 050, also exists between those for pure UO,
and Ce0, above 600 K. The conductivity for Ugg;Pug 030> is a little
higher than that for Ugg,Ceq 030, at a low temperature but the for-
mer is overlapped with the latter above 900 K. There is a small dif-
ference in the conductivity between UO, and PuO, when compared
with the difference between UO, and CeO,, so the conductivity
seems to depend less on the Pu composition for the Pu-MOX.
The conductivity of Ce-MOX was decreased with an increasing
Ce composition at a lower temperature than at a higher tempera-
ture [24]. The variation in the thermal conductivity with the com-
position and temperature for the Pu-MOX is different from that for
the Ce-MOX, especially at a lower temperature than 900 K. The
conductivity of the Pu-MOX cannot be estimated exactly by an
analogy with that of the Ce-MOX.
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Fig. 11. Comparison of the thermal conductivity for pure oxide, Pu-MOX and
Ce-MOX.

4. Conclusions

The fabrication process of a Pu-MOX pellet was simulated by
using Ce-MOX powder. Compacting behavior of the Ce-MOX pow-
der with the pressure was nearly the same as that of the Pu-MOX
when both powders were prepared by the same treatments.

Sintering behavior of the Ce-MOX was very similar to that of
the Pu-MOX, especially for the oxidative sintering process. The sin-
tered density of both pellets was decreased with the same slope
with an increasing pore former content. Both the Ce-MOX and
Pu-MOX pellets fabricated by an oxidative sintering process had
the same average grain size of 11 um, and a density of 95%T.D.

Pu distribution in the Pu-MOX pellet was homogeneous which
arose from the adopted milling treatment using a continuous attri-
tion mill and the sintering under a slightly oxidizing atmosphere.

The fabrication process for a Pu-MOX fuel can be developed and
optimized both economically and safely by a process simulation
using Ce-MOX without any troublesome issues accompanying a
direct use of PuO,.

The thermal conductivity for the Pu-MOX was a little higher
than that for the Ce-MOX at a low temperature while they were
overlapped above 900 K. The thermal properties of the Pu-MOX
and the Ce-MOX were varied with the composition and tempera-
ture which resulted in a different trend, from each other.
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