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Abstract

A new fabrication process of UO,~W composite fuel has been studied in order to improve the thermal conductivity of
the UO, pellet by the addition of a small amount of W. A fabrication process was designed from the phase equilibria
among tungsten, tungsten oxides and UO,. The conventionally sintered UO, pellet which contains W particles is heat-trea-
ted in an oxidizing gas and then in a reducing gas. In the oxidizing heat-treatment W particles are oxidized and liquid tung-
sten oxide penetrates within the UO, grain boundary, and in the reducing heat-treatment liquid oxide is transformed to
solid tungsten which forms a continuous channel along the UO, grain boundary. This developed technique can provide
a continuous W channel covering UO, grains for a UO,~W composite fuel even with a small amount of a metal phase
— below 6 vol.%. The thermal diffusivity of the UO,—6 vol.%W cermet composite increases by about 80% when compared

with that of a pure UO, pellet.
© 2006 Elsevier B.V. All rights reserved.

1. Introduction

Uranium dioxide is widely used as a fuel material
in the nuclear industry, owing to its many advanta-
ges. But it has the disadvantage that its thermal con-
ductivity is the lowest of all the kinds of nuclear
fuels; metal, carbide, nitride [1]. The thermal con-
ductivity of a nuclear fuel is one of the most impor-
tant thermo-physical properties that determines the
fuel performance in a nuclear reactor. An improve-
ment in the thermal conductivity of the UO, pellet
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leads to a lower fuel temperature, which reduces
the fission gas release during a irradiation and it
also means a lower stored energy of a nuclear fuel.
A lessened stored energy significantly increases the
safety margin for the loss of coolant accident
(LOCA) [2].

The thermal conductivity of the UO, fuel can be
greatly enhanced by making a cermet composite
which consists of both a continuous body of a
highly thermal-conducting metal and UQO, islands
[3-13]. In this cermet, the continuous metal channel
can work as a good path for thermal propagation.
The conventional cermet fuel should contain a
metal phase of at least 30%, usually more than
50%, of the volume of the pellet in order to maintain

0022-3115/$ - see front matter © 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.jnucmat.2006.01.019


mailto:yangjh@kaeri.re.kr

J.H. Yang et al. | Journal of Nuclear Materials 353 (2006) 202-208 203

the metal phase as interconnected. This high volume
fraction of a metal requires such a high enrichment
of U that the parasitic effect of a metal should be
compensated for. Therefore, it is attractive to
develop a composite fuel that can contain a metal
phase with as small an amount of metal as possible.
Hot isostatic pressing (HIP) technique has often
offered a method to fabricate a cermet fuel pellet
with a small amount of a metal phase [8,14]. How-
ever, this technique consists of coating a fuel parti-
cle with a metal phase and then pressing the coated
particles in a high temperature. It is relatively com-
plicated and time-consuming from the viewpoint of
mass production.

In this investigation, a feasibility study was
undertaken on how to fabricate a cermet fuel pellet
by using only a small amount of metal via simple
processes. The candidate metal was tungsten, and
the fabrication process was conceptually designed
from thermodynamic calculations. We have experi-
mentally found that a small volume of a tungsten
phase envelops perfectly the UO, grains, forming
a continuous channel throughout the pellet, and
that it improves the thermal conductivity of the
pellet.

2. Experiments

ADU-UO, powder was mixed with W powder
using a tumbling mixer. The initial weight fraction
of the W powder was 9 wt%. The mixed powder
was pressed into green pellets and then sintered at
1700 °C for 4 h in hydrogen, and such a sintered
UO, pellet contains W particles which are dispersed
uniformly throughout the pellet. This UO, pellet
was step-wise annealed under two different anneal-
ing conditions. The first step was for oxidizing the
W particles; the pellet was annealed at 1400 °C in
a CO, gas atmosphere for 30 min. In the second
step, the annealed pellet was heated to 1650 °C in
H, and held for 2 h. These annealing temperatures
and gas environments were determined by thermo-
dynamic calculations.

The pellets obtained after the first and second
step were longitudinally sectioned and polished.
Their microstructures were observed with an optical
microscope. The grain structure morphology and
the cation distribution were measured with both
SEM and an electron probe microanalysis. The
relative volume ratio of the metal matrix to the
UO, grain was obtained through an image analyzer
program. The phase evolution resulting from the

sequential processes — sintering, annealing, and
reducing — was characterized by the X-ray diffrac-
tion profiles.

Disk samples with a 10-mm diameter and ~1-mm
thickness were taken from the W-particle-dispersed
UO, pellet and a continuous-channel-containing
UO, pellet for the thermal diffusivity measurements.
The thermal diffusivity was measured by the laser
flash method [15] from room temperature to
1200 °C in vacuum atmosphere using a laser flash
apparatus (Netzsch LFA 427). A uniform heat pulse
of a short duration (compared to the transient time
through the sample) was incident on the front face
of a disc specimen, and the temperature rise on
the rear face was recorded. The thermal diffusivities
were calculated by using the method developed
by Cowan [16], in which the deviations from the
idealized behavior caused by the heat losses are
corrected. The measured thermal diffusivities were
compared with that of the pure UO, sample.

The relative difference in the thermal conductiv-
ity between the metal and UO, phases was mea-
sured with a scanning thermal microprobe (CP
research) [17,18]. A thermal imaging was achieved
by using a resistive thermal element attached to
the end of a cantilever which enables an AFM type
feedback. The thermal element consists of a bent
filament of platinum/10% rhodium. The ‘thermal
conductivity contrast mode’ was used. The amount
of power required to maintain the probe at a con-
stant temperature is directly related to the thermal
conductivity of the test specimen. The specimens
were carefully polished in order to avoid a surface
influence on the heat conduction. The thermal data
was collected from a 100 pm x 100um scan area at a
scanning speed of 1 Hz.

3. Results and discussion
3.1. Fabrication process design

In order to effectively enhance the thermal con-
ductivity of UO, with a small amount of a metal
phase, the metal phase should have a high thermal
conductivity. A high melting point is also needed
from a safety point of view. Tungsten is a good
candidate. The fabrication process design is purely
based on the thermodynamic relations between
UO,, metal tungsten and the tungsten oxide phases.
The free energy changes of the following two oxida-
tion reactions are calculated by using the HSC
program [19].
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Fig. 1. Equilibrium oxygen potential curves.
W+ 0, =WO0O,

WO, +10, = WO;.

Fig. 1 shows the equilibrium free energy of the
two oxidation equations above together with the
equilibrium oxygen potential curves of the UzOg
and U4Oq phases [20,21]. The equilibrium oxygen
potential of tungsten metal to WO3 via WO, is
much lower than that of the U30g and U4Oy phases.
This thermodynamic feature makes it possible to
selectively oxidize the W to WO; in the W-parti-
cle-containing UO, pellet, with the UO, structure
being maintained. This WO; will be a liquid form
if the annealing temperature is higher than the
melting point of WO;3; ( = about 1470 °C). The oxy-
gen potential range where liquid tungsten oxide and
solid cubic UQ, are stable is denoted as a hatched
area in Fig. 1. The liquid tungsten oxide can pene-
trate between UO, grains as in liquid phase sinter-
ing and thus a continuous channel of liquid can be
formed along the grain boundary in the UO, pellet,
when the W-dispersed UO, pellet is annealed at the
conditions of the hatched area in Fig. 1. The liquid
tungsten oxide can be reduced to tungsten metal by
a heating in hydrogen, thus transforming it to a
metallic channel in the UO, pellet.

3.2. Fabrication results

Specimens were prepared by following the overall
fabrication processes: sintering, annealing, and
reducing process. The results are described for each
process. Fig. 2(a) and (b) shows the microstructure
and the XRD pattern of the sintered UO, pellet,
respectively. Fig. 2(a) shows that the tungsten parti-
cles are uniformly dispersed in the UO, pellet. This
finding is consistent with the X-ray diffraction
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Fig. 2. Optical micrograph (a) and XRD pattern (b) of the as-
sintered 9 wt% W dispersed UO, pellet. Open circles denote the
diffraction lines from tungsten metal.

pattern which reveals a two-phase mixture of UO,
and metal tungsten [see Fig. 2(b), tungsten is
denoted by an open circle].

The above sintered UO, pellet was annealed at
1400 °C in a CO, atmosphere for 30 min. Thus the
tungsten particles in the UO, pellet should be
oxidized to WO; by this annealing process. Fig. 3
shows the SEM image of the annealed UO, pellet.
The microstructure shows a typical feature of the
liquid phase sintered pellet in which a melted phase
is continuously precipitated along the grain bound-
ary. The EDS analysis reveals that the grain bound-
ary phase consists of mainly the tungsten oxide and
that it additionally contains about 7 at% of uranium
cation. It was experimentally found that a liquid
phase could be obtained even by an annealing at
1400 °C which is much lower than the melting tem-
perature of WO3, implying that the dissolution of U
in the tungsten oxide phase can lower the melting
temperature of the tungsten oxide phase. Fig. 4
shows the X-ray diffraction profile obtained at the
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Fig. 3. SEM image of the UO,~W pellet after the oxidative heat
treatment.

surface of the annealed pellet. In addition to the
typical UO, phase diffraction lines, a new series of
diffraction lines, denoted by a filled circle, also
appeared in this profile. The diffraction lines of the
tungsten metal are not found. The new diffraction
lines stem from the grain boundary phase and could
be indexed with a unit cell of a cubic symmetry with
a =3.8064 A. From the extinction rule of the i k /
index, the space group of the grain boundary phase
is tentatively determined to be Pm3m. The space
group and lattice parameter are closely related to
the ReOj; type cubic phase, in which the ReOg octa-
hedra form a host lattice by a corner-sharing man-
ner. In this structure, there are cages bonded by
the 12 oxygen atoms. It is thought that the tungsten
cations are located at the center of the octahedra and
the uranium cations are incorporated into the cuboc-
tahedron cages. This structure can be described as an
A-cation deficient perovskite, Ug s WOs.

The UO,—W cermet pellet in which the tungsten
metal phase is continuously precipitated along the
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Fig. 4. XRD pattern of the oxidative heat-treated pellet. Filled
circles denote the diffraction from the U,WO; type cubic phase.

grain boundary was finally obtained by reducing
the annealed pellet. Fig. 5 shows the optical micro-
structure of the UO,—W cermet. The UO, grains
were enveloped in the honeycomb metal frame of
tungsten in this fuel. EPMA analysis shows that
the grain boundary phase is a pure W. However,
about 1 at.% of W was detected in the UO, grain,
suggesting that there is a small amount of tungsten
solubility in the UO,.

There are several technical issues associated with
a homogenous microstructure and an accurate U
content in the UO,—W cermet pellet fabrication
process. The first issue is that the densities of W
and WO; are very different from each other. The
oxidation of the W metal particle expanded the
pellet volume during the oxidative annealing step.
In the reduction step of U,WO3 to W+UQO,, the
pellet volume should contract due to the volume
shrinkage of the tungsten phase. It was found that
the voids are often formed in the vicinity where
the WO; phase had existed before, because the
pellet did not completely accommodate the contrac-
tion of the tungsten phase in the reduction step.
These voids tended to concentrate in the center
region of the pellet, producing a pellet that is less
dense in the center than on the surface. The second
issue is that the vapor pressure of the tungsten oxide
phase is relatively high. Some of the tungsten evap-
orates during the fabrication process. This makes it
difficult to precisely control the W content in the
UO,—W composite fuel. These issues were partly
solved by controlling the processing parameters
such as the annealing temperature, pressure of the

Fig. 5. Optical microscopy image of a continuous W metal
channel containing the UO, pellet.
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annealing atmosphere, microstructure of the tung-
sten particle dispersed UO, pellet, and the pellet
size. Especially, a uniformity of the microstructure
was achieved when a short composite pellet is fabri-
cated through the developed process.

3.3. Thermophysical properties

The main subject of this study was to increase the
thermal conductivity of the UO, fuel pellet by using
a small amount of the metal phase. The thermal
conductivity contour map of the developed pellet
surface was obtained on a sub-micrometer scale by
scanning thermal microscopy (SThM). Fig. 6(a)
and (b) shows a topographical and thermal conduc-
tivity contrast image of the polished surface of the
pellet sample, respectively. In the topological figure,
the grain boundary shape contour could not be
detected. However, in the thermal conductivity con-
trast image, the grain boundary shape was clearly
observed. Pores and other defects were also seen
in this figure. Fig. 6(c) and (d) shows the profiles
of the height and the thermal conductivity along
the line indicated in Fig. 6(a) and (b), respectively.
It can be observed that the height of the surface
does not change considerably along the line. But,
the thermal conductivity sharply increases at the
grain boundary. This fact clearly indicates that the
highly thermal conductive phase is continuously
formed along the grain boundary and the thermal
conductivity of this pellet is increased by this grain
boundary phase.

Height (pum)

Disk samples with a 10 mm diameter and ~1 mm
thickness were taken from the tungsten-channel-
containing UO,—W composite for the thermal diffu-
sivity measurements. By using an image analyzer
program [22] and optical micrographs, the relative
volume fraction of the metal tungsten was deter-
mined to be 6 vol.% from the average area fraction
of the tungsten for both sides of the sample. In
order to compare the channeling effect of the tung-
sten metal phase on the thermal diffusivity enhance-
ment, a 6vol.% W dispered-UO, pellet was
prepared through the conventional sintering
process. The thermal diffusivities of the UQO,, the
6 vol.% W dispersed—UQO,, and the tungsten-chan-
nel-containing UO,-W composite pellets were
measured and compared.

Fig. 7 shows the ratios of the thermal diffusivity of
the tungsten-channel-containing UO,—W composite
to pure UO, together with that of W—dispersed—UQO,
to pure UO, at various temperatures. In the case of
the developed tungsten-channel-containing UO,—W
composite, the thermal diffusivity is 50-80% greater
than the typical UO, fuel [23,24]. Particularly, the
thermal diffusivity was enhanced more in the high
temperature range. This is because the thermal diffu-
sivity of the ceramic UO, decreased more rapidly
than the metal tungsten as the temperature
increased. In the 6 vol.% W-dispersed—UO, pellet,
the thermal diffusivity is also increased. However,
the increment is much smaller than that of the tung-
sten-channel-containing UO,—W composite having
the same amount of W phase.

Distance (pm)

Distance (um)

Fig. 6. Topographical and scanning thermal microscope image of the W channel containing UO, pellet. (a) Topographical image. (b)
SThM image (c) surface height variation across the line indicated in (a), and (d) thermal conductivity distribution across the line indicated

in (b).
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Fig. 7. Relative thermal diffusivities of the tungsten channel
containing and tungsten particle dispersed UO, pellets to pure
UOz.

Particulate composites such as ceramic-particle-
reinforced metal matrix composites have been
extensively investigated since they are used in many
applications from structural materials to electric
devices. Understanding the effects of the microstruc-
tural characteristics of inclusions on the thermal
properties of composite materials has been a topic
of considerable theoretical interest [25-30]. Maxwell
[25] derived the equation of an effective thermal
conductivity of a spherical particulate dispersed
composite. He considered the idealized case of a
perfect interface contact between the particle and
the matrix. Hasselman and Johnson [26] extended
the classical work of Maxwell to consider the
interface effect and particle size and derived a
Maxwell-Garnett type effective medium approxima-
tion (EMA) for calculating the effective thermal
conductivity.

According to their calculations, the effective ther-
mal conductivity of a composite can be enhanced
further when an higher thermal conductive phase
forms a matrix (continuous channel) rather than
an inclusion. In an ideal case, the effective thermal
conductivity of the 6 vol.% of the tungsten-chan-
nel-containing UO, composite is calculated to be
about 50-100% greater than that of the 6 vol.% W
dispersed UO, pellet. In our experimental results,
the thermal diffusivity of the continuous W-metal-
containing UO, composite is about 30-40% greater
than that of the simply W-particle-dispersed UO,.
The thermal conductivity is a product of the heat
capacity, density and thermal diffusivity. When we
ignore the heat capacity and density dependence
on the microstructure, the thermal diffusivity differ-
ence can represent the thermal conductivity differ-

ence. Then, the measured diffusivity enhancement
of the W channel containing UO, is somewhat smal-
ler than the calculated value. The discrepancy could
be due to the imperfect interface between W and
UO,, the density of the composite and the W con-
tainment in the UO, grain, etc. Nevertheless, a con-
tinuous metal channel more effectively enhances the
thermal conductivity of the composite than the
dispersion type.

4. Conclusion

Based on the theory of the phase equilibria
among tungsten, tungsten oxides, and UO,, we have
developed a novel fabrication process in which a
continuous tungsten-channel-containing UO, pellet
can be produced from a tungsten-particle-dispersed
UO, pellet through specific annealing and reducing
steps. In the annealing step in an oxidizing gas,
tungsten particles are oxidized and then become
liquid tungsten oxide, which, in turn, penetrates
between the UO, grains to form a continuous liquid
channel. In the reducing step in hydrogen, the liquid
oxide is reduced and then transformed to a solid
tungsten channel. This technique creates a metal-
channel-containing ceramic composite even with a
small amount of the metal phase of about 6 vol.%,
in contrast to the conventional cermet fuel which
requires about 50 vol.% of metal to make a contin-
uous metal channel.

The thermal diffusivity above 600 °C of the UO,—
6 vol.%W cermet was larger by about 80% and 40%
than those of the pure UO, and W particle-
dispersed UQO, pellet, respectively. These results
for the thermal diffusivity of the UO,—6 vol.%W cer-
met confirm that the enhancement in the thermal
diffusivity is due to the continuous tungsten channel.
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