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Abstract

The potential for removing gallium from Ga-doped CeO,_, by thermal means was studied for the purpose of as-
sessing gallium removal from PuQ,_,. The latter is of interest to those considering the storage or use of weapon-grade
Pu, for example as a mixed oxide fuel component. Experiments were done by varying temperature, gas composition,
exposure time, sample size, particle size, and gas flow rate. The kinetics of gallium removal were assessed through
measurements of weight change, scanning electron microscopy, and chemical analyses. Results suggest that the gallium
level can be reduced significantly by thermal treatments in Ar—6% H,. Gallium species segregate to grain boundaries
because of the low solubility of Ga,0; in CeO,. The kinetics and microstructural observations suggest that both
gaseous and solid-state diffusion of gallium species are important for the removal of gallium. © 2000 Elsevier Science

B.V. All rights reserved.

1. Introduction

It has been considered to use weapon-grade pluto-
nium as reactor fuels for the peaceful production of
electricity [1-3]. Unlike reactor-grade Pu, weapon-grade
Pu may contain a minor amount of Ga (melting point:
29.8°C) added to stabilize the d-phase and make it easily
machinable. Gallium is known to degrade the properties
of many metallic materials via corrosion, embrittlement,
or intermetallic phase formation [4-8]. Thus, the galli-
um-induced corrosion of cladding materials as well as
fuel sintering is a concern. For this reason, the gallium
level should be reduced to less than 100 wppm before the
weapon-grade plutonium oxide can be used as a fuel
[5,21]. The PuO, powder will be blended with UO, in a
ratio of 1:20, such that the resultant gallium concen-
tration is reduced to below 5 wppm. The sub-oxide of
gallium is also further volatilized and evolved during
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sintering of this mixture, so that the final concentration
in fresh fuel will be on the order of a few wppm [5].

Due to the significant quantities of waste that can be
generated by the aqueous purification of Pu, a means for
removing Ga using a thermal technique has been in-
vestigated. This paper reports our laboratory scale
studies of the kinetics of removal of Ga from gallia-
doped ceria. CeO,_, is a relatively good surrogate for
PuO,_, due to their many similar thermodynamic and
physical properties [7-16]. Ceria is convenient to use
compared with plutonia, for example, by eliminating the
need to work in glove boxes and dispose radioactive
waste, thereby saving money and time, and reducing
worker exposure to radiation.

2. Experimental

Ce0,-based surrogates were prepared using a con-
ventional route that involved blending, sintering, and
milling CeO, and Ga,0; powders. Table 1 lists the raw
materials used in these studies. The primary surrogate of
interest was CeO,-2 wt% Ga,O;. After cerium oxide and
gallium oxide powders were mixed, the mixture was vi-
bration-milled for 15-20 min. The powder was then
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Table 1
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Description of the raw materials used to fabricate CeO,-Ga,0; surrogate powders

Catalog name

Supplier

Description

Base powder

Binder

Lubricant

Gallium (IIT) oxide Ga, 04
Cerium (IV) oxide CeO,

Polyethylene glycol (PEG)
Stearic acid

Liqui moly (MoS,)

Johnson Matthey
Johnson Matthey

J.T. Baker
E.M. Science

Lockery Company

99.999%; —325 mesh
99.99%; <5 pm

PEG 8000 (U222-08)
EM-SX0947-1

Moly Grade NV; regular

pressed as a green pellet to 30-40% of theoretical
density. The resulting pellet was again milled and
sifted through a 100 mesh screen and pressed into a
green pellet (60-70% of theoretical density). The pellets
(0.6-0.7 cm O.D. and 1.0-1.2 cm height) were fired at
450°C for 4 h at a rate of 10°C/min to remove the
binder. The pellets were subsequently heat-treated at
1650°C for 4 h in air (heating rate of 10°C/min), fol-
lowed by a furnace cool. The average density of the
sintered pellets (measured from 520 pellets) was above
95% of the theoretical density. After sintering, the
sintered pellets were re-crushed into powders with
desired particle sizes, typically — 100 mesh by either
vibration or attrition milling.

Gallium was removed from the powder feedstock
(and in some cases, whole pellets) by heat treating in
high purity Ar—6% H, and, for comparison, pure Ar.
Experiments were done by varying temperature (600—
1600°C), time (0.5-12 h), sample size (0.3, 0.9, 2.5, 100
g), gas velocity (1.5-20 cm/s), and particle size (850-425,
425-250, 250-180, and —150 um). Samples were placed
in high-purity alumina crucibles, which in turn were
placed in an alumina tube furnace. The samples were
heated to the temperature of interest at nominally 20°C/
min and cooled at the same rate. Specimen weights and
gallium concentrations were measured before and after
heat treatments. The amount of gallium oxide dissolved
into the alumina crucible was determined to be negligi-
ble under all test conditions. A comparatively large
surrogate sample (100 g) was heated at 1200°C for 12 h
in Ar-6% H, flowing at 3 cm/s. Following the first ex-
posure, the sample was well mixed and exposed a second
time, and samples from each run were taken for analyses
from the surface and inside of the powder pack regions,
as discussed later. Test samples were analyzed by scan-
ning electron microscopy (Joel 6300 FVX), energy dis-
persive X-ray analysis (EDS), X-ray photoelectron
spectroscopy (XPS), direct current plasma emission
spectroscopy (DCP), and the oxygen metal ratio was
assessed using a Leco TC-136. The DCP measurement
was used for quantitative analysis of gallium in the
samples. Particle induced X-ray emission (PIXE), neu-
tron activation analysis (NAA), and X-ray microfluo-
rescence (XRMF) were also used to characterize the
efficacy of Ga removal with sample lot sizes.

3. Results and discussion
3.1. Surrogate sample characterization

A nominal CeO,-2 wt% Ga,0; starting surrogate
powder was vibration milled and sieved through a 100
mesh screen. Some particles were attrition milled. The
volume average particle size was 76 um for the vibra-
tion-milled and 1 pm for attrition-milled powder.

The weight loss during the sintering process was
measured by non-isothermal thermogravimetric analysis
(TGA) as shown in Fig. 1. The TGA trace showed a
slightly larger weight loss for the processed surrogate
than for pure CeO, when exposed to a N,~20% O, en-
vironment. TGA traces showed slope changes for both
samples near 1027°C that may be caused by transfor-
mation to non-stoichiometric CeO;,; at and above
1023°C [14]. The amount of Ga in the surrogate was
reduced from about 14100 to 7800 wppm after sintering
by DCP measurement.

Fig. 2 shows an SEM microstructure and corre-
sponding elemental maps of Ce and Ga of a cross-sec-
tion of the sintered pellet. The microstructure shows
pores and agglomerated grains formed during sintering.
The X-ray elemental map of Ga shows strong Ga in-
tensities at grain boundaries. The segregated Ga species
were rarely observed within CeO, grains. The mor-
phology of the sintered and crushed powder is shown in
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Fig. 1. TGA data for CeO, and CeO,-2 wt% Ga,0O; surrogate
pellets during sintering.
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Fig. 2. SEM morphologies of the cross-section of the sintered pellet showing grain boundaries and pores through cross-section (top).
X-ray elemental maps highlighting Ga segregation to the grain boundaries (bottom).

Fig. 3. The X-ray elemental map shows gallium-rich
regions at grain boundaries within particles.

The gallium concentration changes during sintering
(14100-7800 wppm) and SEM morphologies in Figs. 2
and 3 indicate that when gallia-doped ceria sintered,
Ga,0 vaporizes from Ga,0; in the powder and segre-
gates to the grain boundaries. A portion of this gallium
oxide in the grain boundaries is likely to form the Ce-
GaO; perovskite phase when exposed in H, reducing
conditions, as reported by previous investigators
[7,13,17,18]. This phase is reduced more slowly than
Ga,0; and therefore may control the removal process at
which the last few percent of Ga is removed. Therefore,
the gallium-rich regions at the grain boundaries are still
observed after exposing the pellet at 1200°C for 12 h to
Ar-6% H,, as shown in Fig. 4. Thus, it is possible that
the efficiency of Ga removal through Ga,O volatile

species may depend on the extent of formation of the
Ga-rich phases in the grain boundaries.

3.2. Thermally induced gallium removal

The results of weight change measurements taken
on samples exposed to both Ar-6% H, and pure Ar for
30 min are shown in Fig. 5 as a function of sample ge-
ometry and temperature. The measured weight loss is
the combined loss of Ga and O associated with the mass
equations (1) and (2), by which the Ga,O vapor pressure
in the Ga,0; are governed [19-21], as well as the loss of
oxygen from cerium oxide, i.e., cerium oxide becomes
more substoichiometric under reducing conditions
[22,23]

Ga,05(s) + 2H,(g) = Ga,0(g) + 2H,0(g) (1)
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Fig. 3. SEM observations of CeO,—2 wt% Ga, O3 powder crushed from pellets after sintering at 1650°C for 4 h. This crushed powder
was used as a starting material for thermal treatment. Several grains are agglomerated in a particle (top). X-ray elemental maps
(bottom) show gallium intense regions at the grain boundary in a particle.

Ga,05(s) = Ga,0(g) + O2(g). 2)

Therefore, weight loss alone is only a semi-qualitative
measure of the gallium loss. As shown in Fig. 5, there is
little or no weight change in Ar. The chemical analyses
in Fig. 6 performed on samples exposed to Ar show no
significant Ga loss, also in agreement with thermody-
namic calculations in a previous publication [19]. Fig. 7
shows the residual amount of Ga as a function of tem-
perature for surrogates exposed to Ar—6% H, for 30
min. As shown in Figs. 5-7, both mass and gallium
losses observed in Ar—6% H, were significantly greater
than that observed in Ar, particularly at higher tem-
peratures. At 1000°C and above, the powder samples
lost significantly more weight in Ar—6% H, than did the
pellets. Figs. 5-7 verify that the kinetics of Ga removal

are much higher at higher temperatures and in Ar-6%
H,. The residual amount of gallium after a much longer
exposure time (4 h) is shown in Fig. 8, which also shows
data obtained at temperatures above 1200°C. It is seen
that gallium content can be lowered to 0.01-0.05% at a
sufficiently high temperature and exposure time.

Fig. 9 shows the effect of time on the weight loss and
residual Ga concentration in the samples exposed to Ar—
6% H, for 0.5-12 h at 600°C, 900°C, and 1200°C. As
exposure time increased, Ga continued to be removed,
however at a lower rate. The residual Ga level reached
60—130 wppm in powder samples after 12 h at 1200°C.
On the other hand, the pellets exposed to the same
conditions contained approximately 2900 wppm Ga
residue. Fig. 9 indicates that, in the early stage, the re-
sidual Ga species near the surface is reduced. In the later
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Fig. 4. SEM observations of CeO,-2 wt% Ga,0; powder surrogate exposed to Ar-6% H, at 1200°C for 12 h (top). X-ray elemental
map (bottom) shows weaker Ga intensities at the grain boundaries than before thermal treatment as shown in Fig. 2.

R
g -10 Ar-6% H,
o
=1
<
S
ey -15 -
=)
&) @ (.3 g lot size powder
= —&— 0.9 g lot size powder
-2.0 - .
—&— 2.5 g lot size powder
—W— Pellets
25 b | P N

600 700 800 900 1000 1100 1200

Temperature §©)

Fig. 5. Weight change versus temperature for CeO,-2 wt%
Ga, 05 surrogate samples exposed to Ar—6% H, and Ar for 30
min. Each point is the average of results from three runs.

stage, the removal may depend on the transport of Ga
species, mainly Ga,O(g), from inside to outside of the
surrogate resulting in the slower removal of Ga. In
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Fig. 6. Residual Ga versus temperature for CeO,-2 wt% Ga,0;

samples exposed to Ar for 30 min.

these, Figs. 6-9, it is seen that some samples heated at
low temperatures and/or for short times, where the ex-
tent of gallium removal is low, contained higher contents
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Fig. 7. Residual Ga versus temperature for CeO,-2 wt% Ga,0;
samples exposed to Ar-6% H, for 30 min.
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Fig. 8. Residual Ga for CeO,-2 wt% Ga,0; samples exposed
to Ar-6% H, for 4 h and at higher temperatures.

of gallium than the starting material. This is due to the
non-uniform distribution of gallium in the latter and/or
the uncertainty of gallium analysis. Thus, this variation
represents the overall degree of uncertainty of data
presented in this work.

Fig. 10 shows the effect of sample size on the Ga
removal at 1200°C for CeO,-2 wt% Ga,0; exposed to
Ar-6% H, for 30 min determined by XPS, PIXE, and
DCP analyses. Other techniques such as NAA and
XRMF showed the same trend as highlighted in Fig. 10;
i.e., that the efficacy of Ga removal observed with de-
creasing sample lot size at 1200°C [20,24].

Fig. 11 summarizes the results of Ga removal ex-
periments performed on a 100 g sample of surrogate
powder at 1200°C for 12 h in Ar—6% H, flowing at 3 cm/
s. Following the first exposure, the sample was thor-
oughly mixed in a mixer. After mixing, the powder was
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Fig. 9. Weight loss (above) and residual Ga (bottom) versus
time for CeO,-2 wt% Ga,0O; samples exposed to Ar-6% H, at
900°C and 1200°C.

packed in the crucible and heated a second time. Sam-
ples were taken after both runs from three upper posi-
tions near the surface, two lower positions, and after
mixing the entire sample as indicated in Fig. 11. After
the first run, gallium concentration near the surface of
the bed was lower than inside of the powder pack. This
suggests that the vaporization of gallium from the sur-
rogate is influenced by the gaseous transport of Ga,O.
However, after the second run, the gallium concentra-
tion at the upper surface of the bed is not much different
from the inside of the powder pack. This suggests that
the removal of the gallium remaining after the first run is
slower, possibly controlled by the solid-state diffusion
within the grains.

Fig. 12 shows the effect of the gas flow rate on Ga
removal. The upper plot in Fig. 12 shows weight changes
with flow rates of 1.5 and 3.0 cm/s from 600°C to
1200°C, and lower one is the weight changes with flow
rates of 1.5-6.0 cm/s at 1200°C. The shaded regions in
Fig. 12 show the hypothetical mass loss for samples
exposed at 3.0 cm/s, assuming that the gallium and
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Fig. 10. Ga removal versus sample lot size, showing greater
degrees of Ga removal from smaller sample lots at 1200°C.
Samples were exposed to Ar-6% H, for 30 min, and analyzed
by XPS (top), PIXE (middle) and DCP (bottom).

oxygen fluxes increase as the square root of gas velocity
based on gaseous diffusion control. However, the ex-
perimental weight losses do not exhibit a linear depen-

Al,0; crucible

7

Surface

Ce0,-2 wt% Ga,0, surrogate (100g)
Sampling position

(a) Sampling position

L e e s B L L B B B

0'16:_ Ga concentration after 1st run
0.14 F Ga concentration after 2nd run

P IR

012}
0.10f
0.08
0.06
0.04
0.02
0.00t

weight %

Average gallium concentration,

_
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(b) Residual Ga concentration

Fig. 11. Residual Ga amount from 100 g lot size powder
sample after reaction at 1200°C for 12 h in Ar-6% H, (Gallium
concentration was averaged from three measurements for the
surface sample and from two measurements for the inside
sample. A single measurement was made for the mixture sam-
ple. The results of the two measurements for the inside sample
after the first run were so close that the error bar is almost
invisible).

dency on square root of gas velocity. The residual
gallium analysis data also showed no dependency with
respect to flow rates. This implies that the kinetics are
not limited by gaseous diffusion in H, through the
extended boundary layer in the range of 1.5-6.0 cm/s.
We performed experiments with 20 cm/s flow rate,
which also showed no effect on the gallium removal.
However, this result does not preclude the possibility
that Ga,O gaseous transport through the inter-particle
pores is the rate limiting or partially rate limiting, as
discussed later.

The effect of particle size shown in Fig. 13 indicates a
general trend of increasing Ga removal rate with de-
creasing size, although some inconsistencies are present,
especially for the two largest size fractions. The attri-
tion-milled powder (average size of 1 pm; single point at
1200°C) had a considerably higher degree of removal
than the larger particles.
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Fig. 12. The effect of gas flow rate on Ga removal for CeO,-2
wt% Ga,0; samples exposed to Ar-6% H, with flow rates of 1.5
and 3.0 cm/s for various temperatures and lot sizes (top), and
with flow rates of 1.5-6.0 cm/s at 1200°C (bottom).

3.3. Kinetics and rate-controlling step for Ga removal

The possible mechanisms of Ga removal are illus-
trated in Fig. 14. The possible rate controlling steps for
Ga removal are (1) the external mass transfer between
bulk gas phase and the surface of a particle or pellet, (2)
chemical reaction at the surface of the surrogate, (3)
transport of Ga species from within the particle or pellet
to the surface, and (4) for a loose pack of powder or a
porous pellet, the diffusion of Ga,O(g) and H,(g) in the
particle interstices or pores.

Although Ga,0; could possibly decompose to Ga(l),
GaOH(g), GaO(g), and Ga,0O(g), the main volatile
species is Ga,O(g) in a H, environment [19]. These
possible decomposition products have been reported by
thermodynamic analysis and physical measurements by
other researchers [4,16,19].

The rate of mass transfer through the gas phase
boundary layer is described by the following equations
[25,26]:
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Fig. 13. Particle size effects on the weight loss (above) and Ga

concentration (bottom) versus temperature for 2.5 g of CeO,-2
wt% Ga,0; exposed to Ar-6% H, for 1 h removal process.

a0, = hAAP (3)
with

_ vy 1/2
hoc Dy (1) (4)

where £ is the mass transfer coefficient, 4 the surface
area, D the diffusion coefficient of Ga,O in H,, y the
kinematic viscosity of the gas mixture, v the bulk gas
stream velocity, L the length of the specimen, and AP is
the difference in the partial pressures of Ga,O between
the bulk gas and that at the surface of the specimen.
Because we used the same geometry and conditions in all
the surrogate samples, the kinematic viscosity of the gas
mixture and the length of the specimen were unchanged.
As shown in Egs. (3) and (4), mass flux should be pro-
portional to the square root of the gas velocity for a rate
controlling step (1). As already shown in Fig. 12, the
weight loss in the surrogate did not depend on the flow
rate. Thus, step (1) cannot be the rate-controlling step in
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or compounds

Fig. 14. Possible mechanisms of gallium removal in the MOX
surrogate during the thermal removal process.

the whole process of gallium removal from the surrogate
within the flow rate range tested.

The dependence of gallium removal rate on powder
lot size, seen in Figs. 7-11 together with that on particle
size shown in Fig. 13 suggests that the rate controlling
step in this system is a combination of steps (3) and (4).

For a non-porous particle or piece of sample, the rate
of Ga removal can be obtained based on the equations
describing the solid-state diffusion of gallium oxide,
given by

aCGa
D5, V*Coo = —2= 5
Ga\v Gi at ( )
with
att=0, Cg, =Cl,, (6)

at particle surface

. 0Ca
_DGa af = 2]’1(]7(}320 —PbGazo)7 (7)

at particle center

aCGa\ _
8r _Oa (8)

where Dg, is the solid-state diffusivity of Ga, Cg, the Ga
concentration in the solid phase, /# the mass transfer
coefficient, r the radial coordinate in the particle, ¢ the
time, and p is Ga,O partial pressure in the gas phase.
The superscripts i in Eq. (6) and b in Eq. (7) denote the
initial and bulk values, respectively.

The gallium removal rate from a particle is given by

oC
gy = —D zizlA -

or ’ ©)

r=R

where g, is the Ga removal rate and A is the surface
area. In the case of rapid external mass transfer and zero
Ga,O partial pressure in the bulk gas stream, the solu-
tion to Egs. (5)—(8) for a spherical particle is

CGa =

o =2 (=) e
Ga

n=1

sin A,r nm
[ o= 1
ALr 7" R (10)

For a porous pellet or a loose pack, consisting of small
non-porous grains, the gas-phase diffusion of Ga,O and
H,; in the pores must be considered as follows:

RT . 6pc,az le)

D%vazovszazO + TRGa =é o ~0, (11)
© RT ap
Dy, Vipu, — 7( —Ry,) =¢ 61:2 ~ (). (12)

Appropriate boundary conditions similar in form to
those of Eqgs. (7) and (8) apply to Egs. (11) and (12).
Here, Dg,,o and Dy, represent, respectively, effective
Ga,0 and H, diffusion coefficient in the pores. Rg,
represents the local molar rate of gallium evolution per
unit volume of the pellet, which can be obtained by
solving Eqgs. (5)~(9). (—Ru,) represents the local molar
rate of consumption of H, per unit pellet volume by
reaction with Ga,O; as well as the host oxide, ceria. Eqs.
(5)-(12) are given here as possible model equations for a
more quantitative further investigation of the problem
discussed in this paper. Such a study was beyond the
scope of the present work. It has been reported that the
solubilities of Ga in cerium and plutonium are similar
[7,13]; thus Pu-based MOX fuel is expected to have
similar kinetics as gallia-doped ceria surrogate discussed
here.

4. Conclusions

Gallium removal from cerium oxide, as a surrogate
of plutonium oxide, was investigated to determine the
effects of atmosphere, temperature, particle size, sample
lot size, exposure time, and gas flow rate. The presence
of hydrogen and temperature had strong effects on Ga
removal. Results to date suggest that the gallium level in
the surrogate powder can be reduced to levels as low as
60-100 wppm from the starting ceria doped with gallia
powder.

Gallium removal from the surrogate is achieved by
the reduction of Ga,0; in hydrogen, which produces
volatile Ga,O. The results show that the mechanism of
gallium removal involves several steps. The removal
of gallium from the ceria may depend on the reduction
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of segregated gallium oxide species in the grain bound-
aries. At the beginning of gallium removal process, the
vaporization of gallium oxide and Ga,O transport from
the surface may be the dominant mechanism, but after
the depletion of gallium near the surface, the diffusion of
gallium species plays an important role in the subse-
quent stage to remove the residual gallium.
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