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Abstract

Atomic scale computer simulation is used to develop models that describe the behaviour of ruthenium in the ura-
nium dioxide lattice. Results are consistent with observed metal particle formation in UO,_, and UQ,. Conversely it is
predicted that ruthenium can be soluble in UQO,,, although in irradiated fuel the extent of ruthenium solution will
depend on the total concentration of fission products compared to the oxygen interstitial ion concentration. Second
phase oxide particles such as BaRuO3 and RuO, are not predicted to be stable. At all stoichiometries activation energies

for migration are high.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

In highly irradiated uranium dioxide fuel the noble
metal fission products Ru, Rh, Pd, Tc and Mo form a
separate metallic phase [1-3]. This usually takes the
form of small dispersed grains, referred to as five-metal
particles. These exhibit the hexagonal &-Ru crystal
structure although at lower burn-up the major constit-
uent element is generally Mo. The particles have been
observed within fission gas bubbles at grain boundaries
and at inter-granular positions. Presumably the metal
atoms must migrate through the lattice to reach the
grain boundaries or bubbles, although the atomic scale
mechanisms are not known.

In the event of a fault, which results in exposure of
hot fuel to an oxidising atmosphere, progressive oxida-
tion of UO, — UO,,, — UyOy — U304, will occur,
with the stable phase being determined by the atmo-
sphere and temperature [2,4-6]. If the atmosphere is
sufficiently oxidising, then ruthenium will also be oxi-
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dised forming RuO; and RuQy, both of which are highly
volatile [7-9]. This facilitates the release [9] of Ru-106,
which has a half-life of 1.01 years. Although it is clear
that ruthenium is quite mobile along grain boundaries
[10], the relative mobility in grain interiors has not been
established unequivocally [7]. To what extent the trans-
port of ruthenium occurs during the oxidation to UO,,,
or only once U;Og_, is formed [6] is therefore not clear.
However, recent work [11,12] does show that oxygen
content and oxidation are important in enhancing or
reducing ruthenium release. Significantly, established
Ellingham diagrams [2,4] show that the oxygen potential
at which Ru oxidises to RuQO, is marginally above the
oxygen potential at which U;Og is formed from UO,,,
[13]. Thus RuO, should not form on the surface of
UO,,, until after U3Og has started to form.

Here we report for UO,_,, UO, and UO,,, solution
energies of ruthenium in a variety of charge states. Seven
possible trap sites are considered including simple sub-
stitution at a uranium site, substitution at complex va-
cancy clusters and interstitial solution. These data are
then used to determine the starting point for migration
activation energy predictions. In all cases, energies as-
sociated with ruthenium ions are calculated using atomic
scale computer simulation based on inter-ionic poten-
tials and energy minimisation.
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2. Methodology
2.1. The perfect lattice

The atomic scale computer simulation techniques
used here are based on energy minimisation with a Born-
like description of the lattice [14]. The interactions be-
tween ions are composed of two terms: long-range
coulombic forces, which are summed using Ewald’s
method [15], and short-range forces, which are modelled
using parameterised pair potentials. The perfect lattice is
described by defining a unit cell, which is repeated
throughout space using periodic boundary conditions as
defined by the usual crystallographic lattice vectors. The
lattice energy is then given by:

_ N1

C
= A —rij/p _ 1
L7 e, ryj +de 7o (M)

i#j i

where 4, p and C are the adjustable parameters specific
to ions i and j, r;; is the inter-ionic separation and ¢ is
the charge on the ion. The adjustable parameters that
describe the U*T—U*", U*—0?" and O*> —O?" interac-
tions were taken from previous work [16]. These pa-
rameters were derived by fitting to experimental
structures and dielectric constants. Parameters that de-
scribe the interaction of the various charge states of
ruthenium with oxygen and uranium are presented in
Table 1 (note: for interactions involving ruthenium the
C parameter is zero). These were calculated using the
electron gas method [17] since appropriate structures
were not available. The exception to this is the Ru*—
O?* potential since data for the RuO, lattice (space
group P4,/mnm) are available. A small modification to
the electron gas potential resulted (although the con-
clusions did not alter). The resulting predicted lattice
parameters for RuO, (¢ = 0.4510 nm, ¢ = 0.3107 nm)
are in excellent agreement with experiment (a = 0.44968
nm, ¢ = 0.31049 nm) [18].

Table 1
Short range potential parameters relating to Eq. (1)

Species Adjustable parameters
A (eV) p (nm)

Ru’-U** 1573.53 0.044653
Ru’-0* 3173.56 0.026770
Rut-U* 2851.20 0.037310
Ru*-0?*- 2603.30 0.029410
Ru?t-U* 6121.46 0.031310
Ru**-0* 2649.29 0.030238
Ru*t-U* 11117.43 0.027846
Ru*-0* 2988.58 0.029821
Ru*—U*" 17717.22 0.025595
Ru*-0?" 3080.00 0.029072

The electronic polarisability of ions is accounted for
via the shell model of Dick and Overhauser [19]. This
model consists of a massless shell with charge, Yle|, that
is allowed to move with respect to a massive core of
charge, X|e|; therefore, the overall charge state of each
ion I is equal to (X + Y)|e|. The core and shell charges
are connected by an isotropic harmonic spring of force
constant k. In all calculations, O?>~ and U** are treated
as polarisable. For O>~, Y = —4.04, k = 29680 ¢V nm~2;
for U*, Y =654, k=9824 eVnm2; for Ru*t,
Y = —1.00, k£ = 3500 eV nm 2.

2.2. The defective lattice

Since ruthenium ions may exhibit charge states that
are different to those of ions normally at lattice sites in
UO, and they are usually of a different size, an approach
is needed that is able to model the effect of such defects
on the surrounding lattice ions. In other words, the
calculations of defect energies must include the resulting
structural relaxation or displacement polarisation. This
is achieved by partitioning the energy-minimised perfect
lattice into three concentric spherical regions [20]. In
region I, ions are treated explicitly and relaxed to zero
strain. The defect is positioned near the centre of this
region. Region Ila is an interfacial region where forces
between ions are determined via the Mott-Littleton
approximation [21], and these ions are relaxed to zero
strain. The interaction energies between ions in region
ITa and region I are calculated explicitly. The outer re-
gion IIb extends to infinity and provides the Madelung
field of the remaining crystal. The relaxation energy of
ions in region IIb is determined using the Mott-Littleton
approximation [21].

2.3. Solution energy calculations

Solution of ruthenium will be determined with ref-
erence to the metal since we wish to predict when the
metal particles are soluble in the fuel matrix. If ruthe-
nium is soluble, it would be dispersed in the fuel at an
atomic level. Thus the first term in calculating the in-
ternal energy of solution is the enthalpy of vapourisation
of ruthenium metal; E,,, = 6.72 eV per metal atom [22]
(see step one in Eq. (2)).

Z" £ nEqfp

Ru(s)EgRu(g) L RUT(g) + nes =S R (g)

+ nevo,., (2)

Once in the fuel, a ruthenium ion will assume a charge
state that minimises the total energy. Thus the ruthe-
nium atom Ru(g) is first ionised to form the appropriate
gas phase ruthenium ion Ru"*(g). The total energy for
the ionization of isolated ruthenium atom [23], " Ef |
(where x = 1st, 2nd etc.), must also be included in the
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energy balance (step 2 in Eq. (2)). Each of the resulting n
electrons, ne, occupy states in the host fuel. This term,
the electron affinity of the fuel, E,r, depends on the
stoichiometry of the fuel. Following previous calcula-
tions [16], in UO,_, this is zero, in UO,,,, E.; = 2.3 eV
(the band gap energy) and in UQO,, E,x = 1.15 eV (half
the band gap energy).

It is then necessary to calculate the energy gained or
lost by incorporating the resulting ruthenium ion, Ru"*,
in a pre-existing trap site in the fuel lattice. This energy,
(the incorporation energy [16]), does not depend on
stoichiometry since the trap site is pre-existing, however
the energy required or released varies greatly between
trap sites. Finally, it is necessary to calculate the energy
to form the trap site that is to be occupied. The reason
such a term must be included is that we assume the
number of ruthenium ions available for solution is sig-
nificantly higher than the number of available trap sites
(which are minority defects). This is justified because
such trap sites have concentrations typically orders of
magnitude less than the level of non-stoichiometry.
These internal energies for trap site formation have a
strong dependence on stoichiometry. The defect equa-
tions that govern these terms are a consequence of the
equilibrium established between the trap site formation
and the majority oxygen Frenkel defect reaction and
have been described in detail previously [16]. Thus we
implicitly assume that the total concentration of fission
product ions is less than the level of the majority defects
(e.g. from non-stoichiometry). We shall return to this
point later.

2.4. Migration calculations

Activated migration mechanisms consist of sequen-
tial jumps of the migrating ion either between vacant
lattice sites or between interstitial sites. The activation
energy for the migration process, once the defects are in
registry, is the difference between the energy of the sys-
tem when the migrating ion is at the saddle point and the
energy of the ion in the trap site adjacent to the defect
that mediates the migration mechanism. Here the saddle
point energy is calculated by introducing a fixed ruthe-
nium ion at the saddle point location and then relaxing
the surrounding lattice. Evaluating the potential energy
surface both parallel and perpendicular to the diffusion
path identifies the configuration of the saddle point.

For example, if the ruthenium ion occupies a simple
uranium vacancy site, a second uranium vacancy is re-
quired to mediate the migration process. In such cir-
cumstances, the migration energy is the sum of the
energy to associate the mediating uranium vacancy to
the ruthenium trap site plus the energy for the hopping
process. However, it may be that the activation energy
necessary for the uranium vacancy to migrate through
the lattice to the trap site is a higher energy process. In

such circumstances, this is what will be measured ex-
perimentally. Such cation self-diffusion in UO, has not
been calculated, but taken from experiment. Matzke [24]
reports Arrhenius energies of 5.0-7.8 eV for UO,_,, 5.6
eV for UO, and 2.6 eV for UO,,,.

Finally, the trap site may be a complex defect cluster.
Although this makes the saddle point identification
more difficult, the same process is employed to find the
saddle point. Furthermore migration and association or
dissociation of a uranium vacancy or cluster fragment (if
the solution site is large) is still necessary.

3. Results
3.1. Solution with respect to metal particles

The internal energies for ruthenium metal solution
are presented in Table 2. Five charge states are consid-
ered and solution is determined with respect to an iso-
lated uranium vacancy (Ruy), an isolated oxygen
vacancy (Rup), a di-vacancy consisting of an adjacent
uranium and oxygen vacancy pair (Ruyg), four other
different defect vacancy clusters and the interstitial site.
In previous studies [16], atoms such as Xe and Cs have
shown preference for the neutral tri-vacancy (i.e. Xeyo, ).
Here solution is favoured in similar sites: in UO,_,, as
Ru’* in either a di-vacancy or a neutral tri-vacancy, in
UO, as Ru** or Ru** but exclusively substituted in a
uranium vacancy and in UO,., as Ru** in a uranium
vacancy (although in UO,,, solution is possible in a di-
uranium vacancy). Thus the highest predicted charge
state is Ru** and not Ru**. In out model this reflects the
value of the fourth ionization energy of ruthenium [23]
(47.96 eV) compared to uranium [25] (31.06 eV): the
magnitude of the electrostatic or Madelung field in UO,
is simply not sufficient to promote the fourth ionization
of ruthenium (in fact even the fifth ionization energy of
uranium is predicted to be only 45.77 eV [25]). The result
also seems sensible in the light of the experimentally
observed position of the Ru/RuO, oxygen potential
relative to that of UO,/U;0g4 [2,13].

By considering the sign and magnitude of the solu-
tion energies in Table 2, it is also clear that solution in
UO,_, and UQO, is not favoured with respect to the
metal, in agreement with the observed formation of e-Ru
particles. However, solution is favoured in UO,,,. Thus
we predict that no ruthenium will be lost from the fuel to
metal particles under strongly oxidising conditions. In-
deed on this basis alone, given the magnitude of the
negative solution energy in UO,,, it is feasible that at
least the ruthenium portion of the metal particles will
begin to undergo resolution.

We should now return to the point made at the end
of Section 2.3 concerning the concentration of fission
products compared to the level of hyper-stoichiometry.
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Table 2
Solution energies (¢V) of ruthenium ions, Ru”, into UO,., relative to ruthenium metal

Solution site Ru’ Ru* Ru** Ru** Ru**
vo, _,

Interstitial 24.95 18.92 18.12 20.71 26.81
Ruy 24.38 17.35 14.84 15.85 23.06
Ruyo 20.88 15.01 13.41 14.99 21.81
Ruyo, 18.80 14.34 13.79 16.09 22.88
Ruy, 42.29 34.11 30.41 30.27 36.18
Ruy,o 34.58 27.84 25.32 26.00 31.88
Ruy,o, 27.67 22.67 21.45 23.15 29.43
Rup 22.81 19.66 21.04 24.94 30.99
Uo,

Interstitial 24.95 17.77 15.82 17.26 22.21
Ruy 17.57 9.39 5.73 5.59 11.65
Ruyo 17.48 10.45 7.71 8.14 13.81
Ruyo, 18.80 13.19 11.49 12.64 18.28
Ruy, 28.67 19.34 14.49 13.20 17.97
Ruy,o 24.37 16.48 12.81 12.33 17.06
Ruy,0, 20.86 14.72 12.35 12.89 18.02
Rug 26.21 21.92 22.15 24.90 29.79
UOZ +x

Interstitial 24.95 16.62 13.52 13.81 17.61
Ruy 10.76 1.44 -3.37 —4.66 0.24
Ruyo 14.07 5.90 2.01 1.28 5.81
Ruyo, 18.80 12.04 9.19 9.19 13.68
Ruy, 15.06 4.60 —1.42 -3.86 -0.25
Ruy,o 14.16 5.12 0.30 -1.33 2.25
Ruy,o, 14.05 6.76 3.24 2.63 6.61
Rup 29.61 24.17 23.25 24.85 28.60

Negative energies imply solubility.

The problem is that for higher burn-up fuels, the total
concentration of fission products including ruthenium
may be higher than that of the oxygen interstitial ions
required to compensate the solution process. In such
circumstances the equilibria between solution mecha-
nisms for various fission products (e.g. Mo, Ce and rare
earth elements in addition to Ru) will lead to a certain
fraction of these elements precipitating into either metal
particles or gray phase oxide particles. Consequently we
envisage that a partition will be established so that a
proportion of the ruthenium (and other five metal par-
ticle elements) will be in the form of metal particles even
in nominally UO,,,. The amount of the ruthenium in
the metal particles will be a function of burn-up, hyper-
stoichiometry and operating temperature. This should
be taken into consideration when interpreting experi-
mental data.

3.2. Solution with respect to a secondary oxide phase

Although metal particles may be soluble in UO,, it
is possible given the elevated oxygen partial pressure
that the available ruthenium is incorporated into a sec-
ondary oxide phase different than that of the fuel matrix.

For example, many fission products are incorporated
into grey phase particles [2] that are essentially substi-
tuted barium zirconate perovskite. Thus a representative
second oxide phase to consider would be BaRuOj; per-
ovskite (although BaRuO; is not expected to form as a
single phase). Although RuO, should not form, as dis-
cussed in the introduction [2,4,13], we will consider
formation of RuO, as a test of the predictive capability
of our method. (Note: although we predict that Ru**
will not form in UO,., this does not mean that in an-
other oxide with a higher Madelung field ruthenium will
not assume a 4+ charge state.) As stated previously,
RuO, has the rutile structure [18] and is very well re-
produced by these potentials. BaRuO; exhibits a nine
layer rhombohedral structure (9R) related to perovskite
[26], rather than a simple cubic perovskite. We correctly
predict the rhombohedral structure to be lower in energy
than the cubic polymorph and a negative reaction
enthalpy when RuO, and BaO form BaRuO; (AE =
—0.69 eV).

The problem of calculating the solution energies for
RuO, in UO,., is simplified by noting that it is possible
to determine the difference in solution energy between
dissolving metal and oxide. These different energies can
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then be added to the values in Table 2 to yield solution
energies for the oxide. The differences stem from the fact
that RuO, can be dissociated and accommodated via the
following reactions. First,

RuO, — Ru*"(g) +20* (g) (3)

This requires the lattice energy, that is, —120.37 eV for
RuO, per formula unit (for BaRuOj; the energy is
—152.82 eV). Second,

Ru*" + 0% — Ru(metal) + 20> —4e 4)

The energy to remove four electrons (4¢) from the lattice
was described in Section 2.3. Finally, the oxygen ions are
accommodated in the lattice, in equilibrium with the
Frenkel reaction. This is therefore a function of stoi-
chiometry and in UO,_,, the oxygen ions will occupy
oxygen vacancies (contributing —33.04 eV), in UO,,,,
the oxygen ions occupy interstitial sites (contributing
—19.42 eV) and in UQ,, they are shared equally between
interstitial and vacancy sites (contributing —26.23 eV).
The total difference terms between solution of oxide and
metal are therefore: —21.07 eV for UO,_,, —9.67 eV for
UO; and 1.74 eV for UO,,,. The total solution energies
for RuO, are therefore —7.66 eV in the UO,_, lattice,
—4.08 ¢V in UO, and —2.92 ¢V in UO,,,. Clearly, RuO,
is always predicted to be soluble in uranium dioxide ir-
respective of stoichiometry.

At this point is it interesting to compare the present
solution energies for RuO, with those of ZrO, which are
small but slightly positive [16] or with CeO, which is also
small and positive in UO,_, and UO,; but slightly neg-
ative for UO,,, [16]. The reason that RuO, behaves so
differently is that ruthenium is readily able to assume
lower charge states and it is this additional contribution
to the solution energy that results in its high solubility.
Of course, if any RuO, were present our energies indi-
cate that it would transfer oxygen to the fuel lattice
leaving ruthenium metal. This prediction is fully con-
sistent with available thermodynamic data [6].

The possible solubility of BaRuO; can now also be
addressed. In this case Eq. (3) is modified so that Ba>*
ions are formed which must also be accommodated in
the lattice.

BaRuO; — Ba*'(g) + Ru*'(g) +30° (g) (5)

Previous calculations [16] of Ba?t solution have been
repeated here with the larger simulation sizes now
available but the results remain very similar giving en-
ergies of: —11.55 eV in UO,_,, —16.91 eV in UO, and
—23.71 eV in UQO,,,. Using these values together with
values for solution of ruthenium (above) and modified
energies for accommodation of the additional oxygen,
yields solution energies for BaRuO; of: —6.83 eV in
UO,_,, —1.87¢eV in UO, and —4.02 ¢V in UO,,,. Clearly

the possibility of forming this specific more complex
oxide does not change the predicted preference for ru-
thenium accommodation as stated previously. That is,
BaRuO; is not thermodynamically stable compared to
either the metal (in the cases of UO,_, and UQ,) or
ruthenium ions dissolved in the fuel matrix (in the case
of UO,,,). This is consistent with the lack of reported
observations of BaRuOj; as a secondary phase. The ex-
tent to which BaRuOs is a representative model for the
gray phase is debatable but we also note that solution of
Ru in the gray phase has also not been reported.

3.3. Ruthenium ion migration energies

As described in Section 2.4, the calculated migration
activation energy for ruthenium will depend on the
equilibrium site of the ruthenium atom or ion. However,
since we predict that ruthenium never occupies the in-
terstitial site, in all cases it is necessary to associate ad-
ditional vacancies with the trap site or dissociate
vacancies from the trap site.

Table 2 shows that in UO,,, the equilibrium trap site
is a uranium vacancy and that the charge state is 3+.
The equilibrium energy to associate a second uranium
vacancy is only 0.80 eV. Again this value can be deter-
mined from Table 2 since it is the difference between the
Ru?* solution energies in Ruy and Ruy,. The calculated
energy for a Ru** ion to migrate between the two ura-
nium sites in this U, cluster is 6.12 eV. The total mi-
gration energy is therefore 6.92 eV. Transport of
ruthenium via the U, cluster constitutes the lowest
predicted migration pathway in UO,,,. However it is
considerably higher than the experimental activation
energy [24] for uranium migration (which is 2.6 eV).
Consequently uranium vacancy migration is not the rate
determining process for the transport of ruthenium. A
similar conclusion has been reached for iodine and
caesium migration in UQO,,, although activation ener-
gies in this case were much smaller [27]. Further details
and all predicted energies for migration can be found in
Ref. [28].

In UO,, Table 2 shows that the equilibrium trap site
is again a uranium vacancy, although the charge state is
somewhat ambiguous being potentially either 2+ or 3+.
Furthermore, these simulations predict that the lowest
energy trap site for migration process will be a U,0,
vacancy cluster. This is mostly due to the lower energy
difference between Ruy and Ruy,o, (for either Ru** or
Ru?*) compared to the difference between Ruy and
Ruy, (see Table 2). However, the migration activation
energy within the U,0, trap is 4.61 eV for Ru** but
substantially higher at 6.20 eV for Ru’*. Consequently,
the lowest migration energy, 11.37 eV, is for Ru**.
Again this energy is substantially higher than that for
uranium vacancy migration. This conclusion contrasts
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with that for iodine and caesium in UO, where uranium
vacancy migration is the rate determining step [27].

Finally, for UO,_, a different mechanism will oper-
ate. Table 2 shows that the equilibrium trap is for Ru**
in either a di-vacancy Ruyo or neutral tri-vacancy
Ruyo,. However, the energy to associate another ura-
nium vacancy or larger fragment is very high (Table 2
suggests close to 10 eV). The energy for the ruthenium
ion to hop within such a larger cluster is then over 4 eV
so that the overall energy would be in excess of 14 eV.
Alternatively, the di-vacancy may dissociate to leave a
Ru™ ion in an oxygen vacancy. Although the energy for
that process is also high (19.66 — 13.41 = 6.25 eV), the
energy for the ruthenium ion to move within the small
di-vacancy is practically zero so that the migration en-
ergy remains 6.25 eV. In this case, the migration energy
is similar to that for uranium vacancy migration (5.0-7.8
eV [24)).

At all stoichiometries these predicted activation en-
ergies for ruthenium migration through the lattice, which
assume formation of traps under equilibrium conditions,
are high. Consequently equilibrium resolution of metal
particles into UO,,, will be greatly limited. Furthermore
it seems likely that migration of ruthenium to the metal
particles will require radiation enhanced transport.

4. Discussion and conclusions

The solution energy predictions presented here are
consistent with the experimental observations that ru-
thenium forms metal particle precipitates in UO,_, and
UO,. In UO,.,, ruthenium is predicted to be soluble
only up to the point where there are sufficient oxygen
interstitial ions to compensate the solution mechanism.
Therefore ruthenium may still be observed in metal
particles so long as the value of x is appropriately small.
Significantly, high temperature experiments in air de-
scribe ruthenium loss from UO,,, using a 1 — exp(
release rate model [29]. This is analogous to surface
controlled evaporation from a solution and is based on
the assumption that the rate of release is proportional to
the remnant fraction with mass transfer control de-
pending on the vapour pressure above the surface. The
release rate is then proportional to the saturated vapour
pressure times the thermodynamic activity. For an ideal
solution the activity is equal to the mole fraction. Our
prediction that ruthenium is soluble in UO,., is entirely
consistent with such a model.

However, there are a number of steps involved in the
loss of ruthenium from the surface. In the bulk, we
predict the charge state of ruthenium to be 3+ (or
possibly 2+4). At the surface ruthenium is removed by
forming RuO; and RuO,4 vapour above RuO,. Ruthe-
nium must therefore undergo oxidation at or near to the
surface. Thermodynamic data show that this will not

occur until the oxygen potential is sufficient that UO,,,
is being oxidised to U3Og [2,4,13]. The rate-determining
step for the loss of ruthenium from the UO,,, lattice is
thus not clear. It could be:

e the activation energy for ruthenium migration
through the lattice (quite possible given the high pre-
dicted values)

a segregation barrier at the surface

e the surface oxidation of ruthenium to form RuO,
(which may or may not reflect the bulk equilibrium
situation)
further oxidation to form RuO; and RuO, vapour or

e mass transport from the surface.

Of course, if sufficient oxygen is not available, this
itself will be a critical limiting factor for ruthenium loss,
at least via vapour transport [9].
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