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Abstract

Modeling of the chemical interactions of molten reactor fuel, molten cladding and molten steel is
described. The reactions of molten zirconium cladding with fuel produces a hypostoichiometric phase
with the idealized stoichiometry U(1-y)ZryO(2-x). Boron and carbon from control rods in the core can also
react with uranium dioxide fuel to further reduce the stoichiometry of the U(1-y)ZryO(2-x) phase with
respect to oxygen. The activity of uranium metal in the phase increases with increasing
hypostoichiometry. Equilibration of this oxide phase with a metal phase such as steel from the reactor
internals or from the reactor pressure vessel leads to a transfer of uranium metal from the oxide phase to
the metal phase and can make the metal phase more dense than the oxide phase. Attack on metal
structures by the molten metallic phase is enhanced by both the exothermic heat of mixing and the
convection induced by buoyancy of eroded metal.



Introduction

The MASCA program and its predecessor, the RASPLAV program, have sought to investigate the
late stages of core degradation accidents in nuclear power reactors. The experimental investigations have
sought understanding of the behavior of core debris that has relocated from the core into the lower plenum
of the reactor pressure vessel. These investigations are of especially importance because of interest in the
in-vessel retention of core debris as a safety strategy in advanced light water reactors. 

The U.S. Nuclear Regulatory Commission has been a participant in the MASCA and RASPLAV
projects and has attempted to support the experimental investigations with analytic modeling of both heat
transfer aspects of the behavior of core debris in the lower plenum of a reactor vessel and the chemical
interactions of the core debris. In previous communications on this analytic work [1], descriptions of
fission product partitioning among the phases of core debris have been suggested. These analyses have
shown that  partitioning of fission products between the metallic phase of core debris composed primarily
of steel and the  oxide phase composed of molten reactor fuel and zirconium dioxide depend very much
on the oxygen potential of the oxide phase. In compositional regions arising in the MASCA tests and
expected to arise in reactor accidents, fission products such as Mo and Ru partition preferentially into the
metal phase whereas other fission products such as Ce and La partition into the oxide phase. 

In this presentation, more detail on the analytic modeling the U.S. Nuclear Regulatory Commission
is using to support and interpret the results of the ongoing MASCA program is provided. The focus of
attention is the density stratification of the core debris and the energetics of the core debris phases
especially with respect to structural materials bounding the core debris in the reactor pressure vessel.

Chemical Evolution of Core Debris 

During irradiation, uranium dioxide reactor fuel drifts toward hyperstoichiometry (UO(2+a) a>0) as
a natural consequence of the fission process. The drift is ameliorated by the “buffering” effect of the
Mo/MoO2 couple and any gettering of excess oxygen by reaction with the zirconium cladding that occurs.
Typically, the stoichiometry of irradiated fuel is near UO2.02. 

On the other hand, under accident conditions, zirconium from the fuel cladding, especially if molten,
will interact with the irradiated fuel to make it hypostoichiometric:

The liquefied product phase can be considered for the purposes of thermodynamic analysis to be a
nonideal mixture of liquid uranium, liquid zirconium and oxygen. There is, then, a non-zero chemical
activity of liquid uranium metal in what otherwise might be considered an oxide phase.

Progression of a reactor accident will bring this molten U(1-y)ZryO (2-x) phase into contact with
metallic phases such as stainless steel of the reactor core internals and support structures. Eventually, the
molten reactor core materials will contact the carbon steel of the reactor pressure vessel. Upon contact
with these  metallic phases, the U(1-y)ZryO(2-x) phase will interact in many ways. Certainly, there will be
a thermal interaction that can lead to melting of the metallic phase. Upon melting of the metals, fission
products in the  U(1-y)ZryO(2-x) phase can partition into the metallic phase so this phase too has internal
heat generation. The oxide phase will attempt to achieve chemical equilibrium with the metallic phase.
To do this, the chemical potentials of uranium metal in the oxide phase and metallic phase will have to



equilibrate. The only way to establish a chemical potential of uranium in the metallic phase is to transfer
uranium metal from the oxide phase to the metallic phase. This partitioning of uranium metal from the
oxide phase to the metal phase is a direct consequence of the hypostoichiometry of the oxide phase.

Effects of Boron Carbide Control Rod Material

Recently, there has been interest in how boron carbide control rod materials (nominally B4C) will
affect the chemistry of the core debris. Boron carbide can be present in the degrading reactor core either
dissolved in molten steel from its cladding or present as pure, solid material. Boride and carbide chemistry
can be quite complicated at the temperatures of melting steel. But, at the level of detail of the modeling
discussed here, these species only act to further enhance the hypostoichiometry of the oxide phase via
reactions of the type:

where brackets around the chemical symbols indicate the species is dissolved in the phase noted by the
subscript.  At the high temperatures of interest, boron-bearing and carbon-bearing products of reaction
are expected to be predominantly gaseous at least at the level of detail of modeling currently being
employed. Thus, current modeling suggests that boron carbide control materials in core debris will
increase the hypostoichiometry of the oxide phase and increase the uranium metal activity in this phase.
Current modeling of the reactions of boron and carbon consider the species only as dissolved in the metal
phase. Chemical activities of these species are calculated using [2]:

where aC and aB are the chemical activities of carbon and boron and xC and xB are the mole fractions of
carbon and boron dissolved in the metal phase.

Additional complications in the analysis of the effects of boron and carbon on the chemistry of core debris
can be envisaged such as the formation of zirconium and uranium carbides and borides that dissolve in
the oxide phase. Additional experimental  data from the MASCA program will be needed to determine
the importance of addressing these complications.

Density Stratification of Core Debris

Partitioning of uranium metal from the oxide phase into the metallic phase can have a profound
effect on the density of the metal phase. Calculated densities of pure liquid species used in the modeling
are listed in Table 1 and shown as functions of temperature in Figure 1. Densities of UO2 and ZrO2 shown
in this figure are extrapolated to the super-cooled state indicated by the temperature. No correction for
the effects of nonstoichiometry is made in the density of UO2.  At all temperatures, molten uranium metal
is the most dense of the species considered here. Next most dense is molten uranium dioxide, but its
density will be decreased by any dissolution of zirconium dioxide. Stainless steel and iron have very
similar densities at all temperatures and consequently molten stainless steel is treated here as though it



were iron. 

Rigorous calculation of the densities of mixtures from the densities of pure constituents would
require information on the volumetric effects of mixing. Such data are not available and it is suspected
that mixing effects on the partial molar volumes of the constituents will be small. Densities of mixtures
are calculated, then, using the Hull model:

where:

Densities of molten iron-uranium alloys and molten mixtures of UO2 and ZrO2 at 2600 K are shown
in Figure 2. It is evident from these results that uranium can very significantly increase the density of iron
and that ZrO2 will significant reduce the density of UO2. Modest partitioning of uranium into the metal
phase can make the metal phase less dense than a mixture of UO2 and significant amounts of ZrO2. This
will lead to the inversion of the metallic and oxidic layers of core debris as has been observed in the
MASCA experiments.

Uranium Activities in the Oxide and Metal Phases

The activity of uranium in the oxide phase can be determined from the Gibbs-Duhem equation given
a model of the oxygen potential of the phase. Compositional complexities of the oxide melt can make
such a procedure opaque. For the purposes of illustration here a simplification is made to neglect the
zirconium as well as the fission products in the phase and simply consider hypostoichiometric uranium
dioxide, UO(2-x). The ionic model used for predicting the partitioning of fission products between the
oxide and metal phase can then be used to estimate the oxygen potential of the oxide phase. This model
is based on considering the liquid oxide to be composed of the ions: U2+, U4+, U6+, and O2-.  The
concentrations of these ions are determined from the oxidation-reduction equilibria:



Table 1. Densities of Mixture Constituents

Species Density (g/cm3)[3,4,5]

uranium 19.350 - 1.031x10-3 T(K)

zirconium 6.61 - 0.38x10-3 T(K)

iron 8.612 - 0.883x10-3 T(K)

304 stainless steel 7.5512 - 0.11167 x10-3 T(K) -
0.15063x10-6 T2

uranium dioxide 12.255 / (1 + 13.1015x10-5 T(K))

zirconium dioxide 5.863 / (1 + 7.0x10-5 T(K))

Figure 1. Densities of Mixture Constituents as Functions of Temperature

.



Figure 2. Densities of Fe-U Alloys and UO2-ZrO2 Mixtures at 2600 K



the mass balance constraints:

and the charge balance constraint:

The speciation of a melt at 2600 K is shown as a function of the nonstoichiometry in Figure 3. Also
shown in the figure is the equilibrium oxygen partial pressure of the phase (note pressure is  scaled by a
factor of one million in this plot). Phase boundaries have been neglected, of course, in the preparation
of this figure.

Given the temperature and the oxide phase stoichiometry, these equations can be solved for oxygen
partial pressure as well as the ion concentrations. The chemical activity of uranium metal in the oxide
phase is related to the oxygen partial pressure by the Gibbs-Duhem equation:

The constant of integration is found by assuming unit activity of uranium in the liquid at the boundary
of the liquid immiscibility gap in the U-O system (x = 0.7). The calculated activity of uranium metal in
super-cooled  hypostoichiometric uranium dioxide at 2600 K is shown as a function of stoichiometry in
Figure 4.

Determination of the amount of uranium that partitions into the metal phase requires an expression for
the chemical activity of uranium [6] :

where yU is the mole fraction of uranium in the metal phase. Of course, transfer of uranium from the
oxide phase to the metal phase drives the oxide phase closer to stoichiometry. Consequently, the
equations must be solved iteratively until:

.



Figure 3.  Speciation of Hypostoichiometric Uranium Dioxide at 2600 K

Figure 4. Uranium Metal Activity in Nonstoichiometric Uranium Dioxide.



Results of such calculations for a melt composed of 330000 moles hypostoichiometric uranium dioxide,
210000 moles of zirconium dioxide, and 54000 moles of iron are shown in Figure 5 as functions of the
initial nonstoichiometry of the melt. Phase densities are shown in Figure 6. For initial stoichiometries
such that x is greater than about 0.3, the metal phase becomes more dense than the oxide . for this specific
melt composition

Explicit recognition of zirconium in the oxide phase, U(1-y)ZryO(2-x), adds an equilibrium to the
equations for the oxygen partial pressure:

and the mass balance and charge balance constraints become:

These changes do not greatly complicate the solution for the oxygen partial pressure. The integration of
the Gibbs-Duhem equation does become more difficult. 

The Gibbs-Duhem equation for the ternary oxide phase is:

where ni is the number of moles of the species i = O2, U, or Zr present in the mixture. This equation can
be integrated along lines of constant molar ratios of zirconium to uranium [7]:



Conclusion

Chemical interactions develop between the oxidic and metallic phases of core debris when the
oxidic phase is nonstoichiometric. Nonstoichiometry in the oxidic phase develops when zirconium
cladding is incompletely oxidized during the core degradation process. The nonstoichiometry produces
a chemical activity of uranium metal in the oxidic phase. Equilibration of the oxidic phase with a metallic
phase results in uranium metal accumulating in the metal phase. This can produce a metallic phase that
is more dense than the oxidic phase depending on the relative amounts of uranium oxide and zirconium
oxide in the phase.
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Figure 5. Uranium Partitioned into Metal Phase at 2600 K.

Figure 6.  Phase Densities.


