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ABSTRACT

The objective of this research 1s to measure the amount of
strontium, barium, and lanthanum that 1s vaporized from core-concrete
mixtures. The measurements are being done using a transpiration method.
Mixtures of limestone-aggregate concrete, urania doped with a small amount
of La, Sr, Ba, and Zr oxides, and stainless steel were vaporized at 2150 K
from a zirconia crucible Into flowing He -6% H2~0.06% HgO (a partial molar
free energy of oxygen of -420 kJ). The amounts that were vaporized was
determined by weight change and by chemical analyses on condensates.

The major phases present in the mixture were inferred from electron
probe microanalysis (EPM). They were: 1) urania containing calda and
zirconia, 2) calcium zirconate, 3) a calcium magnesium silicate, and 4)
magnesia. About 10% of the zirconia crucible was dissolved by the
concrete-urania mixture during the experiment, which accounts for the
presence of z1rcon1a-conta1n1n.g major phases.

To circumvent the problem of zirconia dissolution, we repeated the
experiments using mixtures of the limestone-aggregate concrete and the
doped urania in molybdenum crucibles. Ths amounts of barium and strontium
that were vaporized during these runs were a factor of two to four higher
than when the zirconia crucibles were present. However, amounts that were
a factor of twenty higher were expected on the basis of thermodynamic
calculations which assumed formed an Ideal solution. From the data,
activity coefficients of about 0.2 were calculated for barium and
strontium oxides 1n core-concrete melts 1n the absence of zirconia and
about 0.06 1n the presence of amounts of zirconia more typical of an
accident situation. Similar values appear to apply to the lanthanum
oxide, but Its vaporization is too small at 2150 K for a reliable
assessment.

These studies show that thermodynamic calculations of the release of
refractory fission products will yield release fractions that are a factor
of sixteen too high If the effects of zirconate formation are Ignored.

INTRODUCTION

In a severe nuclear-reactor accident, the core can melt, penetrate
the bottom of the reactor vessel, and react with the concrete basemat
beneath the vessel. Our objectives are measurement and calculation of the
vaporization of certain refractory fission products—strontium, barium and
lanthanum—from the molten core-concrete mixtures that would form under
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these conditions. The vaporization measurements are being done using a
transpiration method; the calculations employ the SOLGASMIX computer code
(1). Our version of the code calculates equilibrium conditions for
seventeen elements 1n the gas, liquid, and solid phases. One hundred gas-
phase species (elements, oxides, hydroxides) are included 1n the
calculations; there are also seventy four solid or liquid species Included
in the metal and oxide phases. The thermodynamic data for these species
were obtained from a variety of sources (2-7).

EXPERIMENTS

The amounts of materials employed 1n the experiments with zirconia
crucibles were: limestone-aggregate concrete, 3 g, stainless steel, 3 g,
and UO2 (doped with 1 mol% La203, 0,4 mol% BaO, 1 mol% SrO and 2 mol%
ZrO2),3 g. The same amounts were employed in the experiments with
molybdenum crucibles except for omitting the steel, which forms a separate
phase. The materials were heated at 2150 K within a Mo-30W furnace tube
(46-cm long x 2.9-cm O.D. x 2.4-cm I.D.). The gas flowing over the sample
was He-6% H2-0.06X H2O; this H2-to-H20 ratio is equivalent to a partial
molar free energy of -420 kJ per mole of O2. The flow rate of the gas was
either 100 or 200 cm^/min (measured at 25 *C), and about 0.6 moles of gas
was used. The water concentration in the gas was measured with a thin-
film alumina hygrometer (Model 550, Panametrics, Inc.),

Materials vaporized from the sample were collected 1n a molybdenum
condenser tube (54-cm long x 0.8-cm O.D. x 0.5-cm I.D) whose entrance lay
within the crucible a few cm above the sample surface. Following the runt
the condensate was extracted from the condenser tube with acid washes
(HCl, HNO3), and the solutions were analyzed by Inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) or fluorescence spectroscopy
(for uranium). In addition, the starting materials were all assayed by
the same techniques.

The sample from one of the runs employing a zirconia crucible was
cross sectioned, mounted, polished, and examined by Electron Probe
Microanalysis (EPM).

RESULTS AND DISCUSSION

Phases. The zirconia crucible from a 146-min run (100 cm3/min gas
flow rate) was examined after cross sectioning. The solidified mass of
concrete, urania, and steel, which occupied the bottom third of the
crucible, had evidently been at least partially liquid during the run.
The concrete-urania phase, which had wet the zirconia crucible, had a
pronounced meniscus. In addition, the thickness of the zirconia-crucible
wall had been reduced by roughly 40% In the wetted area (the bottom third
of the crucible). The steel phase (approximately spherical) was embedded
within the solidified concrete-urania mixture; evidently the steel phase
could not readily equilibrate with the gas phase 1n this geometry.

The EPM results for two areas of this sample are shown 1n F1gs. 1
and 2. A secondary-electron Image and maps of the distribution of the
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Figure 1 . Electron Probe Microanalysis of a 100 X 80 pm area of a sample
from a 146-min run at 2150 K. The sample contained limestone-aggregate
concrete, doped urania, and stainless s tee l .
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Figure 2. Electron Probe Microanalysis of another 100 X 80 /*m area of a
sample from a 146-min run at 2150 K. The sample contained limestone-
aggregate concrete, doped urania, and stainless s teel .



major elements uranium, zirconium, calcium, magnesium, and silicon are
shown for each area. Also detected by EPM 1n spot analyses were the
elements Al, La, Ba, Sr, Cr and Fe. The La and Sr distributions tended to
parallel the Ca distribution. The signal for Ba was too weak to draw any
general conclusions about U s distribution, but 1t was detectable 1n
several regions high 1n uranium.

The major phases present in the mixture were Inferred from the
overlap of the elemental Images 1n the photomicrographs. The phases were:
1) urania containing calda and zirconia, 2) calcium zirconate, 3) a
calcium-magnesium silicate, and 4) magnesia associated with the calcium-
magnesium silicate. About 10% of the zirconia crucible was dissolved by
the concrete-urania mixture during the experiment, which accounts for the
presence of zircon1a-conta1n1ng major phases. The urania and caldum-
zirconate phases seen In the sample have melting points above 2500 K and
were probably solids during the experiment. The calcium-magnesium
silicate and magnesia phases probably crystallized from a liquid phase.
This phase had a composition near a eutectic (mo 2070 K) on the calcium
orthosilicate-magnesia tie line In the CaO-MgO-SiO2 phase diagram (8),
according to SOLGASMIX calculations (see below).

Assays. The analytical data from the runs 1n the zirconia crucibles
have been presented elsewhere (9), but the detailed EPM results on system
phases were not available at that time. In the runs, the amount of
material transported at a gas flow rate of 100 and 200 cm^/min was nearly
the same (98 and 129 mg, respectively) Indicating that gas saturation had
been achieved. The analytical-chemistry data from the runs are shown in
the last two columns of Table 1 while the amounts added to the beaker are
listed (as elemental masses) 1n the second column and the SOLGASMIX
calculation (see below) is listed in the third column. The "Amounts
Added" column in Table 1 Includes our estimate of zirconia dissolution
from the beaker and 1s a factor of 100 higher than the amount Incorporated
as a dopant in the urania.

A comparison of the two columns of analytical data 1n Table 1
suggests that the major limestone-concrete components, Mg and Ca, had
achieved saturation because the amount of transport was independent of gas
flow rate. However, we know that the major steel components Fe, Cr, and
Ni did not saturate the gas phase. They exhibited much less transport in
these runs than 1n runs with the steel alone in which gas saturation by
the steel components was demonstrated by both analytical data and
SOLGASMIX calculations (9). The lack of saturation in the present runs is
attributed to the steel phase being embedded 1n the concrete-urania phase.

The data from the runs 1n molybdenum crucibles are given in Table 2.
Again, the masses transpired, 86 and 91 mg, respectively, at 100 and 200
cm3/m1n gas flow rate were nearly identical. Also, the amount of
magnesium (the major element 1n the deposits) being transported Is nearly
the same in both runs.



Table 1. Comparison of Calculated and Measured Vapor Transport 1n Runs 1n
Zirconia Crucibles with Stainless Steel, Limestone-Aggregate Concrete and
Doped Urania.

Element Amount Calculated Measured Transport*, mg, at
Added, mg Transport, mg 200 cm^/min 100 cm3/min

La
Ba
Sr
U
Fe
Cr
Ni
Mn
Zr
Ca
Mg
Si
Al

33
6
12

2648
2470
628
277
50

2056
974
143
118
32

0.015
0.019
0.010
0.087

44.
33.
3.

38.
0.
0.5

67.
1.8

31.

<0.002
0.018
0.006
0.047 (0.005)**
1.26 (1.00)
1.64 (0.97)
0.08 (0.06)
15.4 (3.4)
0.009
0.2

40.
2.9
0.

<0.005
0.028
0.012
0.028
1.52
1.36
0.04
9.7 (:

<0.005
0.22
39.

0.2

(0.014)
0.91)
0.54)
0.02)
J.6)

* Analyses of the first HC1 etch and the second, more severe HNO3 etch of Mo
condenser tubes combined.

** Values 1n parentheses are analyses on the second, more severe HNO3 etch
of the Mo condenser tube. Note diffusion of some elements (mainly Fe, Cr,
N1, Mn but also U) Into the Mo surface.

Note that the major changes 1n the "Amount Added" column between
Tables 1 and 2 are in the amounts of the steel components and the
zirconium. The measured transport of the alkaline earths is generally
higher with the steel and zirconia at low levels (Table 2). For barium,
it 1s about a factor of two higher, and for strontium 1t is about a factor
of four higher. The lanthanum also 1s higher 1n that 1s at least
detectable 1n the vapor condensates for the runs reported in Table 2.
Clearly, these changes are not due to the steel, which forms a separate
phase. It 1s the zirconia that suppresses vaporization of the ilkaline
earth oxides by reaction with them to form a mixed zirconate. The
decrease 1n lanthanum vaporization can also be explained by zirconate
formation; the compound La2Zr20;f mp 2573 K, 1s known (10).

SOLGASMIX. The calculated transport shown 1n Tables 1 and 2 are
based on the phase information obtained from the EPM. Previously (9), we
had assumed that all the solid oxides (Including the zirconates of the
alkaline earths) formed an Ideal solid solution. Using the EPM phase data
as a guide, we now split the solid oxides Into a urania solid solution, an
alkaline-earth zirconate solid solution (unfortunately, no thermodynamic
data are available for lanthanum zirconate), and a 'silicate' solid
solution. As a result of these changes in SOLGASMIX, the data and the



Table 2. Comparison of Calculated and Measured Vapor Transport 1n Runs in
Molybdenum Crucibles with Limestone-Aggregate Concrete and Doped Urania.

Element Amount Calculated Measured Transport*, mg. at
Added, mg Transport, mg 200 cm /̂min 100 cnw/min

La
Ba
Sr
U
Fe
Cr
Ni
Mn
Zr
Ca
Mg
Si
Al

32.
6.
12.

2542.
18.
0.13
0.
0.35
20.

988.
144.
107.
32.

0.016
0.348
0.199
0.100

18.
0.13
0.
0.33
0.
1.5

70.
0.34

32.

0.005
0.065
0.040
0.170
4.8
0.02
0.0
2.3
0.0
4.6
58.

(0.015)**
(2.4)

(0.5)

(0.1)
(0.1)

0.003
0.033
0.031

10.8
0.11
0.02
1.7
0.0
1.8
57.

(8.1)
(0.10)
(0.01)
(1.1)

(0.2)
(2.5)

0. 0.0

*Sum of analyses on first HC1 etch and second, more severe HNO3 etch of the
Mo condenser tube.

**Values 1n parentheses are analyses on second, more severe HNO3 etch of the
Mo condenser tube. Note that a manufacturing error led to some 1ro.i and
manganese contamination In the two Mo tubes used 1n these runs.

calculations 1n Table 1 agree reasonably well. If we repeat the
calculations for Table 1, but with the species SrZrO3 and BaZr03 omitted,
then the calculated transports of Sr and Ba are 0.167 and 0.292 mg,
respectively. From the ratio of the calculated transports with and
without the zirconates, we derive an apparent activity coefficient of
about 0.06 for both strontia and baria 1n the Mgh-z1rcon1a system.

The calculations are less satisfactory for the case where the
zirconia concentration is small (Table 2). Here, the calculated values,
which are based on an ideal solution of strontia, baria, lanthana, and
urania, are too high by a factor of about five. The problem 1s that no
thermodynamic data for the silicates of strontia, baria, and lanthana
exist. Including these silicates 1n the data base would no doubt improve
the calculations; the silcate data for magnesia and calda are Included 1n
SOLGASMIX, and there release 1s predicted quite well. From the ratio of
the calculation and measurement 1n Table 2, we derive apparent activity
coefficients for strontia, baria, and lanthana of about 0.2 1n the low-
zirconia system.

A continuing problem with the SOLGASMIX calculation 1s the
prediction of a solid silicate slag rather than a liquid. We will need to



Improve the treatment of the liquid oxides to model the region near the
melting point of these complex silicate mixtures. For example, the
calculated silicate phase for the cases presented 1n both Tables 1 and 2
1s a nearly equimolar solid solution of calcium orthosiHcate and
magnesia. However, according to the MgO-CaO-S1O2 phase diagram (8), a
mixture of these solids does not form a solid solution, and 1n fact 1s
some 75 K above the melting point. Except for these problems with the
silicate phase, the phases derived 1n the code are now 1n good agreement
with experiments.

CONCLUSIONS

The release of the refractory fission products strontium, barium and
lanthanum from core-concrete mixtures at 2150 K 1s much less than 1s
predicted by simple models that employ Ideal solutions of strontia, baria,
and lanthana. Those simple models yield release fractions that are a
factor of sixteen too high. It 1s necessary to Include the thermodynamics
of the zirconates of the alkaline earths and the rare earths to reflect
the actual phases 1n a core-concreto mixture.

Even in the absence of the zirconates the amount of vaporization is
less than predicted by the Ideal-solution model. We believe that
thermodynamic data for the silicates of the alkaline earths and rare
earths must be Included to correctly predict the release under these
conditions.

The transpiration method provides an effective test of the
thermodynamic data base and the model assumptions used in the computer
codes. If the experiments are extended to other types of concrete, other
oxygen potentials, and other temperatures, then reliable predictions can
be made for a variety of reactors.
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