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ABSTRACT

A number of radiolysis experiments have been performed in support of the remediation of the Molten Salt

Reactor Experiment (MSRE) at the Oak Ridge National Laboratory. Materials studied included simulated MSRE

fuel salt, fluorinated charcoal, NH4F, 2NaF<3JF<i, UO2F2, uranium oxides with a known residual fluoride content, and

uranium oxides with a known moisture content. The results from these studies were used as part of the basis for

the interim or long-term storage of materials removed from the MSRE.
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1-INTRODUCTION

The Molten Salt Reactor Experiment (MSRE) was operated at Oak Ridge National Laboratory (ORNL) from

1965 to 1969 to test the concept of a high-temperature, homogeneous, fluid-fueled reactor. When the reactor was

shut down, the fuel salt (LiF-BeF2-ZrF4-
233UF4) was drained into two tanks at the reactor site, where it still remains

today. Uranium-233, containing about 220 ppm of the impurity isotope 232U, was used in the final fuel charge. The

presence of high radiation readings in some of the reactor piping systems and the results from the analysis of gas

samples led to the determination in 1994 that the 233U had migrated throughout the piping system as UF6.

Additionally, it was discovered that UF6 and F2 had leaked past a faulty valve and deposited onto a charcoal bed.

These discoveries resulted in the initiation of an extensive remediation program to remove and recover the233U from

the reactor.



The remediation of the MSRE has necessitated a number of radiolysis studies to understand the effects

of radiation on various fluoride-containing compounds and on water sorbed on uranium compounds. Studies were

needed to explain the unexpected production of UF6 in the stored fuel salt and to explore potential problems in both

the interim and long-term storage ofmaterials removed from the reactor. Some of the radiolysis experiments used

surrogate materials, while other studies were based on observations on existing MSRE materials. Materials

studied included simulated MSRE fuel salt, fluorinated charcoal, NH4F, 2NaFcUF6, UO2F2, uranium oxides with a

known residual fluoride content, and uranium oxides with a known moisture content. Each of these materials is

present in the MSRE, is an intermediate form necessary for MSRE remediation, or is a form for long-term storage.

2-EXPERIMENTAL

Irradiations were performed using external sources with surrogate materials and also by "field

experiments" with the actual MSRE materials. For the external irradiations, two different gamma irradiation sources

were available-a60Co source (~105 rad/h) and spent nuclear fuel elements (SNF) from the High Flux Isotope Reactor

(HFIR) (107-108 rad/h, depending on the time since discharge from the reactor). For the field experiments, the

source of radiation was the"2U/233U that was contained in the material being studied. This material was either the

uranium sorbed on NaF pellets or the uranium contained in the charcoal bed.

Typical experiments included the measurement of the pressure change in a container over time and an

analysis of the gas composition of the produced species.

3-RESULTS AND DISCUSSION

Figure 1 presents a typical gas yield curve for a radiolysis experiment. The characteristics of the curve

are seen in many, but not all, radiolysis experiments. In some experiments, there is a delay in the release of gases

from the irradiated material. This delay is termed an induction period. The G-value (i.e., the number of molecules

of a species produced per 100 eV of energy deposited) is measured from the slope of the linearly-increasing portion

of the curve. Finally, at high enough doses, a plateau may be reached-indicating that no more gas is being

produced and that a damage limit for the material has been reached.
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Figure 1: typical gas yield curve for a radiolysis experiment

3.1-MSRE Fuel Salt

Simulated fuel salt, LiF-BeF2-ZrF4-
238UF4 (64.5, 30.3, 5.0, 0.13 mol %), was prepared and irradiated in the

intense gamma radiation field of an HFIR SNF element to understand the phenomena resulting in the production

of UFd in the MSRE. The radiolytic gas generated was measured as a pressure increase, and, at the conclusion of

the experiment, the gas composition was analyzed. An induction period was observed during which no gas was

released from the salt. The primary radiolytic product was F2 [G(F2) = 0.02 molecules F2/100eV] and a damage limit

consistent with previous studies was established (i.e., about 2% of the fluoride was removed).' It was found that

UF6 was generated due to heating of the salt to ~ 200EC.2 This finding is significant because it pinpoints the cause

of the UF6 generation. During each year of the period 1971-1989, a two-week 200EC annealing heat treatment of

the MSRE fuel salts was conducted to recombine the radiolytically-produced F2 with the reduced metal sites in the

salt. The suppression of F2 release by heating to promote the return of the radiolytic F2 to the salt by

recombination was understood and expected. However, upon extended heating of the salt, fluorination of UF4 to

UF6 also occurred-a phenomenon which was not expected.



3.2-Uranium-laden Charcoal

At the MSRE a faulty valve resulted in the exposure of a charcoal bed to both F2 and UF6. These

fluorinating agents reacted with the carbon to form a uranium-laden carbon fluoride (C2 6F).3 As part of the

remediation effort the carbon fluoride was treated with ammonia resulting in the formation of NH4F. The radiolytic

stability of carbon fluoride4 and an ammonia-treated carbon fluoride was determined by 60Co irradiation of

prototypical specimens in sealed capsules, simultaneous pressure measurement, and postirradiation analysis of

gaseous species. The irradiation of the carbon fluoride generated no gaseous products. Irradiation of the

ammonia-treated carbon fluoride exhibited the radiolysis response typical of NH4F (i.e., the production ofN2 and

H2 from the decomposition of ammonia)5 and resulted in G(gas) = 0.24 molecules gas/100 eV. Analysis of gas

samples taken from the charcoal bed at the MSRE was consistent with reported results for the decomposition of

NH4F. The material in the charcoal bed field experiment experienced both alpha and gamma irradiation.

3.3-2NaFdUF6 Complex

The UF6 removed from the MSRE has been trapped on NaF pellets, forming the complex 2NaFdJF6.

Pressure monitoring of two of the NaF traps in storage has shown a pressure rise that is consistent with previous

studies,6 which showed that UF6 is reduced to UF4 (with F2 release) as a result of alpha radiolysis. The radiolysis

of the NaF substrate was seen to be insignificant, and the sorption complex had little influence upon behavior of

the UF6 moiety. The measured pressure increase in the monitored NaF traps has resulted in an estimated radiolytic

yield [G(F2)] of 0.25 molecules F2 /100 eV.

3.4-Uranium Oxides Containing Residual Fluorides and Sorbed Water

Ultimately, the 233UF6 that is removed from the MSRE will be converted to a stable oxide for long-term

storage. A storage standard has been developed which establishes the requirements for the long-term storage of

233U oxides. During the development of this standard, several technical studies were identified that were necessary

to provide the bases for the requirements. These studies focused primarily on the potential production of gases

by radiolysis—namely, the radiolysis of residual fluoride impurities in uranium oxides that have been converted



from UF6 and the radiolysis of water that is sorbed on uranium oxides. The radiolysis of fluoride impurities could

result in the production of corrosive gases such as F2 and HF or in the overpressurization of storage containers.

The radiolysis of watercould result in the production of hydrogen or, again, could result in the overpressurization

of storage containers.

Uranyl fluoride (UO2F2CcH2O, with x~0.4 tox~l.7), U3O8, and UO3CeH2O, each with varying amounts of

water present, were irradiated in both the 60Co source and HFIR SNF elements.7 Uranyl fluoride is an intermediate

product formed in the conversion of UF6 to U3Og. The pressures in the sample containers were monitored and

recorded throughout the irradiations. At the conclusion of an irradiation, gas and solid samples were analyzed.

The gamma irradiation of UO2F2CcH2O demonstrated that some of the uranium was reduced from U(VI) to U(IV),

releasing O2 with G(O2) = 0.007 to 0.03 molecules of O2 /100 eV. Irradiation of this material in HFIR SNF elements

resulted in a pressure plateau (i.e., a damage limit) being reached. This damage limit was quantified in terms of the

fraction of U(IV) produced and ranges from 7-9% at 108 rad/h. The irradiation of U3O8 with 1.4 wt % fluoride

content exhibited no pressure increase.

The irradiation of U3OS and UO3CcH2O, each having up to 10 wt % water present, exhibited pressure

increases of less than 1 atm. In many cases, no pressure increase was observed using either the 60Co source or

HFIR SNF elements. Small amounts of hydrogen were produced, while oxygen was depleted in the sample

atmosphere. The oxygen depletion appears to be the result of the production of nitrogen oxides from the radiolysis

of moist air.

4-CONCLUSIONS

In summary, the MSRE fuel salt shows behavior typical of alkali fluorides,8 the carbon fluoride appears

stable, the ammonia-treated carbon fluoride produces nitrogen and hydrogen, the 2NaF(SJF6 complex decomposes

to UF4andF2,UO2F2CeH2O releases O2, and the moisture sorbed on uranium oxides produces small amounts of H2.

In the case of the MSRE fuel salt and the UO2F2Q:H2O, irradiation to high total doses in HFIR SNF elements has

demonstrated a radiation damage limit for these materials. Periodic heating of radiolyzed fuel salt can lead to both

recombination of F2 and UF6 generation.



The irradiation experiments for the uranium oxides containing fluoride impurities or sorbed water were

conducted with gamma radiation sources. Alpha radiolysis experiments for each of these materials are currently

being conducted to study the effects of different types of radiation.
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