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PART I. MOLTEN-SALT REACTORS

1. Phase Equilibrium and Crystallographic Studies

THE EQUILIBRIUM PHASE DIAGRAM FOR THE SYSTEM LiF-BeF -ZrF4
R. E. Thoma, H. A. Friedman, and H. INS1ey .. e cccere i e s e e aea
Investigations of the equilibrium phase diagrams of the systems LiF-BeF «ZrF and Bel -Zr[‘ were
completed. Both systems exhibit liquid-liquid immiscibility, behavior which has neretofore hecn con-

sidered to be very unusual in molten fluoride systems.

PRELIMINARY STUDY OF THE SYSTEM LiF—ThF4~PaF4

C. J. Barton, H. H. Stone, and G. D. Brunbon ... e i it oes et sttt e var s anes e s enenee e sen st st i

Optical examination of two slowly cooled mixtures of LiF, ThF4, and Paf*‘4 indicates the probable

existence of the compounds LiPa¥F _ and Li4PaF8.
3

APPARATUS FOR DIFFERENTIAL THERMAL ANALYSIS
L. O. Gilpatrick, R. E., Thoma, and S. CAntOr ... .o iieimieiiitconvrine e saeies s srie snenes sans sressssssiassnes sanssansss
Automatic DTA apparatus was developed, tested, and found to be suitable for the study of phase

transitions in mixtures of fluoroborate salts.

SOLID-PHASE EQUILIBRIA IN THE SYSTEM Srn)':2~.'§mF3-UF3
R. E. Thoma and H. A, Friedman .. VTR .
Extensive mutual solid-state solubility of components and intermediate phases were found in the

Sml}‘ZuSmFB-UF3 system.
PHASE RELATICNS IN THE SYSTEM I(F»CeF3

C. J. Barton, G. D, Brunton, D. Hsu, and H. INS1EY .o i et e e i e e e

An incomplete investigation of the system KF-CeF3 showed the existence of one sutectic composition

and two incongruently melting compounds, SKFP'CEI?s and KF~CeF3.

THE CRYSTAL STRUCTURE OF L:4UF

G. D. Brunton

The U*T ion in this structure is surrounded by ¥ ions at the corners of a 14-faced polyhedron. The Li-F
coordinations are irregular octahedra, two of which share faces with the U‘Vr polyhedron.
THE CRYSTAL STRUCTURES OF NavF'-!._uF3 SOLID SOLUTIONS
D. R. Sears and G. D. BIrUNTON o it i aii e i st e ie e raa e et ara et s e e r et s et
Crystal structure analyses of two specimens near the 50:50 composition are described. A& model
structure based on that of CaF2 with cation vacancies and anion interstitials appears to fit the intensity

data best, but there are anomalies in the thermal motion.

THE CRYSTAL STRUCTURE OF }/nCsBeF3
H. Steinfink and G. D. Brunton

This structure is similar to that of the high-temperature form of BaGeOs.
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THE CRYSTAL STRUCTURE OF 3,-KlLaF
D R S ATS oot e et b e e e e e e s st s Le e e EL e bbb e ae b e ee s s e s ba e bbes s her b ae et e o

This compound forms merohedral twins which are almost isostructural with NaNdF4.

CENTRAL CATION DISPLACEMENTS IN THE **TRIPYRAMIDAL' COORDINATION

Interatomic potential calculations suggest which anion configurations favor displacements of the cation

from the medial plane and are correlated with the structures of IBI-KLaF4 and NaNdF4.

PREPARATION OF FLUORIDE SINGLE CRYSTALS FOR RESEARCH PURPOSES
R. E. Thoma, R. G. Ross, and H. A, FriedmMan ... ... .. it it cees ittt evtias ciesseatts s ete s ars sseeenvannaarressann
- . 70 R 75 . . :
Pure single crystals of the fluorides ‘LiF, L12BeF4, Na 7Zr6F31, L12Na1h2F11, B CSBeFS, and
Li4UF8 were grown from the melt and furnished for use in research programs at ORNL and elsewhere.

2. Chemical Studies of Molten Salts

A POLYMER MODEL FOR LiF-BeFZ MIXTURES
[ O R £ 7= 13T OO O U PO PPPPOTPR
A mode!l which assumes polymeric Bean(b'za)' anions containing BeF42_ tetrahedra, bridging ¥, and

terminal F~ ions is found to be consistent with measured activities of BeFQ.

PHASE EQUILIBRIUM STUDIES IN THE U02-2r02 SYSTEM
K. A. Romberger, C. F. Baes, Jr., and H. H. Stone ... i e e
New results from equilibration of the oxides in the presence of molten fluorides, while confirming the
nearly complete exsolution of the oxides from one another below the eutectoid at 11100C, show evidence

of nonideal behavior in the dilute solid solutions just above this temperature.
THE OXIDE CHEMISTRY OF ThF4-UF4 MELTS

B. F. Hitch, C. E. L. Bamberger, and C. ¥. Baes, ]Jr.
The oxide phase at equilibrium with 2LiF-BeF2+UF4+ThF4 is a (U-Th)O2 solid solution into which

the uranium is strongly extracted.

THE OXIDE CHEMISTRY OF LiF-Ber-ZrF4 MIXTURES
B. F. Hitch and C. F. Baes, ]Jr.
Measurements of the solubility of BeO and ZrO2 indicate the oxide tolerance of MSRE flush salt and

fuel salt.

CONSTANT-VOLUME HEAT CAPACITIES OF MOLTEN SALTS
1T By B T O Ve o} S USSP PO PPP PP
Values of CV were obtained by combining published Cp values, sonic velocities, and density-tempera-

ture data; in almost every case experimental CV exceeded that calculated on the basis of simple clas-

sical and/or quantum contributions.

TEMPERATURE COEFFICIENT OF Cv FOR MOLTEN SALTS
StANILEY CaANTOT Liiiiiiiiee e itir et e et e teet taat i eeeseae e tttae e eeesatraat seesseeeeesee aeaeas et teeiaehenan e e eee e s et eaeeerate b eeetn saeeennres aes e
By using an empirical equation in which compressibility is a linear function of pressure, the temperature
dependence of CV for 34 salts was calculated; where compression was necessary to sustain a fixed volume,

CV increased with temperature.

TEMFERATURE COEFFICIENT OF COMPRESSIBILITY FOR MOLTEN SALTS
SHANTEY CAIMEOT 1ottt eees et e e e e e et e et eeeat et e s e ete sesaee s aatees s s seaes baes sanses sebann aesn baee eean e ein aebs eeeteiaeearetaes teeaneee s raaearn vranrn s
A simple empirical equation, Bg = AebT, was found to hold for all molten salts. (Bg is the isothermal

compressibility at 1 atm, A and b are constants, and T is the absolute temperature.)
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VISCOSITY AND DENSITY IN THE LiF-BeF2 SYSTEM
C. T. Moynihan and Stanley Cantor ...

Viscosity and density measurements show that the temperature coefficient of viscosity decreases when
the volume expansion coefficient increases; the volume expansion coefficient is directly correlated to the
temperature dependence of ¢*free’’ volume in these melts.

VAPOR PRESSURES OF MOLTEN FLUORIDE MIXTURES

Stanley Cantor, W. T. Ward, apd [OF T =33 Y= = 1= S R v RO PO RO OUP PPN

Vapor equilibria that are involved in the reprocessing by distillation have been measured. Decontamina-
tion factors of the order of 1000 for rare earths were evidenced. The vapor pressure of the composition of

MSRE fuel concentrate was also measured.

POTENTIOMETRIC MEASUREMENTS IN MOLTEN FLUORIDES
A. R. Nichols, Jr., K. A. Romberger, and C. F. Baes, Jt. i e et e ee et eabanaraaen e

Preliminary results for niobium in ZLiF--BeF2 indicate the formation of stable, insoluble NbFz.

APPEARANCE POTENTIALS OF LITHIUM FLUORIDE AND LITHIUM BERYLLIUM FLUORIDE IONS

R. A. Strehlow and J. D. BRedman i e e e e e e e tea ey e sas e e e e

A study was made of appearance potentials of ions formed by electron impact from LiF and I4i7BeF4

vapor, and a surprising amount of structure was found in the ionization efficiency curves.

3. Separaotions Chemistry and Irradiation Behavior

REMOVAL OF IODIDE FROM LiF-BeF2 MELTS

C. E. L. Bamberger and C. Fu BAES, JIu 1 i i st rees st erais sase e st sats st s e s s e

The efficiency of HF utilization during sparging shows an increase with decreasing pressure caused

either by as yet unidentified side reactions or by a rate effect.

REMOVAL OF RARE EARTHS FROM MOLTEN FLUORIDES BY SIMULTANEQOUS PRECIPITATION

WiTH UF3
F. A. Doss, H. F. McDuffie, and J. H. Shaffer ... i et e e e
Exposure of LiF~~BeF‘2 (66~34 mole %) containing about 1074 mole fraction CeF3 or NdF3 to excess solid

UF3 caused removal of the rare earths from the molten solution.

EXTRACTION OF RARE EARTHS FROM MOLTEN FLUORIDES INTO MOLTEN METALS
J. H. Shaffer, W. P. Teichert, D. M. Moulton, F. F. Blankenship, W. K. R. Finnell, W. R. Grimes ...............
The distribution of rare earths (lanthanum, cerium, neodymium, samarium, and europium) between molten
I.AF-BeF2 (66-34 mole %) and molten bismuth was studied at 600°C as a function of the concentration of

Jithium metal added as a reducing agent.

REMOVAL OF PROTACTINIUM FROM MOLTEN FLUORIDES BY REDUCTION PROCESSES

The removal of protactinium from a simulated molten-salt breeder reactor blanket was demonstrated in a
six~week experiment in which liguid bismuth was recirculated through the blanket salt, a bed of steel wool,
and a bed of thorium metal chips. ‘The evidence suggested that the protactinium was transported as a sus-

pension, perhaps associated with high-melting metallic compounds of iron, chromium, and thorium.

REMOVAL OF PROTACTINIUM FROM MOLTEN FLUORIDES BY OXIDE PRECIPITATION
J. H. Shaffer, W. P. Teichert, W. K. R. Finnell, F. F. Blankenship, and W. R. Grimes ...,
The removal of protactinium from solution in molten LiF-~BeF2 (66-34 mole %) by oxide precipitation upon
the addition of ZrO2 at 600°C was studied with a variety of ZrOz powders of differing surface areas (from
1.3 to 80 m2/g). The results were not consistent with simple theories of either complete solid solution for~

mation or precipitation on the surface of the ZrOZ.

26

26

27

32

34

36

38



vi

PROTACTINIUM STUDIES IN THE HIGH-ALPHA MOLTEN-SALT LABORATORY
C. J. Barton and H. H. SEOME L it it it i it et eet ettt st e sats e e e e et ben tabars s eea s taes b b b et s ea e e e ae o
Reduction of protactinium dissolved in a molten LiF-ThF4 breeder blanket mixture by exposure to solid
thorium, followed by adsorption of the reduction product on an iron surface, is the most promising of the

several recovery methods studied to date.

GRAPHITE-MOLTEN-SALT IRRADIATION TO HIGH FiSSION DOSE
H. C. Savage, J. M. Baker, E. L.. Compere, M. J. Kelly, and E. G. Bohlmann ...
Irradiation of the first molten-salt thermal convection loop experiment in the ORR was terminated August
8, 1966, because of a leak through a broken transfer line after achieving power densities of 105 W/cm3 in
the fuel channels of the graphite core. A second loop, modified to eliminate causes of failure encountered

in the first, begins long-term irradiation in January 1967.

4. Direct Support for MSRE

EXTENT OF UF4 REDUCTION DURING MSRE FUEL PREFPARATION
B. F. Hitch and C. F. BAES, JIv i e it o et e te s et e e s et e e et e s e e s
It is estimated that 0.16% of the uranium introduced into the MSRE had been reduced to UFS during salt

purification.

CHEMICAL BEHAVYIOR OF FLUORIDES DURING MSRE OPERATION
) S LS I U o - T U OO PRSP
Current results of the chemical analyses of MSRE fuel, flush, and coolant salts show that after approxi-
mately 20 months in the MSRE, the molten salts have retained their original chemical composition and have

not induced perceptible corrosion in the reactor.

FISSION PRODUCTS IN MSRE FUEL
S. S. Kirslis and F. F. BlankensShip ..o i e reesvte teitt s ieeas et se e tetiee sereaeness erntseaits reee sesetanate sissas sars s
Radiochemical analyses for fission products in MSRE fuel salt samples indicated that appreciable
fractions of the 99Mo, 132’Te, 1c's’Ru, and 190Ru produced by fission had left the fuel phase.

FISSION PRODUCTS IN MSRE EXIT GAS
Equilibrium Pressures of Noble-Metal Fluorides Under MSRE Conditions
[ R - V- A I O OO PP PP AU SR PO P PRSP
Thermochemical data indicate that, with increasing oxidizing power, the order of appearance of volatile
fluorides should be NbFS, MOFG, RuFS, TeFS.

Analysis for Fission Products in MSRE Exit Gas
S. S. Kirslis and F. F. BlanKkenShip ciciioom i i citienintecnms seemssvietocansescasnars sonesssaessenestsses sitems sessssasns sinssansssasssssanss oo
Small metal samples exposed to the gas phase of the MSRE pump bowl demonstrated qualitatively an ap-

preciable volatility of 9QMO, 132’1‘6, 103Ru, and 19%Ru presumably as high-valent fluorides.

FISSION PRODUCTS ON METAL AND GRAPHITE FROM MSRE CORE
S. S. Kirslis and F. F. BlankenShip ... i it it etiee it ot cres ceestoians sreraerins st rirs aeie s sere sbetenssanenansmne essssen sasens vsos
Samples of MSRE graphite removed from the reactor core after 7800 Mwhr of operation showed no radiation
damage effects but were found to be significantly permeated or plated by noble-metal fission products and
those with noble-gas precursors. Adjacent Hastelloy N samples were also undamaged and were more heavily

plated with noble-metal fission products.

XENON DIFFUSION AND FORMATION OF CESIUM CARBIDE IN AN MSBR
C. F. Baes, Jr., and R. B. Evans TII i e et e
Carbide formation in the moderator graphite should occur, but not in significant amounts; 135xe poisoning
could be reduced effectively either by iodine removal or by some means which reduces the salt-graphite film

coefficient.
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PART Hl. AQUEOUS REACTORS

5. Corrosion and Chemical Behavior in Reactor Environments

NASA TUNGSTEN REACTOR RADIATION CHEMISTRY STUDIES
G. H. Jenks, H. C. Savage, and E. G. BOhIIABA .o i i et et st e s sa e v s emnes s o 57
Experimental results showed that electron irradiation produces a small loss of cadmium from CdSO4 solu~

tions under conditions of interest in the NASA Tungsten Water-Moderated Reactor. Equipment was designed

for additional studies of the effects of agitation on the radiation stability of the solution.

CORROSION OF ZIRCALOY-2 BY DILUTE HYDROGEN PEROXIDE AT 280°C
R. J. Davis, T. H. Mauney, and R. J. HATE i ittt et e sati eees verae e teeets baes asaaes aebanronee aennestn e seenee as 58
The corrosion of Zircaloy-2 in oxygenated water at 280°C was shown to be unaffected by the presence of

10_5 M 11202, and it was concluded that the radiation effect on zirconium-alloy corrosion in these sohitions

is not a direct result of the peroxide formed during irradiation.

ANODIC FILM GROWTH ON ZIRCONIUM AT ELEVATED TEMPERATURES
A. L. Bacarella, H. 8. Gadiyar, and A. L. SULION oo i et i e i e ettt e taen e cee s ee e an e e eecee cae e 58
A new expression for the anodic film growth current on zirconium was derived using the triple-barrier

model with a field-dependent activation distance in the oxide phase, and our experimental data were fitted

with this expression.

AC IMPEDANCE OF OXIDE FILMS IN AQUEQUS SOLUTIONS AT ELEVATED TEMPERATURES
G. H. Jenks, A. L. Bacarella, R. J. Davis, and H. S. Gadiyar ........cooooi it iiiiiiiieiiieie et e 61
Equipment, methods, and techniques are being developed and tested for measuring ac impedance of cor-

rosion films on zirconium alloys in aqueous solutions at elevated temperatures. The immediate objective of

such measurements is the detection of film porosity.
CORROSION SUPPORT FOR REACTOR PROJECTS
J. C. Griess, Jr., J. L. English, and P. D. Neumann

Corrosion investigations conducted for selecting structural materials for use in the High Flux Isotope Re-

63

actor and the Argonne Advanced Research Reactor were completed. Generally, both reactors should operate

many years without major corrosion problems providing the chemistry of the coolant is properly maintained.

6. Chemistry of High-Temperature Aqueous Sclutions

ELECTRICAL CONDUCTANCES OF AQUEOUS ELECTROLYTE SOLUTIONS FROM 0 TO 800°C AND TO
4000 BARS
A. S. Quist, W. Jennings, Jr., and W. L. Marshall ..o e e e i s 65
Continuing, extensive conductance studies on aqueous electrolytes to 800°C and 4000 bars have provided
limiting equivalent conductances and dissociation constants of sodium chloride, differing sharply from be-

havior at ZSDC, and measurements on 16 other 0.01 m 1~1 electrolytes.

DISSOCIATION CONSTANT OF MAGNESIUM SULFATE TO 200°C FROM SOLUBILITY MEASUREMENTS
W i MArshiall i e eieee it ee e et et e et e nare e hteae tee e eene re s eseas Sere aeetn e re bbaanadeE e ettt A ag et es eea s rns sre e es aea e 66
From the differences in solubility of calcium sulfate in sodium chloride and in sea-salt solutions, dis~

sociation quotients, constants, and other thermodynamic quantities have been calculated.

DISSOCIATION CONSTANT OF CALCIUM SULFATE TO 350°C OBTAINED FROM SOLUBILITY
BEHAVIOR IN MIXED ELECTROLYTES
L. B. Yeatts and W. L. MArshall .o oo oo viimi s stiita st e aii e s nes cee st esass sensts shneeeeeae sasbesasssareses rmentns naiasasesas s 68
in perhaps the first extensive study of a four-component, mixed electrolyte system to high temperatures,
solubilities of calcium sulfate were determined from 25 to 350°C from which dissociation quotients, solu-

bility products, their respective constants, and thermodynamic quantities were calculated.
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SOLUBILITY OF Fe3O4 AT ELEVATED TEMPERATURE
F. H. Sweeton, R. W. Ray, and C. F. Baes, Jr.
The solubility of Fe3304 in dilute HCI solutions containing dissolved H2 has been measured at 200, 260,

and 300°C, and solubility products for formation of Fe2+ and FeOH™ have bheen calculated.

HYDROLYSIS OF BERYLLIUM ION IN 1.0 M CHLORIDE AT 25°C
R. E. Mesmer and C. F. BAeS, JTu it oot ittt eieie ot cvrtees s evatitees saeeeaes aeaee aaeeeesaee s aeten sete semeas seneaessesmaeetaeete sete rvneens oe
The previously reported hydrolysis schemes for beryllium are not fully supported by the present data at

25°C. The uniqueness of other possible schemes is being tested.

7. lInteraction of Water with Particulate Solids

SURFACE CHEMISTRY OF THORIA
O & B =TT U T OO S T POV PPPURTPUPRPN

Heats of Immersion and Adsorption
E. L. Fuller, Jr., H. F. Holmes, and S. A. Taylor e e e et r e e e
Thoria powders composed of crystallites with an average size greater than about 1400 A yield a constant
amount of heat per unit surface area upon immersion in water after outgassing at a given temperature. Powders
composed of smaller crystallites react more energetically and release a portion of the heat by kinetically slow

processes.

Adsorption of Water and Nitrogen on Porous and Nonpoious Thoria
H. F. Holmes and E. L. FULLEr, Jre i it oot s ottt erttts tees eottee eeeattias e oeeebeae e e eeeseett steees see s eeannsresanrens
The concept that chemisorbed water decreases the pore volume is not adequate to explain the observed
decreases in nitrogen and water surface areas of nonporous thoria, nor is the smaller size of the water
molecule compared with nitrogen consistent with the observation of water areas much smaller than nitrogen

areas.

Infrared Spectra of Adsorbed Species on Thoria
C. S. Shoup, Jr.
Infrared spectra of the ThOZ-HZO interface obtained by both adsorption and desorption have confirmed the

nonequilibriui nature of the surface interactions of thorium oxide and water.

BEHAVIOR OF GASES WITH SOL-GEL URANIUM-THORIUM OXIDE FUELS
D. N. Hess, H. F. McDuffie, B. A. Soldano, and C. F. WEAVET . ..ot e e e ettt e,
The gases released when sol-gel microspheres of Th()2 or UO2 were heated in vacuum were identified,
and the temperatures of maximum gas evolution were established. A conditioning procedure was developed
which, when applied to wet, unfired microspheres, converted them into satisfactory reactor-fuel-element

products of high density, low carbon content, and low O:U ratio.

FART IlIl. GAS-COOLED REACTORS
8. Diffusion Processes

TRANSPORT PROPERTIES OF GASES

Gaseous Diffusion Studies in Noble-Gas Systems
AL P. MaliNAUSKES Lot it it et i e i e et et e £ i e < ee e s £ see st e e et s e See e et se e aa e s s aee st

Diffusion data are reported for the systems He-Kr, Ar-Kr, and Kr-Xe over the temperature range 0 to 120°C.

Thermal Transpiration
B. A. Cameron and A. P. MalinauSKas ... e e ittt te e et et s et e e
Thermal transpiration measurements using a porous septum have been attempted. Although steady-state
conditions are attained very rapidly, the thermal conductivity of the gas now enters in a pronounced manner

and causes the analysis of the data to be extremely difficult.
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Gaseous Diffusion in Porous Media
A. P. Malinauskas, R. B. Evans IT], and E. A, MASOI it oo i et e imaeee eaereastasasaeas srvranasnn snentesnasntinsrnaes oot on 85
A generalized treatment of gas transport in porous media has been developed on the basis of the ¢“dusty-

gas’? model,

Gas Transport Studies Related to Vented Fuel Elements for Fast Gas-Cooled Reactors
R. B. Evans II1 and D. F. BIUIMS o i o it e o e ctte 1e et are e o1 eeaire sreeae et s e san saasss s nrean e ietsaraane nens 1a 86
An investigation of the possibility of using direct venting devices on fuel elements in fast gas-cooled re-

actors has been initiated,

RECOIL PHENOMENA IN GRAPHITES
R. B. Evans I1I, J. L. Rutherford, and R. B. Perez ...t me s a e s e 86
The effects of density and porosity of graphitic structures on the range of “light’’ and “*heavy®® fission

fragmments have been determined.

9. Behavior of Graphite with Reactive Gases

I.. G. Overholser

OXIDATION OF GRAPHITE SLEEVES BY STEAM
C. M. Blood and Ge M. HEDEET oot it cemiie ceeee nea s titne sns civtes sass nesss tnesomes s snetss shsasane sosssrossssessonsantnsnssbains asnsannens suassnns 92
Oxidation rates of virgin, impregnated, and irradiated AT]J graphite sleeves were measured at 1.000°C

using a partial pressure of water vapor at ™~ 250 torrs.

TRANSPORT OF FISSION PRODUCTS
[T T = 3 o Yo T U O OO P O PO OO PP UPTON 93
Deposition profiles for (1) 13334 transported from barium-impregnated graphite by wet or dry helium and (2)
“‘0Ag, 137, and 134Cs transported from previously irradiated graphite by wet helium were established by

sectioning and counting techniques.

OXIDATION OF COATED FUEL PARTICLES BY WATER VAPOR
B T = 721 <y O O O PP SOOI T PO PO a6
Rates of oxidation and incidence of coating failures were determined for various batches of coated fuel

particles at 1100 to 1400°C using helium—water-vapor mixtures containing 500 or 1000 ppm of water vapor.

10. lrradiation Behavior of High-Temperature Fuel Materials

O. Sisman and J. G. Morgan

IRRADIATION EFFECTS ON PYROLYTIC-CARBON-COATED FUEL PARTICLES
P. E. Reagan, J. G. Morgan, J. W. Gooch, M. T. Morgan, and M. F. OSDOINE ...ociiiiniiiit i ecein e . 99
Pyrolytic-carbon-coated thorium-uranium carbide particles prepared commercially for the German AVR re~

actor withstood irradiation to 10 at. % heavy-metal burnup at 1300°C, and a barrier layer of silicon carbide

added to a pyrolytic carbon coating greatly reduced the release of fission solids.

IN-PILLEE TESTS OF A MODEL TO PREDICT THE PERFORMANCE OF COATED FUEL PARTICLES
P. E. Reagan, E. L. Long, Jr., J. G. Morgan, and J. W. Gooch

A mathematical model developed to predict the bumup necessary to cause pyrolytic-carbon~coating

100

failure was found to be accurate for the weakest coatings in the batch, and a thick carben buffer layer

caused uranium oxide particles to overheat and attack the coating,

POSTIRRADIATION TESTING OF COATED FUEL PARTICLES
M. T. Morgan, C. D. Baumann, and R. L. Towns
Various types of pyrolytic carbon coatings applied to fuel particles of UO2 and UC2 have been annealed

at high temperatures after neutron irradiation to test for coaling stability, retention of fission products, and

fuel migration.



IRRADIATION EFFECTS ON COMPATIBILITY OF FUEL OXIDES AND BERYLLIUM OXIDE WITH

GRAFHITE
D. R. Cuneo, C. A. Brandon, H. E. Robertson, and E. L. Long, JI .ot oo e s st e v on e 105
Graphite is chemically compatible with both (U,Th)O2 and BeQO; the concentration of 1.i found in BeO

diminishes in smaller pieces in a direction consistent with a surface-to-volume relationship.

FAST GAS-COOLED REACTOR DEVELOPMENT
D. R. Cuneo, H. E. Robertson, E. L. Long, Jr., and J. A. Conlin ... oo oo st e its evian eaeeeeen e 107
In low-burnup irradiations no indication of fuel element failures have been found with UO2 in either

stainless steel or Hastelloy X,

FiSSION-GAS RELEASE DURING FiSSIOMNING OF UOZ
R. M. Carroll, R. 3. Perez, O. Sisman, G. M. Watson, and T. W. Fulton ... e ee e eeeeraan . 109
Refinements have been made in the defect-trap model, and clustering of defects at about 1000°C in single-

crystal UO2 was observed as predicted.

THERMAL CONDUCTIVITY OF UOZ DURING IRRADIATION
C. D. Baumann, R. M. Carroll, J. G. Morgan, M. F. Osbome, and R. B. PCIeZ ...cciviiiiree i eeees e veaneeien e s 111
The thermal conductivity of a UO2 fuel specimen is being measured as a function of flux and temperature

during irradiation.

11. Behavior of High-Temperature Materials Under lrradiation

EFFECTS OF FAST-NEUTRON IRRADIATION ON OXIDES
G. W. Keilholtz and R. E. MOOTE ..ot it et e it v et e e e e e et et e e obe e e e e et e et e e e e 113
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1. Phase Equilibrium and Crystallographic Studies

THE EQUILIBRIUM PHASE DIAGRAM FOR
THE SYSTEM LiF-BeF,-ZrF,

R. E. Thoma H. A. Friedman
H. Insley?

Mixtures of "LiF, BeF ,, and ZrF, are of especial
interest in this Laboratory because such mixtures
serve as the solvent for ?°SUF, in the Molten-
Salt Reactor Experiment, Phase behavior of this
termnary system and of its constituent binary sub-
systems has, accordingly, been examined in some
detail. The binary systems LiF-BeF, %% and LiF-
ZrF44 have been carefully iavestigated here and
elsewhere and have been described in available
literature. Study of the BeF,-ZtF, and the LiF-
BeF -ZrF, systems was completed during the past
year,

Most of the data for these systems were obtained
by the technique of thermal gradient quenching
followed by careful examination of the products
by optical microscopy,® though the older technigue
of thermal analysis was of value in some regions.
The regions of liquid-liquid immiscibility in these
systems were defined with the help of high-temper-
atute centrifugation® and careful examination of
the separated products.

The combined data were used in construction of
the phase diagrams shown as Figs. 1.1 and 1.2.

Yconsultant.

2D. M. Roy, R. Roy, and E. F. Osborm, J. Am. Ceram.
Soc. 37, 300 (1954),

SA. V. Novoselova, Yu. P. Simanov, and E. I. Yarem-
bash, J. Phys. Chem. (U.8.5.R.) 26, 1244 (1952).

. Insley et al., Bull. Soc. Franc. Ceram., No. 48,
July ~Sept. 1960.

R. E. Thoma et al., J. Chem. Eng. Data 10(3), 219
(1965).

SReactor Chem. Div. Ann. Progr. Rept. Dec. 31, 1965,
ORNL-3913, p. 3.

Invariant equilibria in these systems were found
to occur at the composition-temperature locations
listed in Table 1.1.

As Fig. 1.1 indicates, the binary system BeF -
ZrF, exhibits relatively simple phase behavior,
A single eutectic occurs at a relatively low ZrF,

‘concentration, and the system is free from binary

compounds. Two immiscible liquids occur in
mixtures containing 14 to 25 mole % Z(F, ; the
upper consolute temperature is near 740°C,

The LiF-BeF ,-ZrF, system (Fig. 1.2) is, so far
as we are aware, the only ternary fluoride system
vet shown to include immiscible liquids. As the
temperature is increased above the liquidus, the
composition interval showing two liquid phases
steadily diminishes; it disappears at an upper
consolute point at 25 mole % LiF and 55 mole %
BeF, at 955°C.

This occurrence of two liquid phases in the
system at high concentrations of BeF, does not
prejudice use of materials in the composition region
near 65 mole % LiF and 30 mole % BeF, as fuel
solvents for molten-salt reactors.
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Tabie L.1. lnvariant Equilibrium Points in the Systems Ber-er‘4 and LiF-Ber-ZrF“

Composition {mole %)

Temperature Type of
LiF BeF, ZrF, (°o) Equilibrium Solid Phases Fresent
92.5 7.5 525 Eutectic BeF,, ZrF,
86 14 645 ZrF4
74 26 645 ZrF4
75 5 20 480 Peritectic LiF, 3LiF - ZrF , 2LiF - ZrF,
73 13 14 470 Peritectic LifF, 61.iF - BEF2 . ZrF4,
2LiF « ZrF
4
67 29.5 3.5 445 Peritectic LiF, 6LiF -+ BeF2 . ZrF4,
2LiF » BeF
4
64.5 30.5 5 428 Peritectic 6LiF - BeF2 . ZrF4, 2LiF - ZrF4,
2LiF » BeF 2
48 50 2 355 Eutectic 2Lif - ZrF4, 2L4iF - Ber, BEFZ
47.5 10 42.5 466 Peritectic 2LiF - ZrF4, 3LiF - 4ZrF4, ZrF4
44 18 38 460 Eutectic 2ILiF « ZrF4, BeF ), ZrF,
27 46 27 532 BeFQ, ZrF‘l
2 88 10 532 BeF,, ZrF




PRELIMINARY STUDY OF THE SYSTEM
LiF-ThF -PaF

C. J. Barton H. H. Stone
G. D. Brunton

In the protactinium recovery studies described
in Chap. 3 of this report it has been generally
assumed that protactinium is present in the LiF-
ThF (73 mole % LiF) melts as PaF,.
sumption has seemed plausible since the melis
have, in every case, received a treatment with H,
at temperatures near 650°C, and since H, is known
to reduce pure PaF_ to PaF, at much lower temper-
atures. (The Pa't state seems to be the lowest
known in fluoride systems.) We have, however,
conducted a few preliminary experiments to test

This as-

this assumption and to see if the phase behavior
of PaF, is similar to that of ThF, in mixtures
with LiF.

About 100 mg of ?*'PaF, was prepared by
evaporating a measured portion of purified stock
solution (9 M in HF) to dryness in platinum and
heating the residue to 600°C in flowing HF-H, mix-
ture. Conversion to PaF, was confirmed by weight
and by the brown color of the material. A portion of
this material was mixed with LiF-ThF4 (73 mole
% LiF) to yield a mix with 68 mole % LiF and 32
mole % (Th,Pa)F,. Another portion was mixed
with LiF and the LiF-ThF, mixture to yield a
mix with 73 mole % LiF and 27 mole % (Th,Pa)F,.
Both mixtures were admixed with ammonium bi-
fluoride (whose decomposition products on heat-
ing help to minimize possible hydrolysis), heated
to 650°C, and cooled slowly.

Examination of the slowly cooled melts showed
that segregation of PaF,-rich phases from the
bulk of the LiF-ThF, material occutred in both
cases. Material from the mixture with 68 mole %
LiF is believed to be a solid solution of LiPaF,
in LiThF_. One of the phases from the sample
with 73 mole % LiF is believed, because of its
similarity to the analogous uranium compound, to
be Li,PaF,. The PaF, does not appear iso-
morphous with ThF; the LiF-PaF,  system may,
in fact, be more like the LiF-UF, than the LiF-
ThF, system. It is obvious that study of the binary
LiF-PaF, system is needed before attempting
further deductions concerming phase relations in
the ternary system LiF-ThF -PaF .

A portion of the LiF-ThF -PaF, mixture with
73 mole % LiF was transferred to a small thorium

crucible and heated to 650°C in a helium atmos-
phere. Examination of the material with the polar-
izing microscope revealed some Li ThE,, but a
large part of the mixture was in the form of opaque
angular fragments, which are probably protactinium
metal. X-ray examination will be required to con-
firm this conclusion.

APPARATUS FOR AUTOMATIC DIFFERENTIAL
THERMAL ANALYSIS

L. O. Gilpatrick
S. Cantor

R. E. Thoma

Fluoborate mixtures containing high concentra-
tions of NaBF, appear useful as secondary cool-
ants in molten-salt breeder reactors.”
systems show significant BF, pressures at tem-
peratures above the liquidus, our standard tech-

Since such

niques of thermal analysis and thermal gradient
quenching are applicable only with difficulty to
these materials. We have, accordingly, developed
(with help from the ORNL Instrumentation and
Controls Division) a sensitive automatic differ-
ential thermal analysis apparatus for study of the
fluoborates.

This equipment, similar to that used by Holm,®
consists of a series of components assembled as
illustrated in Fig. 1.3. Specimens are contained
in sealed thin-walled nickel tubing, having outer
dimensions ¥ x 2.5 in. Temperatures are monitored
by armored 40-mil thermocouples which are posi-
tioned from below in reentrant chambers. Specimen
containers and thermocouple assemblies were de-
signed for minimal heat capacity, The specimen
thermocouple supplies a signal in opposition to
that from a matched cell containing fired Al,O,
as a comparison standard. Both cells are mounted
in a massive nickel block and out of direct thermal
contact with the block by means of ceramic sup-
ports. An independent thermocouple embedded
in the block provides a signal which programs
the temperature and heating rate of the system as
a whole. Differential temperatures are recorded
as a function of time on a model 7002AMR Moseley
x-y recorder after amplification of from 500 to

R, E. Thoma and G. M. Hebert, ““Coolant Salt for a
Molten Salt Breeder Reactor,”” Patent Application
CNID-2100, Nov. 16, 1966.

&Y. L. Holm, Acta Chem. Scand. 19, 261 (1965).
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20,000 as desired, via a Leeds and Northrup
microvolt amplifier, model No. 9835B. The record-
ing system is calibrated daily by a potentiometric
circuit and a standard cell used to produce a known
input signal. The apparatus temperature was
calibrated by measuring the melting points of lead
and bismuth metal standards from the National
Bureau of Standards.

unit was designed to contwl linear temperature

The temperature programming

changes over variable time periods from 30 to
300 min.
of a 0- to 10-mv signal, is fed to a solid-state
This
device automatically programs repeated heating
and cooling of specimens within preset limits and
thereby enables automatic collection of phase
transition data for periods of 50 hr or more,

Output from the programmer, consisting

power unit which controls the heat input.

The equipment is being applied to definition of
liquid-solid and solid-solid transitions in the NaF-
BF, system. Initial results show that the melting
point of NaBF, is 383.1°C; this material, which

contains less than 200 ppm of oxide ion, appears

to melt some 15°C higher than the (probably less
pure) material described by Selivanov and Stander,®

SOLID-PHASE EQUILIBRIA IN THE SYSTEM
Ssz-SmFB-UFB

R. E. Thoma H. A. Friedman

The fact that reduction potentials for the reac-
tion Ln*" » Ln?" are lowest for the lanthanides
europium and samartium (approximately 0.4 v)
implies that the interactions of SmF,, SmF,, and
UF, possibly are significant in the development
of molten-salt fuel reprocessing methods which
would employ UF, as an ion exchanger for selec-
tive removal of rare-earth fission product fluorides.

Products of the reactions of Sm® or U°% with
SmF,, SmF,, UF,, and mixtures of these fluorides,
which take place at 1300 to 1400°C, were analyzed.

°V. G. Selivanov and V. V. Stander, Russ. J. Inorg.
Chem. 4, 934 (1959).



The crystal phases were characterized with micro-
scopic, x-ray diffraction, and electron resonance
methods and were chemically analyzed, Samarium
trifluoride was found to be stoichiometrically
reducible with Sm° to SmFZ, a cubic blue phase
with refractive index 1.534 and a, 5.866 A.
Partial reduction of SmF, with Sm° produces a
birefringent red intermediate phase of unknown
structure, inferred tentatively to be the compound
SmF,.SmF,. The limited data which
rently available indicate that within the system
SmF ,-SmF ,-UF solubility of
the various components and intermediate phases
prevails except between SmF , and the intermediate
phase SmF, - SmF .

If this conclusion is borne out in future experi-
ments, the reduction potentials of salts which
pass through UF, ion exchange beds will possibly

are cur~

extensive mutual

be significant parameters in process control.

PHASE RELATIONS IN THE SYSTEM KF-CeF

D. Hsu'?
H. Insley!

C. J. Barton
G. D. Brunton

Previous studies'® '? have shown that phase
relationships in the LiF-CeF, and NaF-Cel,
systems are very similar to those for their LiF-
PuF, and NaF-PuF, counterparts. A brief ex-
amination of the KF-CeF , system has, accordingly,
been conducted to show probable behavior for
KF-PuF,. Wosk will begin on KF-PuF, as soon
as differential thermal analysis equipment becomes
available with
small amounts of materials.

to provide adequate sensitivity

We obtained thermal analysis data from cooling
curves obtained with a bare platinum—platinum~
rhodium thermeocouple immersed in the melt con-
tained in a small (5 ml) platinum crucible. The
calculated weights of KF and CeF, (to give 3 to
4 g total) were placed in a crucible along with
several grams of ammonium bifluoride, and the
mixture was heated in a flowing stream of helium,
slowly at first until the ammonium bifluoride :de-
composed, and then more rapidly until a tempera-

wSummer employee from University of California,

Berkeley.

11(‘,. J. Barton and R. A. Strehlow, [J. Inorg. Nucl,
Chem. 18, 143-47 (1961).

1ZC. J. Barton, J. D. Redman, and R. A. Strehlow,
7. Inorg. Nucl. Chem. 20, 45 (1961).

ture well above the estimated liquidus temperature
was reached.

Gradient quenches were performed with portions
and the resulting
samples were examined by use of a polarizing
The principal findings of the in-
complete investigation are as follows: There is
one eutectic composition at about 19 mole % CeF,,
melting at 625 + 5°C, and two incongruently melt-
ing compounds, 3KF.CeF, and KF-CeF3. The
former melts at 675 + 5°C to give KF.CeF, and
liquid and it also decomposes on cooling at
595°C £ 5° giving KF and KF -CeF,. The latter
compound melts at 755 % 5°C giving liquid and a
Thermal
analysis did not indicate the upper and lower sta-
bility limits of 3KF .CeF , nor did it provide reli-
able liquidus values for mixtures containing more
than 20 mole % CeF ,.

It was interesting to compare the data obtained

of the slowly cooled melts,

microscope.

cubic phase of unknown composition.

for this system with the proposed diagram for the
system KF-NdF, recently reported by Schmutz, '?
He reported a eutectic containing about 20 mole %
NdFS, melting at 625°C 4 10° and three com-
pounds, 3KF~NdF3, KF-NdFS, and KF=2NdP‘3,
melting incongruently at 695, 750, and 1115°C
respectively, His phase diagram was based on
differential thermal analysis data and examination
of the slowly cooled melts by means of x-ray dif-
fraction. On the basis of our studies of quenched
melts it seems probable that the system is mare
complex than shown by Schmutz’ diagram. We
plan to perform further thermal analysis and quench-
ing studies to better define the composition of the
high-temperature cubic phase mentioned above,
It is quite possible that it is more closely re-
lated to the 5NaF.9YF, compound'? than to the
simple 1 to 2 compound postulated by Schmutz,

THE CRYSTAL STRUCTURE OF Li UF,

G. D. Brunton

The compound Li, UF_ crystallizes in space
group Pnma with a, = 9.960, b, = 9.883, and ¢, =
5.986. The x-ray density is 4.71 g/ce, and Z = 4,

13H. Schmutz (thesis), Investigations in the Alkali

Fluoride-~Lanthanide or Actinide Fluoride Systems,
Kernreaktor Bau- und Hetriebs-—-Gesellschaft m.b.H.,
Karlsruhe, Germany, KFK-431 (July 1966).

1R, E. Thoma et al., Inorg. Chem. 2, 1005 (1963).
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Table 1.2, Atomic Parameters for Li4UF8

T 03 . 1103 o 4. @ 4qpt Cind b 104 o
Atom  x £107 ytwro zii'o B ri0to B,, twe A, f1w0te B L0
U 0.140000. 1) 0.2500 3.3634(0.2) 0.0007(1) 0.0011K1) 0.0085(3) 0.00D1(2)
F(D 0.027(2) 0.107(2) 0.128(3) 0.0056(7) \
F(2) 0.023(2) 0.121(2) D.608(2) 0.0045(6) Isotropic temperature factors:
F(3) 2.241(2) 0.031(2) 0.375(3) 0.0058(7) b*z
B4y 0.309(3) 0.250 0.117(4) 0.0059(10) By, a,_.(z/ 11’

2
F(5)  0.29%(2) 0. 250 0.633(4) 0.DD45(9) B, = c* 3

337 7 Py,

Li(1) 0.376(9) 0.055(9) 0.099(15) 0.0106(39)
LA(2) 0.395(13) 0.060(16) 0.649(22) 0.0174(73) ./

Twenty-four positional parameters, four anisotropic
uranium temperature factors, and seven isotropic
temperature factors (Table 1.2) were determined
from 634 independent refleclions measured by the
The
parameters were refined by least squares to an R
factor of 0.082. Absoption corrections were made
for Cu Ka radiation on an oblate spheroid with a
short 36-p axis, [001], and a 64-u diameter for the
circular section. The U*” ion has eight ™ near-
est neighbors with bond distances of 2.21 to 2.39
A, Fig. 1.4 The next three nearest neighbors
are two Li' and another F~ at 3.27 and 3.39 A
respectively. The nine F7 ions are at the corners
of a l4-faced polyhedron which has the form of a
triangular prism with pyramids on each of the three
prism faces, and the two Lit ions are at the centers
of irregular F7 octahedra which share faces with
the uranium polyhedron. The Li*~F~ distances
are 1.82 to 2.28 A.

20-scan technique with a scintillometer.

THE CRYSTAL STRUCTURES OF NoF-LuF,
SOLID SOLUTIONS

D. R. Sears G. D. Brunton

A remarkable feature of the sodium fluoride—rare-
earth trifluoride binary systems is the occurrence
of a cubic phase whose lanthanide-rich composi-
tion limit corresponds to a formula SNaF - 91.,nF3.15
The 5:9 stoichiometry is bizarre, but its independ-

ISR. E. Thoma, . Insley, and G. M. Hebert, Reactor
Chem. Div. Ann. Progr. Rept. Dec. 31, 1965, ORNL-
3913, pp. 6 ff.

ence of choice of lanthanide (i.e., of cationic
radius) is even more surprising. Seeking a crystal-
chemical explanation of this behavior, we have
begun to determine crystal structures of cubic
NaF-LanF , materials of selected compositions,
Complete three-dimensional x-ray intensity data
have been collected for two cubic sodium lutetium
fluorides, whose compositions are 51.2 and 56.6%
LuFS. Reflections were measured with a spectro-
goniometer .and single-crystal orienter, using the
20-scan technique. Using full-matrix least-squares
and difference-synthesis methods,
cation vacancy and anion interstitial models were
tested and refined. Basically, all models were
derived from the classical fluorite (CaFZ) structure.
Best goodness of fit (as judged by R factors
and difference syntheses) was obtained for each
crystal using a model consisting of a mixed cation

a variety of

site at the origin, a fractionally occupied fluorine
site at (0.275, 0.275, 0.275), and a second fraction-
ally occupied fluorine site at (1/,}, x, x). For
51.2% LuF , x = 0.114, and for 56.6% LuF,, x =
0.061. The corresponding R factors are 4.6 and
3.8% respectively.

Fluorine-fluorine distances are impossibly short
and would seem to be unacceptable even if x = 0.
The model is unrealistic also in the constraints
necessarily imposed upon thermal parameters in
order to assure convergence: the isotropic thermal
motion parameters of the two types of fluorine
were constrained to be equal.

We conclude that the anion interstitial model is
tenable only if the static fluorine displacements
y ?/4) and (1/2, 0, 0) are fictitious and

from (1/4, Vs
thermal

7y
that anharmonic motion occurs along
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Table 1.3, Atomic Parameters for CsBeF3

11

Atom X y z B“ B B B B B
22 33 12 13 23
Cs 0.265 0.250 0. 107 0.0234 0.0143 0.0058 0.0 0.0007 0.0
Be 0.705 0.250 0.679 D.0216 0.0319 0.0063 0.0 0.0003 0.0
F(1) 0.244 0.042 0.783 0.0245 0.0211 0.0106 0.0031 0.0006 0.0069
F(2) 0.884 0.250 0.679 0.0169 0.0282 0.0033 0.0 0.0007 0.0
tetrahedral directions from these sites, This kind THE CRYSTAL STRUCTURE OF f3,-KLaF

of motion has been postulated in the case of UO,,
ThO,, and CaFZ,16 and the conclusion is at least
consistent with the appearance of difference
syntheses of the two NaF-LuF, crystals hitherto
examined.

We will attempt to collect intensity data from
NaF-LuF, crystals near the composition limits
(39 and 64.29% Lqu) in order to reduce the cal-
culational ambiguities and to attack directly the
problems imposed by the puzzling 5:9 ratio.

THE CRYSTAL STRUCTURE OF ,-CsBeF,

H. Steinfink!? G. D. Brunton

The gamma (low-temperature) form of the com-
pound CsBeF, crystallizes in space group Pnma
with & = 4.828 A, b, = 6.004 A, and ¢ - 12.794 A,
The x~ray density is 3,56 g/cc, and Z = 4. Nine
positional parameters and 16 anisotropic tempera-
ture factors {Table 1.3) were determined from re-
flections measured on a Norelco PAILRED auto-
matic crystal data collector. The parameters were
refined by least squares to an R of 0.11,

Each Cs¥ ion is surrounded by eight F7 nearest
neighbors with bond distances of 3.02 to 3.92 A
(Fig. 1.5). The Be?" jons have four nearest
neighbor F7 ions at the corners of a tetrahedron,
The Be?™-F™ distances are 1.47 to 1.62 A. The
structure of this compound is similar to that of
the high-temperature form of BaGeO,.'® The re-
pulsion of the doubly charged Be” " jons increases
the Be-F distances where the F7 ions are shared
between two tetrahedra. This accounts for the un~
usually long (1.62 A) Be?*-F~ distances.

16 . M. Willis, Acta Cryst. 18, 75f (1965).
17 Consultant from the University of Texas.

18v7on Waltrud Hilmer, Acta Ceyst. 15, 1101 (1962).

D. R. Sears

Hexagonal 3 -KLaF, solidified as merohedrally
twinned crystals of space group P6, almost iso-
structural with NaNdF,, and not with Bl-KZUFﬁ
as previously reported,!? Seven coordinates,
fourteen anisotropic thermal parameters, and one
occupancy fraction (vide infra) were determined
from 258 independent reflections measured with a
spectrogoniometer and  single-crystal orienter,
using the 20-scan technique. The structural
parameters were refined to an R factor of 5.8%
using full-matrix least-squares methods and appear
in Table 1.4, The unit cell and some adjacent
atoms are illustrated in Fig. 1.6,

This cell, with g, - 6.530 £0.002 A, ¢, = 3.800 *
0.002 A, contains 3/2 formula weights of KLaF,
and is disordered with respect to fluorine occu-
pancy of a pair of unrelated sites on either side
of the twinning planes and potassium occupancy
of a pair of half-occupied, crystallographically
equivalent sites above and below the horizontal
mirror planes. Furthermore, there exists a calion
site filled randomly by both lanthanum and potas-
stum Ordered lanthanum and disordered
potassium, as well as the mixed cation sites, are
all nine-coordinated by fluorines, each of which
is shared with five additional (but not identical)
coordination polyhedra.
ing the ‘“‘tripyramidal’’
structed by erecting

ions.

These polyhedra, compris-

coordination, are con-
right pyramids upon each
rectangular face of a trigonal prism. In 8 «KLaF,
individual polyhedra lack a 6 figure axis because
both fluorine and potassium are disordered.

The La-F distances range from 2.36 to 2.51 A,
and the X-F distances from 2.46 to 3.05 A.

19W. H. Zachariasen, Acta Cryst. 1, 265 (1948).



Table. 1.4, Sites, Symmetry, and Leust-Squares Adjusted Parameters® of ,Bi-KLuFA

Atom site  Occupancy x t10% y+10% ziido 1038, s 106, *10°%0 10’8, w0 18, t10's
Fraction

La (a)6 1 0 0 0 4.4(0.2) b 6.3(0.4) b

% (K+La) Wdb 1 A A A 3.40.3) b 8(1) b

K 2()3 ?/2 % % 0.455(4) 13(1) b 31(9) b

(D im 1 0.255(2) 0.247(2) A %(2) 6(2) 22(4) 401)

F{2) 3)m  0.57 TO.62  0.380(9) 0.040(7) 0 24{12) 53(23) 52(20) 20(16)
F(3) 3(m ¢ 0.358(18) — 0.035(16) O d d d d

fCoordinates were caiculated in the last cycle of a *‘coordinates-only’’ refinement, therma!l parameters and fluorine occupancy fraction in an earlier
cycie when only they were adjusted. All standard errors, however, were calculated in a onevcycle least-squares adjustment in which all disposable
parameters were allowed to vary. For the atom coordinates, these standard errors average 46% higher than the errors calculated in a coordinates-only
calculation.

B . s . _ a) _ 1
These parameters are fixed by symmetry relations: ,822 = B”, [)12 =7 ,8
9, 679 (1956).

®Constrained to equal ! minus the occupancy fraction of F(2).

11 In addition, for all atoms ,813 = 623 =0. Cf. H. A, Levy, Acta Cryst.

9These parameters were artificially constrained tc equal the corresponding parameters of atom F(2).

¢l
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Fig. 1.6. Schematic Perspective of the 6]-KL0F4 Unit Cell and Its Environs.

CENTRAL CATION DISPLACEMENTS IN THE
“TRIPYRAMIDAL" COORDINATION

D. R. Sears

All cations in NaNdF‘,‘20 and KLaF, (preceding
section) are located in ““tripyramidal’’ coordination
environments, Both sodium and potassium exhibit
targe displacements from their ideal positions,
although it has been assumed?! generally that the
cation should lie on the polyhedron medial plane.
Seeking an explanation of these data, we have cal-
culated potential energy sums?? of the “‘exponential-
six’’ form:

1 ar.. r. \¢

E; - 6exp<(7~_,__’l>——u<.9_>
; 6 r, r..
1 1y

o -

and of the Lennard-Jones form:
s 6
2_1__ 6<.r_0_>s -5 <f_°;>
7 S~-6 £ iy

20_]. H. Burns, Inorg. Chem. 4, 881 £ff. (1965).
L. J. Chem. Soc.

21See, for example, D. Kepert,

Japan 7, 348 f£f. (1952).

22See, for example, T. Kihara and S. Koba, J. Phys.
Soc. Japan 7, 348 ff. (1952).

as well as the Coulombic sum Z (I/rl.j) for various

anion configurations in the trifyyramidal coordina~
tion. We used values of o and s from 7 through 12
and incremenied the central cation position along
the polyhedron figure axis from the medial plane
to the basal plane. Interactions beyond the poly-
hedron were ignored, the anion framework was
assumed to be rigid, and r, was taken to be the
sum of Pauling radii,

For the examples studied so far (Na, Nd, and
mixed Na + Nd in NaNdF4, and K, La, and mixed
K + La in B -KLaF ) the Coulombic term varied
less than 0.1 to 1% for a 1-A displacement. By
contrast, relatively larger variations in the ex-
ponential-six and Lennard-Jones functions were
found.
of function and choice of s or o, insofar as the
qualitative conclusions are concerned, and ac-
cordingly the results are presented here only for
o == 12 in the exponential-six case. In Table 1.5,
is the experimental cation displacement,

Results were nearly independent of choice

AZobs
Az, . is the location of the minimum in the poten-
tial function, Az(1%) is the displacement from the
minimum corresponding to a 1% increase in poten-

tial, and \/;g; is the rms thermal displacement
derived from the experimental thermal parameters
B,; corresponding to vibration along the poly-
hedron figure axis (i.e., the hexagonal z axis).
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Table 1.5. Results of Potential Calculations in NaNdF , and 3,-KLaF

2
Atom 'Zobs Aanlc v Yobs Az( 1%)calc
A (A) (A) (A)
Na in NaNdF4 0.58 0.71 0.19 0.15
K in KLaF4 0.17 0 0.15 0.17
Lain KLaF4 0 0 0.07 0.06
Nd in NaNdF4 0 0 0.05 0.12

We conclude that the cation displacements can
be rationalized in terms of the relative insensitivity
of the Coulombic interactions to cation location
in these structures and that displaced potential
minima, or very shallow minima, in the remaining
potential contributions will suggest which anion
configurations will favor or permit cation dis-
placements.

Calculations are being extended to include other
framework structures containing tripyramidal co-
ordination polyhedra.

PREPARATION OF FLUORIDE SINGLE
CRYSTALS FOR RESEARCH PURPOSES

R. E. Thoma R. G. Ross
H. A. Friedman

Our efforts to develop techniques for the produc-
tion of large (350 g), pure single crystals of LiF
with selected isotopic ratios?® have succeeded in
the production by Stockbarger-Bridgman methods
of crystals of as high chemical purity as can be
obtained with Czochralski techniques. Concentra-
tion of heavy-metal impurities in crystals produced
this year was found to be less than 2 ppb from
activation analysis and thermal conductivity data.
Thermal conductivity of these ciystals, as meas-
ured by investigators at Cornell University, was
found to be virtually identical through the tempera-
ture range 2 to 50°K with the best “Lif crystals
grown from our starting materials by the Czochralski
method.

Since purity control has been developed to the
extent that further improvement is limited by the

capabilities of the analytical methods (spectro-
chemical,
analysis), most recent
reduce the population of crystal dislocations.

infrared absorption, and activation

efforts have sought to
By
programming the reduction of annealing tempera-
tures at a slow steady rate after crystal growth,
in one experiment at 2.5°C/hr in the temperature
range from 840°C to room temperature, the popula-
tion of crystal dislocations in LiF crystals has
been reduced significantly. Preliminary indica-
tion of the effectiveness of such programmed an-
nealing was obtained by neutron diffraction ex-
amination of ORNL-14,%% a 550-g crystal of lithium
fluoride of 99.993 at. % ’Li, which showed a major
volume of the crystal to be essentially free of
disorder.

Part of the effort to synthesize fluoride single
crystals was devoted to the preparation of crystals
for use in x-ray and neutron diffraction experiments,
For such purposes, neither size nor purity stand-
ards are as demanding as those imposed for LiF
preparation. Single crystals (approximately 1 cm
maximum dimension) of each of the three com-
pounds LizBeF4, Na7Zr6F3l, and 7L;‘\2NaTh2F11
were grown by the Stockbarger-Bridgman method.
For other stiuctural investigations?® which employ
even smaller crystals, suitable single crystals
of B-CsBeF, and Li UF, were grown by high-
temperature anneal-quench experiments.

23Reactor Chem. Div. Ann. Progr. Rept. Dec. 31,
1965, ORNL-3913, p. 126.

24Performed by H. G. Smith, ORNL Solid State Divi-
sion.

25G. D. Brunton, preceding sections, this chapter.



2. Chemical Studies of Molten Salts

A POLYMER MODEL FOR LiF-BeF, MIXTURES

C. F. Baes, ]Jr.

The salts LiF and BeF,
character; LiF is a normal ionic salt, while BeF
quite evidently is more covalent since it foms
which is obviously poly-

are quite dissimilar in

a very viscous liquid’
meric.  Solid BeF, has a structure analogous to
510 ,; Be?? jons are surrounded tetrahedrally by
four fluoride ions, and each F7 ion iz bonded to
two Be?’! jons, that is, BeFﬁ*
comers to form a three-dimensional network.

tetrahedra share
The
liguid would be expected to have a similar poly-
meric structure. As LiF iz added to molten Ber,
the viscosity drops sharply,’ presumably because
bridging {luoride linkages are broken,

| |

~B|e—F‘»—Ble—~ + F7

—

=

|
2[~B|e— FI, (D

and the degree of polymerization decreases. The
stoichiometric end point for this process occurs
at the composition 2Li¥F-BeF, Thereafter, the
principal beryllium species in the melt presumably
is BeF >~

This plausible qualitative picture of LiF-Bel",
melts has been treated more quantitatively in the
following fashion. It was assumed that all of the
many Be-F complexes formed would retain the
same three elements of structure — BeF42“ tetra-
hedra, bridging F~
For a given complex anion Be F it can
then be shown that there are 4a — b bridging ¥~
iong and 2b ~ 4a teminal F~

and terminal F7 ions.

(b--2a)—

ions,

ions. Hence, for

the formation reaction,

—

=

aBeF,‘Z" Bean(b‘“m)' + (da -~ BF~, ()

IS. Cantor and W, T. Ward, Reactor Chem. Div. Ann.
Progr. Rept. Dec. 31, 1965, ORNI1.-3913, p. 27.
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the number of bridging ¥~ icns increases by 4a — b
while twice that number of terminal F~ ions dis-
appear. It seems reasonable, therefore, to write
as an approximation for the free energy of reaction
the equation

AG, =(4a~ bA, 3
in which (at a given temperature) 4 is a constant
representing the free energy increase associated
with the formations of 1 mole of bridging F™ bonds
from 2 moles of terminal F~ bonds. The develop-
ment of the model from this approximation is sum-
marized in Table 2.1, and equation numbers given
below are from that table. In the equilibrium con-
stant expression (Eq. 4), the anion activities are
represented by adaptations (Egs. 5-7) of Flory’s
equation? for polymer solutions, in which the vol-
ume fraction (¢5_ ) of Be F, (b~ 2a)—
in terms of the number of F
containg (Eq. 8).

is calculated
ions the species
These modified Flory equations
also contain a heat of mixing parameter (£} and
an average value of b (b, Bq. 7) in the mixture.
From Eqs. 4-9, the volume fraction of a given
polymeric ion (¢, b) may be calculated (Eq. 10)
in terms of a, b, ‘the volume fraction of BeF *~
((,51,4), the volume fraction of F™ (d)o .} and the
two adjustable parameters 4 and B. Introducmg
this expression for ¢ p into two material balance
equations (11 and 12) one obtains two equations
which may be solved for the unknowns ¢>1 , and
éo . in turn, were used to calculate the
activity of BeF, by a relationship (Eq. 13) de-
rived from the proportlonahty

These,

14

and Egs. 6 and 7.

Zp. J. ¥lory, Principles of Pol/mer Chemistry, p. 513,

Cornell Univ. Press, Ithaca, N.Y., 1953.
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Table 2.1. Derivation of BeF, Activity in LiF from Polymer Mode!

The formation constant for Bean(b’”za)" is given by

) (aBean)(aF)ua—b)

_ _ —(4a—-b)A/RT (4)
e 3
ab (apery)?
in which
1
In(age,x,) = In(8, ) = (5~ 1)+ "<1 - ;> (L~ b )+ BEST ©
1
ln(aF) = ln(d)o,1) + <1 — §>(1 — ¢0.1) + B — ¢0’])2 6)
1
In(agep,) =In(p, )~ 3+4 <1 - §> (-, )+ 413(,4;;,1 , (7
(fﬁa,b =b Na,b/’/zag(b Na,b) ’ (8)
B-ZRON, JEEW, ) - 1EEG, /), ©
gives the volume fraction of Bean(b" 2a)=
(ep, )° [ et )T
(%5 b~ - (1B TA/RT) ' (10)
a, o 660,1 S(1FBTAVR

This is introduced into the material balance expressions

1-22¢,, (11)

o .

CEE o)

to obtain ¢, and ¢

bo 10 which are introduced into

2
Inager, = Inléd, Jég 120, == ) 2Bp, (24 ¢y ) (13)

to give the activity of BeF .




The calculation of a by this model thus in-
volves three double summzzitions,
fb_fué
b

a
These were extended to include all values of a
and, for each value of a, values of b beginning at
b = Using
the CDC 1604 computer, the adjustable parameters
A and B were varied by a least-squares procedure
until the calculated values of ag.p, were the most

consistent with values>'? calculated from measure-
ments of the equilibrium

2a + 2, until each series converged.

H 0 + BeF gy = BeO(y + 2HF ), (15)
P2
Koee—lJHE (16)
P a.
H20 BePZ

While the present calculations of aper, were
lengthy, the model at its present stage is a simple
one which fits the data well enough to suggest
that it offers a reasonable representation of the
structure of LiF~BeF2 mixtutes. In this repre-
sentation, the mixtures contain Li* as the only
cation; the anions are F7, BeFi”, and numerous
polymeric anions Be F (b-2a)~ ghich include
chains of varying length and cross-linked struc-

tures containing rings in_ various numbers,
. /
“Be

~Be . The distd-
bution of Be? and F~ among all these possible

structures depends primarily upon the F~/Be?’
ratio in a given mixture and upon the relative
|

and
\\

. . e e
in sizes down to “Bel
e ~

e

|
stability of ~Be~F—BF~ plus F~ compared to
| ,
two — Be — F groups,
!

PHASE EQUILIBRIUM STUDIES
IN THE UO,-Z¢0, SYSTEM

K. A. Romberger C. F. Baes, Jr.
H. H. Stone

The previously described study® of the UO2—Zr02
system in which a molten-galt flux was used to
achieve equilibrium between the oxide phases has
been compléeted during the past year. The com-
position assigned to the tetragonal solid solutions
at the eutectoid temperature (1110°C) has been

17

increased from the value 1 mole % uo, reported
previously to 2.7 mole % on the basis of recent
measurements which indicate that the previous
result had not corresponded to equilibrium. In
addition, analyses have been obtained on a mix-
ture of cubic U0, and monoclinic Zr0, which had
been equilibrated with a molten salt at ~600°C
for 60 days® giving ~0.3 mole % Zr0, in UQ,
and ~0.07 mole % U0, in ZrO,. These results
indicate a lower rate of exsolution of the two
phases with decreasing temperature than previously
estimated.

The tevised phase boundaries in Fig. 2.1 reflect
these changes. In addition, the boundares below
1150°C reflect the distribution behavior expected
for dilute solid solutions in the three two-phase
regions C & M, M = T, and C = T. In partic-
ular, it was assumed that the distribution coeffi-
cient (D, a ratio of mole fractions) for one com-
ponent between two solid solutions at equilibrium
would obey the relationship

logD=a+ b/T. a7

In the case of the M = T equilibrium, the esti-
mated dependence of X 7.0 ,(T)/Xz:0,(M) on tem-
perature indicates the enthalpy of the M -+ T transi-
tion in pure ZrO, (1170°C) to be 1.7 + 1 keal/mole.
This compares favorably with a measured value
of ~1.4 kecal.” Just above 1150°C (the upper
limit of the present measurements) it is clear that
values of D must deviate markedly from those
predicted by Eq. (17) (corresponding to the sharply
bending dashed curves in Fig. 2.1) if the C = T
phase boundaries are to be consistent with the
published higher temperature data.,  Such pro-
nounced deviations from ideal behavior in solid
solutions that are still quite dilute seem unusual.
Consequently, additional measurements between
1150 and 1500°C by the methods used here would
be of considerable interest.

3A. 1. Mathews and C. F. Baes, Jr., ORNL-TM-1129
(May 1965).

‘a. I.. Mathews, Ph.D. thesis, ““Oxide Chemistry and
Thermodynamics of Molten Lithium Fluoride~Beryllium
Fluoride by Equilibration with Gaseous Water—Hydrogen
Fluoride Mixtures,?’ University of Mississippi, Oxford,
June 1965.

*K. A. Romberger et al., Reactor Chem. Div. Ann.
Progr. Rept. Dec. 31, 1965, ORNL-3913, p. 8.

6]. E. Eorgan et al., Reactor Chem. Div. Ann. Progr.
Rept. Jan. 31, 1964, ORNL.-3591, p. 45.

7}. P. Coughlin and E. G. King, J. Am. Chem. Soc. 72,
2262 (1950).
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THE OXIDE CHEMISTRY OF ThF -UF, MELTS

B. F. Hitch C. E. L. Bamberger

C. F. Baes, ]Jr.

The precipitation of protactinium and uranium
from I,iF-Ber-ThF4 mixtures by addition either
of BeO or ThO, was demonstrated several years
ago by Shaffer et al.8 ' as a possible method
for processing an MSBR blanket salt. The purpose
of the present investigation is (1) to verify that
the oxide solid phase formed at equilibrium with
UF4-ThF4—containing melts is the expected solid

81, H. Shaffer et al., Nucl. Sci. Eng. 18(2), 177 (1964).

9_]. H. Shaffer, G. M. Watson, and W. R. Grimes, Re-
actor Chem. Div. Ann. Progr. Rept. Jan. 31, 1960,
ORNL-2931, pp. 84—90.

10_]'. H. Shaffer et al., Reactor Chem. Div. Ann. Progr.
Rept. Jan. 31, 1961, ORNL-3127, pp. 8-11.
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solution of UO2 and ThO2 and (2) to determine
the distribution behavior of Th** and U** between
the oxide and the fluoride solutions,

U*T(f) + Th*' (o) == U* (o) + Th*'(£) (18)
(here f and o denote the fluoride and the oxide
phases).

The experimental technique is similar to that
used in the U0,-Z:0, phase study (see preceding
section); ThO2 and U0, were contacted with 2LiF-
BeF, containing UF, and ThF, within nickel
capsules under a hydrogen atmosphere in a rocking
fumace. The equilibrated oxide solids were al-
lowed to settle before the samples were frozen,
Good phase separation was obtained provided suf-
ficient quantity of the fluoride phase had been
added originally.

A (U—Th)O2 solid solution has been found in
every sample examined thus far; the lattice param-
eter determined by x-ray diffraction'’ was con-
sistent with the composition calculated for such
an oxide phase. The equilibrium quotient for the
metathesis reaction shown above was determined
by analysis of the fluoride phase for the small
amount of uranium which it contained. The results
obtained thus far give

X . X
Q = v T Th(f) _ 1000 to 2000
XU(f) X'rh(o)

a9

at 600°C. The mole fraction of uranium in the
oxide phase, XU(O), was varied from 0.2 to 0.9
while the mole fraction of thorium in the fluoiride
phase was varied from 0.01 to 0.07.

It thus appears that the utt present is strongly
extracted from the fluoride phase by the oxide
solid solution formed at equilibrium. This con-
firms the effective precipitation of U*" by oxide
first reported by Shaffer et al.® In addition, the
formation of a single oxide solution phase offers
a much more flexible and effective oxide separation
method for breeder blankets than would be the
case if only the separate oxides ThO, and UO,
were formed.

11These x-ray examinations were performed by G. D.
Brunton and D. R. Sears of Reactor Chemistry Division,
The mole fraction of ThO, in the oxide solid solutions
was calculated from the lattice parameter using the
equation given by L. O. Gilpatrick and C. H. Secoy,
Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1965,
ORNL-3789, p. 241.



We plan to continue these measurements in order
to extend the range of oxide composition and ThF
concentration in the melts and to determine the
tempetrature coefficient of the distribution quotient.

THE OXIDE CHEMISTRY OF LiF-BeF,-ZrF
MIXTURES

B. F. Hitch C. F. Baes, Jr.

Measurements of the solubility of BeO in LiF-
BeF , melts and of Z1O , in 2LiF—BeF2 + ZtF | melts
(simulating mixtures of MSRE flush salt and fuel
salt) have been completed. As described previ-
ously,??'13 the procedure consisted in withdrawing
from an oxide-saturated melt a filtered sample
which was then sparged with an HF-H, mixture
to remove the dissolved oxide as water. The total
amount of water liberated was determined by Karl
Fischer titration. The principal difficulty en-
countered with the method was in filtering the
samples. Particularly in the case of BeO-saturated
melts, the oxide crystals evidently were sometimes
small enough to pass through or to plug the filter.
The BeO solubility measurements were found to
be reproducible only after sevefal days of equili-
bration at temperatures above 600°C. Considerably
less difficulty was encountered with melts satu-
rated with Z:0,-

The results of these measurements are repre-
sented adequately (- 120%) by the following ex-
pressions; the concentration unit employed is the
mole fraction:

Xi:ni//(nl,iF +nBeF2+anF4> : (20
The solubility of BeO in LiF-BeF,, with Xger, =
0.3 to 0.5 and T = 750 to 1000°K, is given by

—2625/T .

v, 21)

log Xo ,. =—0.901 4 1.547)(Be
The solubility product of ZrO, in 2LiF-BeF, +
ZiF ,, with Xz, = 0.001 to 0.05 and in the same
temperature range, is given by

oy 0, ) (o L

Q

12C. F. Baes, Jr., and B. F. Hitch, Reactor Chem.
Div, Ann. Progr. Rept. Dec. 31, 1965, ORNIL.-3913, p.20.

13MSRP Semiann. Progr. Rept. Feb. 28, 1966, ORNL-
3936, p. 133,

where
log a=~1.530 — 2970/T ,

log b= 1.195— 2055/T .

The results are reasonably consistent with pre-
vious, less direct estimates!* based upon measure-
ments of the following equilibria:

H,0(8) + 2F(d) = 0®7(d) + 2HF(g) , (23)
H,0(g) + BeF (d) = BeO(s) + 2HF(g) , (24)
20,008 + ZrF4(d) = ZrOz(s) + 4HF(g). (25)

The tolerance of MSRE flush salt for oxide should
be determined by the solubility of BeO (Fig. 2.2).
When the flush salt becomes contaminated with
enough fuel salt (~1.6% by weight) to produce a
Z1F , concentration of ~ 0.0008 mole fraction, Zr0,
should appear as the least soluble oxide. The
oxide tolerance should then decrease with increas-
ing fuel salt content because of the mass action
effect of the increasing concentration of ZrF .
This oxide tolerance should pass through a mini-
mum at X 7., 0.01 (Fig. 2.2), and then it should
increase because of the effect of the medium upon
Z10, solubility. The oxide tolerance of such fuel-
salt—flush-salt mixtures is given by

A

)1“/—2 + b(X
4+

4+')3/2 .

Zr

(26)

The solubility of Zr0, was also measured in a
salt mixture whose composition (65.5% LiF-29.4%
Ber-—S.l% ZrF4) simulated more closely the
MSRE fuel composition than did the 2LiF—BeF2 +
ZrF , mixtures. The results (Fig. 2.2) differ little
from the values given by the eguation immediately
above for the case where X, 44 = 0.05.

The effect of salt composition on the 210, solu-
bility product may be caused, at least in part, by
specific chemical effects, that is, complex forma-
tion. For example, the form of the expression for
the variation in the Z:O, solubility product is
consistent with — though it does not prove the
existence of - the following complex-forming
reaction,

27ty 02 = Zr205+. @7

1494SRP Semiann. Progr. Rept. Feb. 28, 1965, ORNL.-
3812, p. 120,
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Fig. 2.2, Estimated Oxide Tolerance in MSRE Salt
Mixtures. (1) Flush salt saturated with BeO, (2) flush

salt—fue! salt mixture of minimum oxide tolerance, and

(3) fuel salt.

The activity coefficient of ze**, 027, and any
oxide complex of Zr** will vary with the melt
composition, however, and no quantitative inter-
pretation of the present results in terms of com-
plex formation is warranted until more can be

learned about such activity coefficient variations.!®

CONSTANT-YOLUME HEAT CAPACITIES
OF MOLTEN SALTS

Stanley Cantor

From the magnitude of the constant-volume heat
capacity (C ) of molten salts one can infer what
An
attempt has been made, therefore, to derive ac-
curate values of C, and to relate these values

kinds of motion are executed by the ions.

3¢, F Baes, Jr., Reactor Chem. Div. Ann. Progr.
Rept. Dec. 31, 1965, ORNL-3913, p. 23.
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to ionic motions. In this study, C was calcu-

lated from the relationship

C
C b

= , (28)
A (a2112MT/Cp)

where C_ is the heat capacity at constant pressure
of 1 gram-formula weight, a is the volume expan-
sivity, p is the velocity of sound in the molten
salt, M is the gram-formula weight, and T is the
absolute temperature. The volume expansivity is

obtained from density-temperature data by

1 <8p>
p \OT p

where p is density and p is pressure.

For systematic study, it is necessary to compare
C, of the salts at corresponding temperatures.
An obvious corresponding temperature is the melt-
Other corresponding temperatures were

a =

ing point.
defined empirically by the equation

T=T,+ AT, -T1,), (29)
where T, and T are the nommal melting and boil-
ing points respectively, and § is a constant that
may vary between 0 and 1.

Values of C at r, and at some other corre-
sponding temperature are given in Tables 2.2 and
2.3.  An obvious limitation of this treatment is
that, since virtually all available data were ob-
tained at atmospheric pressure, the values cal-
culated for a single salt at the various tempera-
tures (as in Table 2.2) do not refer to precisely
the same volume. A method for calculating the
effect of temperature on a truly constant-volume
heat capacity is described briefly in the following
section.

The ‘“‘experimental” C ’s listed in Tables 2.2
and 2.3 exceed in almost all cases thosze calcu-
lated on the basis of contributions due to (1)
harmonic oscillation, (2) molecular rotation, (3)
intraionic vibrations. For the halides, it may be
shown that for contributions 1 through 3, the
highest calculated C, would be based on the as-
sumption that each ion executes harmonic oscil-
lations in three coordinates. For instance, for
an alkaline-earth halide, if we assume only har-
monic oscillation, then C_for 1 gram-formula weight

would be 9R cal/deg. If we assume a model for



Table 2.2. Constant-Yolume Heat Capacities of Molten Halides
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Cv (cal/deg)

Halide References Calculated
T,, (melting point) 6 ==0.1° va (cal/deg)

LiF c,d, e 12.5‘4 12.45 6R(=11.92)

LiCl f, & h 12.73 12.59

LiBr f, 8 n 12.99 12.84

NaF i, d j 12.36 12.3(J

NaCl f, g h 12.79 12.68

NaBr f, 8, h 12.6S 12.51

Nal c, g h 12.52 12.37

KF c, d h 11.6 11.5

K(l1 c, g h 12.62 12.49

KBr f, g h 11.74 11.,59

KI £ g h 12.21 12,07

CsCl f, g h 13.29 13.13

CsBr f, g h 13.29 13'16

MgCl2 c, k, h 21.23 21.15 IR (:=17.88)

CaCl2 Lk h 19.5s 19.32

CaBr,z 1Lk ok 24.52 24. 40

(‘,a[,)‘ I, k, h 20.98 20.85

SrCI2 1, k, h 21.73 21.46

SrBr2 1, k, h 23.11 ’22.77

SrI2 1, k, h 21.9 21.5

BaC12 1, k, b 19.95 19.73

BaBr2 1, k, h 18.73 18.56

BaI2 I, k, h 20.7 20.3

Cdcl2 m, & h 24 ?,3.7 (at 0 = 0.5)

CdBr, m, k, h 18., 18., (at 6 = 0.5)

cdl, m k, &t 22., 21, (at § = 0.5)

HeCl, c, k, 17., (at T, + 8

HgBr, ¢, k, h 17.4 16., (at T ()

Hel, c, k h 17., 17, (at T ) N

“See Fq. (29).

b . . ;
Based on harmonic oscillations only (see text).

°JANAF Thermochemical Tables.

9. Blanc ef al., Compt. Rend. 254, 2532 and 255, 3131 (1962); 258, 491 (1964).
°D. G. Hill, S. Cantor, and W. T. Ward, J. Inorg. Nucl. Chem. (in press).

fA. S. Dworkin, Oak Ridge National Laboratory, personal communication.

gj. O'M. Bockris and N. E. Richards, Proc. Roy. Soc. 241A, 44 (1957).

hG. J. Janz et al. (eds.), Molten Salt Data, Tech. Bull. Series, Rensselaer Polytechnic Institute, Troy, N.Y.,
July 1964.

K. K. Kelley, U.S. Bur. Mines Bull. 584 (1960),

1. D. Edwards et al., J. Electrochem. Soc. 100, 508 (1953).

k_]'. O'M. Bockris et al., Rev. Chim., Acad. Rep. Populaire Roumaine 7(1), 59 (1962).
TA. 5. Dworkin and M. A. Bredig, J. Phys. Chem. 67, 697 (1963).

.. E. Topel et al., J. Phys. Chem. 64, 1339 (1960).



Table 2.3, Constant-Volume Heat Capacities of Nitrates
and Sulfates at the Melting Temperature

Cv (cal/deg)

Compound References
Experimental Calculated?
Li\NO3 b, ¢, d 24, 21.47
NaNO3 e, ¢ d 26. s 22.12
KNO3 b, c, f 23.2 22.44
AgNO3 g c f 25.0 21.37
Li:!SO4 h, i, f 42.s 37.21
Na12804 b, i, f 39.6 37.27

“Harmonic oscillations (6R, nitrates; 9R, sulfates)
plus rotation of the nitrate or sulfate ion (1.5R) plus
vibrational contribution of nitrate or sulfate.

Pk, K. Kelley, U.S. Bur. Mines Bull. 584 (1960).

°R. Higgs and T. A. Litovitz, J. Acoust. Soc. Am. 32,
1108 (1960).

9G. P. Smith ef al., J. Chem. Eng. Data 6, 493 (1961).
€G. J. Janz et al., J. Chem. Eng. Data 9, 133 (1964).

fG. J. Janz et al.(eds.), Molten Salt Data, Tech. Bull.
Series, Rensselaer, Polytechnic Institute, Troy, N.Y.,
July 1964.

€G. J. Janz et al., J. Phys. Chem. 67, 2848 (1963).

oK. Voskresenskaya et al., Izv. Sektora Fiz.-Khim.
Analiza, Inst. Obshch. Neorgan. Khim., Akad. Nauk
SSSR 25, 150 (1954).

M. Blanc et al., Compt. Rend. 254, 2532 and 255,
3131 (1962); 258, 491 (1964).

a liquid alkaline-earth halide in which the cations
are associated, for example, Mx]* and X~, then
CV would be less than 9R; for the example chosen,
assuming that the vibration of the ion [MX]" is
fully excited, C_ equals 8R. Since experimental
Cv’s for mercuric salts are less than 9R, it is
quite probable the same associated species exist
in these salts.

Experimental C ’s of nitrates and sulfates are
especially interesting because these salts con-
tain bona-fide complex ions, that is, nitrate or
sulfate ions. the measured vibra-
tional spectra'® provide the means for calculating

vibrational contributions of nitrate or sulfate to

Furthermore,

the heat capacity of each salt. The rotational

16}(. Nakamoto, Infrared Spectra of Inorganic and
Coordination Compounds, pp. 92, 107, Wiley, New York,
1963.
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contribution for these complex ions may be safely
assumed as 3/2R' Contributions due to harmonic
oscillation for the nitrates were assumed equal
to 6R, and for the sulfates, 9R. Note in Table 2.3
that the experimental C_ for these salts always
exceeded the value calculated based on the con-
tributions just noted.

Two general patterns are clear from this study:
(1) experimental C, exceeds that calculated on
the basis of simple classical and/or quantum con-
tributions; (2) C, decreases with increasing vol-
Pattern 1 may be partly explained by cor-
recting the notion that these ions execute harmonic
oscillations; almost certainly these ions may be
better represented as anharmonic oscillators whose

umes.

potential energy contribution exceeds the 3/2I<T per
ion that is associated with harmonic motion (see
following section); this excess cannot presently
be calculated with very much accuracy. Pattem 2
probably reflects the decrease in average potential
enetrgy per ion that occurs when the volume of the
liquid increases. In other words, the liquid ex-
hibits more gaslike behavior as volume increases;
the kinetic energy contribution per ion probably
remains at 372kT, but the potential energy contri-
bution slowly decreases with volume.

TEMPERATURE COEFFICIENT OF C |
FOR MOLTEN SALTS

Stanley Cantor

As noted in the previous section, experimental
values of C, for molten salts exceeded values
calculated from the expected contributions (i.e.,
degrees of freedom). To determine how the inter-
nal energy is changing with temperature alone,
it is necessary to evaluate C  maintaining the
volume constant with changing temperature. The
method of evaluation used here is similar to that
published by Harrison and Moelwyn-Hughes. 7

The wvariation of c, with volume at constant
temperature is given by

<<9C> <82P>
N0 ST Qi
v/ ar?),

17D. Harrison and E. A. Moelwyn-Hughes, Proc. Roy.

(30)

Soc. 239A, 230 (1957).
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Integrating between the molar volume at a reference
pressure (VO) and any volume, V, one obtains

C =C T <82P dv (31)
Ot )

14

where CVO is what one actually obtaing from the

equations of the preceding section.
Moelwyn-Hughes *® has shown that, for liquids

which obey a simple potential function of the form

0

¢ = DR™" —~ BR™™ (32)

(where D and B are constants, m and n are inte-
gers, and R is the interatomic distance), the con-
stant ¢ in a Tait equation'? of the form

1(1/83..
_E.E.__E._{--? = C (33)
dP
is given by
1
=3 (m+ n + 6) (34

([3T is the isothermal compressibility).

Owens’ ?? data on nitrates afford the only experi-
mental tests of whether these equations are valid
for molten salts. His work suggests that the for-
mulas are obeyad at constant temperature but that
¢ varies somewhat with temperature. For NaNO ,,
for example, ¢ = 4.5 at 400°C and 5.0 at 500°C.

Integration of the Tait equation between a stand-
ard reference pressure (P%) and pressure P yields

w%wve —1

S P — )0 -
CB‘;

=P, (35)
where the superscripts refer to the reference con-
ditions. Successive differentiation of this with
respect to T at constant volume and substitution

in Eq. (31) vields
: o
it
dT

2
\

)

2
(B’

1 '8y,

v - v9
i} CET
30,

0 CﬁOT

\2

185, a. Moelwyn-Hughes, J. Phays. Chem. 55, 1246
(1951).

1'QHandbook of Chemistry and Physics, 44th ed.,
p. 2212, Chem. Rubber Publishing Co., Cleveland, Ohio,
1962-63.

203, B, Owens, J. Chem. Phys. 44, 3018 (1966).

Fortunately, this complicated expression can be
simplified by use of the relation

n0 _ 4 bT
,GT = Ae” ", (37)
where 4 and b are constants, which holds remark-
ably well for all molten salts and which is dis-
cussed more fully in the next section.
Differentiating [32, with respect to temperature

and substituting in Eq. (36) yields

%
(c -~ 1)[32‘

e

This equation was then used to generate (with the
aid of a computer) many values of C_ for 34 salts.
For the cases of the nitrates, experimental values
of ¢ were used. For all other salts, values of ¢
were estimated from Eqgs. (32) and (35) by setting
m = 1 and allowing n to vary between 5 and 14.

TWO - V)p?
. 0

T

\ 4

do®
X {c((x,o)zu 20% + 7 +

;s

b2
<

- 1} . (38)

For all salts, C increased with temperature when
compression was necessary to maintain constant
volume. When pressure was decreased, C_ de-
creased with temperature. Some typical results are
shown in Tables 2.4 and 2.5. ‘

These increases of CV may be correlated with a
decrease in the elastic forces holding the ions
together. Such a decrease in elastic forces for
the crystalline state usually means that the aver-
age potential energy exceeds the average kinetic
energy.2! Because the temperature range examined
was in the vicinity of the melting point rather

20

- 0 L C-1
Ay -1
\v
2
02 dB% da® 2 dR° 1 4?89
‘%d” '“(”I {’ ->__ + _""T_Q <""t'?’"?:> — '“““6 B;‘ } . (36)
f , 4 dT C(BT) d7 z:}ST ars

than the critical point, the liquid is probably more
solid-like in character; it would then follow that
these molten salts similarly possess an average

2 1E. Fermi, Molecules, Crystal and Quantum Statistics,
p. 156, W. A. Benjamin, Inc., New York, 1966.



Table 2.4. C_ of LiF at 14.662 emd

(v0 at 1204°K)

T(°K) C=4 cC=56 C,o
1121 (mp) 12.23 12.36 12.54
1204 12.45 12.45 12.45
1287 12.68 12.53 12.38
1370 12.89 12.59 12.32

Table 2.5. C_ of NaNO; at 44.61 ems

(v at 580°K)

T (°K) C=4.5 C=5.0 C,o
580 (mp) 26.53 26.53 26.53
650 26.84 26.71 26.22
723 27.19 26.90 25.94
800 27.54 27.07 25.71

potential energy greater than the average kinetic
energy. Assuming that the kinetic energy com-
ponent of C_ is 3/2k per ion (for simple ions), then
it is understandable why the total C_ per ion ex-
ceeds 3k.

TEMPERATURE COEFFICIENT OF
COMPRESSIBILITY FOR MOLTEN
SALTS

Stanley Cantor

The temperature variation of isothermal com-
pressibility at 1 atm was found to follow the simple
equation (see previous section)

BY = AcPT . 37

Individual values of BOT at temperature T were ob-
tained from the expression

(39

(all symbols wers defined in the previous two sec-

tions). The sources of data for substitution in

Eq. (39) are the same zas those for calculating C_
(see Tables 2.2 and 2.3).

The magnitudes of the constaiits A and b are
given in Table 2.6.
correlated with the position of the ions in the

Both constants are roughly
pesriodic table. The anomalous values for MgCl,
reflect the observation that sonic velocity in this
medium does not vary with temperature; this ob-
servation is most likely erroneous,

Since the constants A and b are rather restricted
in magnitude, it is an easy matter to empirically
estimate ,8‘; for salts as yet unmeasured. For
instance, one might predict, by a rough interpola-
tion between KCI and CsCl, that for RbCI, A =
6.5%10 2 and b=1.77 x 10>,

The reasons that simple Eq. (37) successfully
cormrelates B?F with T are not as yet known. The

Table 2.6. Constants for Equation of Isothermal

Compressibility at 1 atm vs Temperature

‘B‘;(cmz /dyne) = A e? r X

Salt A b Salt A b

w10-12 x107° 10712 x19-3
LiF 2.31 1.35 CdC12 11.6 1.07
LiCl 5.96 1.38 Cd}i‘»r2 13.5 1.49
LiBr 6.81 1.33 Cd12 17.9 1.32
NaF 2.29 1.51 HeBr, 21.1 1.78
NaCl 4.92 1.61 Hg12 10.9 3.34
NaBr 6.64 1.54
Nal 8.63 1.59 LiNO3 8.99 1.43
KF 3.83 1.53 NaNOS 6.20 1.89
KC1 5.88 1.74 KNO3 6.49 2.08
KBr 7.20 1.72 AgNO3 5.23 1.53
KI 8.13 1.82
CsCi 6.92 1.82 LiZSO4 3.36 1.00
CsBr 7.39 1.94 NBQSO4 4,16 1.02
MgC12 44.41 0.239
CaCl 4.42 1.07
CaBr2 6.06 0.969
CaI2 8.30 1.13
SrCl 4.14 1.00
SrBr 4.80 1.06
SrI2 7.51 1.03
BaCl 3.70 1.08
BaBr 3.94 1.22
3812 5.88 1.13




narrow ranges for 4 and b are perhaps more under-
standable. Compressibility at low pressure most
likely represents squeezing against the volume not
occupied by the ions, that is, the “free” volume.
Since the forces exerted by the jons on this free
volume should be virtually independent of the kind
of ions, it foellows that increases in free volume
which occur with temperature should be roughly
the same for all ionic liguids; hence the tempera-
ture dependence of squeezing against the free
volume would also be essentially independent of
the ions involved.

VISCOSITY AND DENSITY IN THE LiF-BeF,
SYSTEM

C. T. Moynihan 22 Stanley Cantor

Dengities and viscosities of selected composi-
tions in the LiF-BeF  system were measured to
determine if temperature coefficients of viscosity
are correlated with coefficients of volume expan-
sion.

The viscosity of pure BeF , was measured over
the temperature range 573 to 985°C, using Brook-
field LVT and HBF 5X viscometers. In this range
the viscosity, 7, varied from 10 to 108 poises and
was about 10% greater than previously reported. *®
The plot of log n ve 1/T(°K) showed only slight
curvature. A least-squares fit of the data to an
equation quadratic in 1/7T yielded

log 7 (poises) = ~8.119

1.1494 x 10*  6.39 x 10°
+

- 40
T (°K) ' T? “o

(standard error in log 7 = 0.013). This equation
yields an activation energy for viscous flow of
57.3 keal/mole at 985°C and 59.6 kcal/mole at
575°C. These are relatively small activation en-
ergy changes; thus the temperature dependence
of viscosity for BeF , is basically Arrhenius over
the range covered in this investigation (10 to 10°
poises).

For LiF—BeF2
confirmed earlier results®® which showed marked

mixtures, viscosity measurements

2ZC,Emrwnistry Department, California State College at
Los Angeles; summer pariicipant, 1966.

233, Cantor and W. T. Ward, Reactor Chem. Div. Ann.
Progr. Rept. Dec. 31, 1965, ORNL-3913, pp. 27-28.

Table 2.7.
Expansivities of LiF-BeF2 Melts at 800°C

Densities, Molar Yolumes, and

Mole Fraction Density  Molar Volume
BeFZ (g/cms) (Cms) Expansivity
0.000 1.831° 14.17° 2.6x107*
0.502 1.894 19.28 2.3
0,749 1.902 21.93 1.3
0.892 1.916 23.35 0.8
1.000 1.021% 24.47° 0.4°

aExtrapolafed below freezing point of salt.

b, i ces
Extrapolated from composition-volume or composition-
expansivity curves.

decreases of viscosity and its temperature coef-
ficient with LiF concentration,

The densities of three BeF z—LiF mixtures (see
Table 2.7) were detemmined by the Archimedean
method by measuring the apparent weight loss of
a platinum sinker upon immersion in the melt.
Volume expansion coefficients (i.e., expansivities)
derived from the density data decreased with de-
creasing LiF concentration. Molar volumes, also
derived from these data, appeared to be additive
at 800°C.

Density measurements of pure BeF
tempted by adapting the Archimedean method to
the technique of zero velocity extrapolation.??
In none of the four attempts to measure the Bel

were at-

density was it possible to eliminate the few small
bubbles that adhered to the sinker. The buoyant
effect of the bubbles leads to low values of the
apparent weight of the sinker and hence the high
values of the density. ¥ a surface tension of
200 dynes/cm is assumed for BeF , the best of
our density results yielded a value of 1.96 +0.01
g/cm? for BeF  at 850°C. This result must be
considered only as an upper limit to the real BeF
density, but it may be compared to 1.95 % 0.01
g/cm? at 800°C reported by MacKenzie?® and to
1.968 g/cm® measured for the BeF  glass at room
temperature. These results suggest that the ex-
pansivity of liquid BeF2 is quite small.

241.. Shartsis and S. Spinner, J. Res. Natl, Bur. Std.
46, 176 (1951).

231, D. MacKenzie, J. Chem. Phys. 32, 1150 (1960).



The results thus far obtained indicate that the
temperature coefficient of viscosity decreases with
increasing volume expansion coefficient and in
particular (1) the Arrhenius behavior of pure Bel",
like that of SiO ), is associated with the tempera-
ture-independence of “‘free’’ volume (i.e., volume
unoccupied by the ions), 25 and (2) LiF, when
dissolved in Ber, not only breaks up the network
of linkages between beryllium and fluorine, but
also increases the temperature dependence of the
thereby decreasing the activation

free volume,

energy of viscous flow.

VAPOR PRESSURES OF MOLTEN FLUORIDE
MIXTURES

Stanley Cantor W. T. Ward
C. E. Roberts

Transpiration Studies in Support of the
Veocuum Distillotion Procass

To determine the equilibrium vapor separation of
rare-earth fission products from MSR carrier salts,
a series of vapor pressures have been measured
by the transpiration (i.e., gas-entrainment) method.
The melts were composed of 87.5-11.9-0.6 mole %
LiF—BeFZ-Lan. The concentrations of LiF and
BeF , are approximately those expected in the still
pot of the vacuum distillation process. The lan-
thanum concentration is many times greater than
what would be perniitted as total rare-earth concen-
tration in the still; this high concentration of lan-
thanum in the melt was required in order to give
lanthanum concentrations in the vapor that were
high enough to analyze.

Measurements were carried out in the temperature
interval 1000 to 1062°C; dry argon, the entraining
gas, flowed over each melt at the rate of about
30 em3/min. Salt vapor, condensing in a nickel
tube, was analyzed by spectrochemical and neutron
activation methods. The latter method gave higher,
more consistent, and probably more reliable lan-
thanum analyses. The most consistent results have
been obtained at the two temperatures shown below.

%6p. B. Macedo and T. A. Litovitz, J. Chem. Phys.
42, 1 (1965).
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Decontamination Factor?
Temperature for Lanthanum
1000°C 910
1028°C 1150
“Defined as (mole fraction of lanthanum in lig-

uid)/(mole fraction of lanthanum in vapor).

At six other temperatures, transpiration pressure
measurements have yielded much higher (up to
7300) decontamination factors; however, these de-
terminations either were based on insufficient
sample or else duplicate analyses gave widely
It did appear that the higher the
temperature the higher the decontamination factors.

Although much more study is required before the

different results.

vacuum distillation process is shown to be prac-
tical, it seems that decontamination factors close
to 1000 can probably be demonstrated.

Vapor Pressures of 73-27 Mole % LiF-UF

The manometric pressure of this mixture, which
is the composition of the MSRE fuel concentiate,
was measured by the Rodebush-Dixon method?7 in
the temperature range 1090 to 1291°C. The results
fit the equation

log p(mm) = 7.744 — 10,040/T(°K) .  (41)

Transpiration studies have also been cairied out
to determine the composition of the vapor. The
results to date indicate that at 1050°C, the mole
ratio of LiF to UF, in the vapor equals 3.3.

POTENTIOMETRIC MEASUREMENTS IN
MOLTEN FLUORIDES

A. R. Nichols, Jr. 28 K. A. Romberger
C. F. Baes, Jr.

Continuing the program of potentiometric mea-
surements in molten fluorides, it is planned to

27W. H. Rodebush and A. I.. Dixon, Phys. Rev. 26,
851 (1925).

28Visiting scientist, Soncma State College, Rohnert
Park, Calif.



explore the chemistry and thermodynamics of a
variety of substances which can occur in a molten-
either in container materials or as
fission products. Previously, the development of
an H_HE/F™ electrode and a Be®/Be?! electrode
as suitable reference electrode half-cells for use
in 2LiF-BeF , melts has been described. 29

Presently investigations are being made of nio-
bium in molten ZLiF . BeF . Several attempts to
measure the voltage of the cell

salt reactor,

Be’|BeF ,,LiF||BeF ,LiF,NbF  [Nb®  (42)
(in which the electrode compartments were of
graphite and, later, copper) have been only par-
tially successful because the voltage of this cell
invariably decreased with time, It is inferred, but
has not yet been proved, that the cell voltage
decreased because a small amount of beryllium
metal dissolved in the 2LiF:BeF , solvent and
intemally shorted the cell. However, before these
decreases became marked, reasonably stable
voltages were observed, in one case for as long
as three days.

Measurements of the cell voltage were made as a
function of increasing NbF . concentration. (NbF
was added to the melt by anodic dissolution of nio-
bium metal.) The voltage first increased and then
remained constant, an indication that the melt
had become saturated with NbF ,. Based upon the
number of faradays which were required to reach
saturation and the amount of melt within the nio-
bium compartment, it is estimated that at 597°C
the solubility was ~3 x 107? equivalent of the
niobium salt per kilogram of. solvent. The cell
voltage al saturation was 0.96 £ 0.04 v. This value
can be combined with the free energy of formation
of dissolved BeF, (-214.6 keal /mole)3? to yield
the free energy of formation of NbF ,,

1 1 ]
Ay T AGGp (D4 FE

- -85.1+09kcal (43)

4. Dirian, ¥. A. Romberger, and C. F. Baes, Jr.,
Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 19635,
ORNL-3789, pp. 76—79.

304, 1. Mathews and C. F. Baes, Jr., ORNL-TM-1129,
pp. 74—75 (May 7, 1965).
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(F is the Faraday constant, 23.06 kcal per equiv-
alent). This preliminary result suggests a sur-
prising stability of the lower fluoride. Compared to
the HZ,HF/F“ reference couple, the NbF‘X/Nb(’
couple would have the potential

+F~, EY(597°C) ~ ~0.85v. (44)
This indicates that Nb® should be more electro-
positive than chromium in 2LiF—BeF2. This result
is difficult to reconcile with the evident corrosion
resistance of Nb toward NaF~ZrF4*UF4 melts ob-
served in early loop tests,®! but it is reasonably
consistent with potentials reported recently by
Senderoff and Mellors. 3%

The beryllium electrode has now been replaced
by an H,,HF/F™ half-cell. The latter, while less
convenient to use than the Be”/Be?" half-cell, is
expected to yield voltages which are more stable
and reproducible. No results are yet available from
this new cell.

The value of X, that is, the oxidation state of
the niobium in the presence of the metal and the
fluoride salt, appears to be +2. This is a tentative
conclusion based upon the results of a transpira-
tion experiment in which a known amount of pas-
eous HF was used to partially oxidize nicbium
metal in contact with the melt. The value of the
oxidation number was then determined from the
amount of metal which was consumed. No apparent
evolution of NbFs occurred, which is consistent
with a stable lower valence state.

APPEARANCE POTENTIALS OF LITHIUM
FLUORIDE AND LiTHIUM BERYLLIUM
FLUORIDE IONS

R. A. Strehlow J. D. Redman

A study was made of appearaunce potentials of
ions fommed by electron impact from LiF and
Li,BeF, vapor. This work was undertaken in order

31E. A. Kovachevich, E. L. Long, and D. . Stone-

burner, Results of Niobium Thermal Convection Loop
Tests, ORNL-CF-57-1-161.

328. Senderoff and G. W. Mellors, J. Electrochem, Soc.
113(1), 66 (1966).



to assist in the interpretation of sublimation heats
A surprising
amount of structure was found in the ionization
efficiency curves, and it is this aspect of the work

determined mass spectrometrically.

which is emphasized here.

The study of sublimation heats with a mass
spectrometer requires either a knowledge of frag-
meintation patterns of polymeric vapor molecules
or the assumption that a given ion, for example,
Li*
This assumption, called the specificity rule, has
been found not to apply to lithium halides.®® The
fragmentation patterns of (LiF)2 have been the
subject of study.33:3* In addition,
beryllium fluotide species, the need to postulate
structures such as (1) to account for the mass

: +
or Li F_ ", has only one neutral precursor.

for lithium-

spectrometric observations *® led to the expectation
that a detailed study of appearance potentials
might help to clarify the phenomena which have
been observed.

The ionization efficiency ([.LE.} curves obtained
in this study possess structure to an unexpected
degree {considering that the vapor density for some
of the species corresponded to less than 1078
tori). Selected LE. curves are shown in Fig. 2.3.

The data were obtained using the retarding po-
tential difference method and a Bendix time-of-
flight mass spectrometer. Simultaneous determina-
tions were made for a reference gas with appropriate
appearance potentials and for twe salt ions. The
reference gas was admitted (at a piessure of 1 x
1077 torr) to permit voltage calibration as well
as to detect possible instrumental vagaries. The
simultaneous monitoring of two salt vapor peaks

33}. Berkowitz, . A. Tasman, and W. A. Chupka,
J. Chem. Phys. 36, 217079 (1962).
34p. A. Akishin, L. N. Gorokhov, and .. N. Siderov,

Russ. J. Phys. Chem. 33, 648—49 (1959).

35A. Biichler and J. L. Stauffer, Symp. on Thermo-
dynamics with Emphasis on Nuclear Materials and
Atomic Transport in Solids, Vienna, 22.-27 July 1965.

eliminated temperature changes of the furnace as
a serious source of error.

As has often been observed for other gases, a
current of singly charged ions appears at some
onset potential and then increases linearly with
electron energy until a subsequent appearance
potential (AP) due to an added process of ion
generation. These AP’s for fragment ions may
arise in several ways: ion pair formation, ion-
neutral reaction, rearrangement, fragmentation of
the neutral moiety, forination of excited states
in the neutral or ion, and others. Unambiguous
assiginment of a process to an AP other than onset
is not often possible. For the species studied
here most of these possibilities, however, may be
eliminated. Table 2.8 lists the AP’s found for
various of the ions from Lif and Li ,BeF . The
range of values and the number of determinations
The
existence of APH(Li") appears to be slight. but
There seems to be little question of the ex-

are shown to give an indication of precision.

real.
istence of structure for the other species.

The observed onset appearance potential for Li*
of 11.21 v with the ionization potential (Li*) of
5.36 v leads to a value of D(LiF) =5.84 £0.10 ev,

of

which is in agreement with the literature value
5.95 ev.3® The onset is therefore probably char-
acterized by formation of Li* and F¢ ia ground
states from LiF in its ground state. The small dif-
ferences between the onsets for Li”, Liz}'=‘+, and
Li3F2+ are believed to be due principally to the
successively greater values of the bond strengths,
D(LizF —F) and D(LiSF‘Z—F). This belief is cor-
roborated by a consideration of the appearance

potentials for negative ions.®’ Using the value
of 2.90 for the electron affinitv of F? and con-
sidering the process

Li F o »>1Li F+F"7, AP =355v, (45)

one obtains D(Li ,F—F) = 6.45 ev. This value is
about 0.5 ev greater than D(LiF) and does not

conflict with the value of
[AP (Li F*) - AP (Li")] = 0.14 ev,

since the ionization potential of the neutral Li F

may be less than that for 1.i. Similar reasoning

36{,. Brewer and E. Brackett, Chem. Rev. 61, 425 (1961).
371, Ebinghaus, Z. Naturforsch, 19a, 727.-32 (1964).
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Table 2.8. Appearance Potentials of lons from LiF and LizBeF4 Vapor

T = 800 to 920°C

Appearance Potential

Sample Ion Quauntity
I il I v
LiF Lit AP 11.21 11.73 13.59
w £0.10 +0.24 — 0.13 +0.24 - 0.36
n 5 5 5
Li,r AP 11.35 11.84 12.78 13.51
w £0.16 +0.40 - 0.13 +0.42 10.17
n 11 11 9 6
Lis}’«"‘; AP 11.61 12.12 13.69
w £0.10 +0.30 — 0.40 +0.23 — 0.19
i 3 3 3
Li,BeF Lit AP (11.7) (12.2) (14.1)
n 1 1 1
Li " AP 11.90 12.44 13.72
w +0.22 - 0.12 +0.19 - 0.14 £0.15
Il 3 3 3
LiBeF " AP 12.79 13.46 14.52 (14.9)
w £0.02 £0.02 £0.29
n 2 2 2 1
Ber AP 15.38 (16.31) 17.22
w 10,02 £0.07 £0.10 — 0.08
n 3 3 3
Reference gases
C M, c,H,' AP 11,60 (Li-F ions)
Kr Er' AD 14.00 (LiBe¥ 2*)
Ar art AP 15.75 (BeF ')

a - . . - .
AY = appearance potential in volts; w = range; n = number of determinations.



applies to D(Li,F,~F). From other data, 3% es-
timates of some other bond strengths and electron
affinities for some of the pertinent species may

be made. These include:
D(LiF —Li) 3.0 ev
D(LiF , — L) 8.0
D(LiF —F) 1.6
E (LiF — LiF) 3.35
EA(Li) 0.29
EA(L'\ZF) -0.25

The value for EA(Li F) indicates the genetal de-
gree of uncertainty in these values.

With the derived value of D(LiF2 —Li) = 8.00 ev,
one would anticipate the possibility of producing
Li* from the dimer at an AP of 8.00 + 5.36 =
13.36 v. Our value of AP (Li*) = 13.6 £ 0.3 indi-
cates that this process is responsible for APUI(Li* ).
The second appearance potential, APH(Li*), is,
if real, not readily explainable since the lowest
excitation level for F? is 14.4 ev and for Li+,
much more. Invoking possible precursor excitation
is not a happy explanation in view of the 0.5v
difference between API(Li+) and APU(Li+) and the
agreement of our value of D(LiF) with the literature.

The onset potential for the mixed species LiBBeF *
can be used to estimate a D(LiBeF2 —F) =7.9v,
which is near D(BeF) = 8.02.%% This indicates that
the fluoride atoms are all associated with the
beryllium in the vapor species LiBeF . Consid-
eration of the energies and bond strengths and the
neatr agreement between API(L12F+) from LiF with

that from Li BeF, make it seem unlikely that
Li BeF, is a precursor of Li2F+.

For Bel 2+ an additional set of possibilities musu
be considered as causes of structure in the LE.
curve. These include autoionization and meta-
stable ion formation. Since all of the ions except
possibly Li* present marked similarity of structure,
it seems most plausible that even for the species
from Li 2BeF4 the structure observed is attributable
to ionic excitation, either vibrational or electronic.

The energies determined can be used to predict
possible appearance potentials beyond the limited
range used in these studies. For examples,

(LiF) , ~—% LiF* + LiF , 4.6 v, (46)
—> LiFf 4 Li+F, 206v, 47)

LiF —3> Lit 4+ F', 25t0 28 v,  (48)
—>Li%+ FY, 23 v. (49)

The ion Li zBeF3+ was also observed but in too
small amounts for AP determinations. During the
melting of one sample of LiZBeF4 many bursts
of COZ were observed; these bursts total about
2 x 107% atm cc g~ %, but we believe this did not
cause any irrepularity in the Knudsen cell opera-
tion.

Some initial determinations were made of slopes
of log (I'T) vs 1/T for LiF species in order to
provide some comparison with the literature values
before undertaking the more difficult task of study-
ing the LiF-BeF2 system vaporization. The resulis
of numerous determminations are shown in Table 2.9
without further discussion of details.

Table 2.9. Second Law Apparent Af ‘s for lons from LiF

Average
This Work a b € d
A+ :
Li 65.7 £ 0.7 67.4
F 64.1 1.3
Lt
LiF 62.3 £ 0.6 64.8 2 66.5 11 62.4 1.5 (62.7)
-
Li,F 67.7 £1.3 68.3 £2 71.6 £2 65.3 + 1.7 (70.4)
+
Li3F2 70.4 £ 0.7 73.9 3 74.9 £1.0

%A. Biichler, CPIA Publ. No. 44 (February 1964).

bD. L. Hildenbrand et al., J. Chem. Phys. 40, 2882-90 (1961).
°p. A. Akishin, L. N. Gorokhov, and L. N. Siderov, Russ. J. Phys. Chem. 33, 648—-49 (1959).
9a. C. P. Pugh and R. F. Barrow, Trans. Faraday Soc. 54, 671 (1958). Note: Values are torsion-effusion Amrs

(sublimation heats for monomer and dimer).



3. Separations Chemistry

REMOVAL OF I10DIDE FROM LiF-BeF  MELTS

C. E. L. Bamberger  C. F. Baes, Jr.
The removal of iodide from LiF-BeF  mixtures
by HF sparging, presumably by the reaction

HF(g) + 1" (d) &= F~(d) + HI(g) , 1)

was previously described!’? as a promising method
for removing 6.7-hr 351 from an MSBR fuel at a
rate greater than the rate of decay of this nuclide
to 1%%Xe.

One difficulty with the results reported pre-
viously was that poor recoveries (typically 80%)
of iodide were obtained by HI® sparging. Ia con-
tinued studies the cause of this has been traced
to small particles of salt entrained in the gaseous
mixture of HF, HI, and H, emerging froin the re-
action vessel. Evidently these particles caused
condensation of the HF and HI with water vapor
in the NaQOH bubbler used to trap the HI. The
condensed droplets of acidic solution, readily
visible as a fog in the gas phase of the trap,
evidently did not react completely with the NaOH
solution, thus causing low recoveries. Introduc-
tion of a filter of sintered Teflon or gold in the
effluent gas stream ahead of the trap has resnlted
in iodide recoveries greater than 95%.

It was found previously that the fraction of
iodide remaining in the melt ([I7]/[I7]% de-
creased logarithmically with the number of moles
of HF passed per kilogram of melt (n, . /w),

In (7 VI71%) = - Q(a,, /%) . (2)

'p. F. Freasier, C. F. Baes, Jr., and H. H. Stone,
MSR Program Semiann. Progr. Rept. Aug. 31, 1965,
ORNL.-3872, p. 127.

28. F. Freasier, C. F. Baes, ]Jr., and H. H. Stone,
Reactor Chem. Div. Ann. Progr. Rept. Dec. 31, 1965,
ORNL-3913, p. 28.
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and lrradiation Behavior

With the assumption that reaction (1) was the
only reaction involved, the negative slope (Q/2.3)
of a plot of log (II"I/[171% vs n, ./w was
equated to the equilibrium quotient Q  of re-
action (1),

P

HI

kg/mole . (3)

0,

Pyl ]

HF

This interpretation of the previous data was sup-
ported by the observation that, within the scatter
of the measurements, Q was independent of the
flow rate and the partial pressure of HF. In the
subsequent measurements, however, a fuller study
of the effect of the HF pressure at different tem-
peratures and as a function of melt composition
has shown a pronounced effect. It has been
found (Fig. 3.1) that Q varies approximately in-

versely with P as follows:
HF

1
=g+ P .
Q HF
o,og‘ J— . OR'\JLf:PYY,G,,,CTT'?,T,‘
i 7=520°C /
007 k a 33mole % BeF, e s A
| * 42mole % BeF, i
006! .——.© 50mole 7% BeF, __

)

1/Q (moles/kg

0 ‘ .

o] 00S [oX[6} Q45 - 0.20
PARTIAL PRESSURE OF MF (atm)
Fig. 3.1. Variation of @ for lodide Remaoval (£q. 2)

with the HF Sparging Pressure in LiF-BeF2 Melts,



While the cause of this effect is still being in-
vestigated, it may be noted that if, in addition
to reaction (1), there is an appreciable solu-
bility of HI in the melt,

HI(g) = HI(d); Q, = [HIV/P, | )

the above expression can be accounted for with
a = I/Q1 and & = Qz‘ Sparging with HI as well
as HF is presently being used to determine
whether or not equilibrium conditions are being
attained during the measurements and to determine
the solubility or other possible reactions of HI
in these melts.

Whether the dependence of Q on £ is due to
a rate effect or to the occurrence of other equi-
libria in addition to reaction (1), it seems evident
that, in the application of this treatment to the
processing of an MSBR fuel, better HF utilization
(higher Q values) will be obtained at lower HF
partial pressures, The limiting (maximum) value
of Q obtained as P approaches zero is plotted
vs the mole fraction of BeF, in Fig. 3.2.

ORNL-DWG 67~-772
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Fig. 3.2.
upon the BeF2 Concentration in LiF-BeF2 Melts.

The Dependence of the Limiting Value of @

REMOVAL OF RARE EARTHS FROM MOLTEN
FLUORIDES BY SIMULTANEGUS
PRECIPITATION WITH UF,

F. A. Doss  H. F. McDuffie J. H. Shaffer
The relatively low solubility of UF_ in fluoride
mixtures of interest to the MSR program® and the
known similarities of the crystal structure of rare~
earth trifluorides with UF34 ptovide a basis for
studies of the precipitation of solid solutions of
these compounds from fluoride melts. Since
fission product rare earths represent a major
portion of the poison fraction in the fuel of a
molten-salt nuclear reactor, this study may be
applicable toward the development of suitable
reprocessing methods for rare-earth removal.
Initial experiments conducted in this program con-
sidered the reduction of UF
actor fuel mixture to UF_ and the simultaneous

contained in a re-

precipitation of rare-earth trifluorides with UF,
as the temperature of the fuel mixture was re-
duced. A second series of experiments is in
progress to examine the precipitation of rare
earths from a simulated fuel solvent upon addi-
tion of solid UF .

If all UF, contained in the current MSRE fuel
mixture, LiF-BeF2-ZrF4-UF4 (65.0-29.1-5.0~0.9
mole % respectively), were reduced to UF, the
solution would be saturated with UF, at approxi-
mately 725°C. By lowering the melt temperature
to 550°C, approximately 83.5% of the uranium
would be precipitated from solution. Resulis of
preliminary experiments designed to investigate
this reprocessing method demonstrated that LaF ,
CeF,, and NdF, could be precipitated with UF ..
Europium and samarium were probably reduced to
their divalent states by the in situ reduction of
uranium with added zirconium metal and showed
little or no loss from solution during the pre-
cipitation of UF,.
excess reducing agent showed that cerium removal
could be related to the U®" concentration in solu-
tion by the equation

Subsequent experiments with

In N

RE T kIn NU3+ + const, )

3Reactor Chem. Div.
1964, ORNI1.-3591, p. 50.

4Reactor Chem. Div.
1965, ORNI1.-3789, p. 16.

Ann. Progr. Rept. Jan. 31,

Ann. Progr. Rept. fan. 31,
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where N and N are respective mole frac-

tions of rare earth and trivalent uranium. As
illustrated by Fig. 3.3, a value of about 0.55
was obtained for k in Eq. (5) for the simultaneous
precipitation of CeF,. Further
would be needed to verify this experimental re-
lationship for other rare earths of interest to the
prograim.

A more recent experimental program has been
concerned with the retention of
fluorides on a bed of solid UF,
reprocessing technique.
UF, was added in 30-g increments to approxi-
mately 2.2 kg of LiF-BeF, (66-34 mole %) that
initially contained 10~* mole fraction of CeF3
with about 1 mc of '#%Ce as a radiotracer. Fil-
tered samples of the salt mixture were taken
approximately 48 hr after each addition of UF,
and analyzed radiochemically for cerium. The
results illustrated a somewhat linear decrease
in cerium concentration as UF_, was added and
corresponded to a solid phase which contained
about 1 mole % CeF,. Similar results were ob-
tained in a separate experiment with NdFs,
except that the solid phase corresponded to about
0.2 mole % NdF, in UF ..

3+

investigation

rare~garth  tri-
as an alternate
In the first experiment

EXTRACTION OF RARE EARTHS
FROM MOLTEN FLUORIDES
INTO MOLTEN METALS

J. H. Shaffer F. F. Blankenship
W. P. Teichert W. K. R. Finnell
D. M. Moulton W. R. Grimes

This experimental program has been oriented
toward the development of a liquid-liquid ex-

34

traction process for removing rare-earth fission
products from the fuel of a two-region molten-galt
breeder reactor. In processing schemes proposed
for the reference design MSBR, uranium will be
removed by fluorination. Thus, for purposes of
this investigation, the barren fuel solvent has
been simulated by dissolving selected rare-earth
fluorides into a mixture containing 66 mole %
LiF and 34 mole % BeF,. When this mixture is
contacted with a molten bismuth-lithium mixture,
rare earths are reduced to the metallic state and
dissolved in the molten metal phase. The program
further envisions a similar back-extraction process
for concentrating rare-earth fission products in a
second salt mixture for disposal or further utili-
zation.  Experiments conducted thus far have
examined the distribution of rare earths between
the two liquid phases as functions of the lithium
concentration in the metal phase. Studies of the
equilibrium

2Li°% + BeF, w3 2LiF + Be® 6)

in the extraction system are currently in progress
to ascertain activity cocefficients of lithium and
rare earths in bismuth and to study effects of salt
composition on rare-earth distribution coefficients,

Fluoride starting materials were prepared in
nickel equipment by treatment with HF-H, mix-
tures at 600°C to remove oxide impurities and at
700°C with H, alone to reduce concentrations of
structural metal difluorides in the fluoride melts.
Selected rare-earth fluorides were added prior to
this treatment in quantities sufficient to attain
concentrations of about 10~* mole fraction in the
salt mixture. Bismuth was further purified by
treatment with H, at 600°C in the 304L stainless
steel, low-carbon-steel-lined extraction vessel.
Following this treatment the prepared salt mixture
was transferred as a liquid to the extraction
vessel. Each experiment typically contained
2.35 kg of bismuth and about 2 kg of the salt
Lithium, for incremental additions to
the experiment, was freshly cut and tared under
mineral oil, affixed to a small-diameter steel rod,
rinsed in benzene, and driied in the flowing inert

mixture.

atmosphere of the loading post prior to its in-
sertion into the molten bismuth. This loading port
extended near the bottom of the extraction vessel
to avoid contact of lithium with the salt phase
prior to its dissolution into the molten metal
phase. Filtered samples of each phase were taken
under assumed equilibrium conditions after each



addition of lithium. Radiochemical analyses of
each phase for rare-earth gamma activity and
spectrographic analyses of the metal phase for
rare-earth and lithium concentrations provided
data for calculating the distribution of rare earth
in the system and its dependence on the lithium
concentration of the metal phase. A summary of
these results, illustrated in Fig. 3.4, shows that
a mixture containing 0.02 mole fraction of lithium
metal sufficed for removing essentially all cerium,
lanthanum, and neodymium and substantial quan-
tities of samarium and europium from the barren
fuel solvent under separate but comparative con-
ditions. In all experiments rare earths that were
reduced from solution in the salt phase were
found as dissolved components of the metal
phase.

The reduction of rare-earth fluorides by lithium
is expected to proceed by the reaction

mLi® + (RE)™* == (RE)® + mLi"*, )]

where m is the effective valence of the rare-earth
cation. If unit activities prevail for all metal
species in the salt phase and for all ionic species
in the metal phase, then the activity of lithium
dissolved in the metal phase can be expressed
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as a function of other activities in the system as

E O)metal (A
)

m
4m (AR LiF/salt

8
Li® K_ (A ®

RE‘salt

By assuming that the activity of LiF and the
activity coefficients of Li°% RE®, and RE™" re-
main constant, the dependence of tare-earth dis-
tribution on the lithium concentration can be
expressed as

DK N, ©

L1

where D is the ratio of the mole ftaction of rare
earth in the metal phase to the mole fraction of
rare earth in the salt phase and

m
K, - (yx io)metal : (VR E)salt

. (10)
(VREo)metal'(ALiF)

A plot of the experimental data according to the
logarithmic form of Eq. (9) is shown as Fig. 3.5.
Values for m and K_ calculated from the slopes
and intercepts of this plot are as follows:

Rare Earth m KQ

Lanthanum 2.7 2.5 x 107
Cerium 2.3 3.8 x 108
Neodymium 2.5 2.5%10°
Samarium 1.6 1.8 < 10%
Furopium 1.9 5.9.x 103

Although the apparent fractional exponents for
the reductions are as yet unexplained, the results

ORNL—DWG 66—~

10 !
. ” SIpE
Lofon S A
1 L
¢ i,
T
[a
g%
S
.
- o A TS Bl g " AN I A Y OO S A
(e
g £
5
g2 o
% ST e e . e o o e el ey e A 1 S o 1 e bie] e B % 1  F Spmoa
S R R
I ] :
= ‘
,,,,,,,, ] .
|
Q.01 !
0.0t o4 1 0 W00 1000
MOLE FRACTION OF RARE EARTH IN_METAL
MOLE FRACTION OF RARE EARTH IN SALT
Fig. 3.5. Effect of Lithium Concentration in Metal

Phase on the Distribution of Rare Earths Between LiF-
BeF2 (66-34 Mole %) and Bismuth at 600°C



are in rough agreement with the occurrence of
lanthanum, cerium, and neodymium as trivalent
ions in the salt mixture; samarium and europium
divalent states
prior to their extraction into the metal phase.

are probably reduced to their

In earlier experiments the extraction of rare
earths from a salt phase into molten bismuth was
achieved by the addition of beryllium metal to
the system.®

sulted

This reduction process also re-

in a measurable increase of the lithium

concentration of the molten metal phase. Accord-
ingly, further study of the reaction

2LiF + Be® = 2Li° + BeF, ¢8Y)
in the two-phase extraction system was initiated
by experimental procedures similar to those

The
intention of these experiments was to measure
the activity coefficient of lithium in bismuth by

employed for the rare-carth extractions.

bringing it to equilibrium with metallic beryllium.
It was found, however, that the stoichiometric
amount of lithium did not appear in the metal
phase. In experiments where lithium metal was
added to the system, the lithium loss was pro-
portional to the square of the mole fraction of
lithium in bismuth. Such behavior suggests the
presence of a reduced divalent species at less
than unit activity, for which the most obvious
choice is 1e? dissolved in the melt. When Be®
was added to the melt, the lithium loss was pro-
portional to the first power of X . Biy which
is consistent with the formation of neither Be®(d)
nor Be +(d). For a third set of experiments, where
salt was added to bismuth containing lithium,
the loss was independent of the lithium concen-
tration, indicating the presence of some easily
reduced impurity in the melt.
nism has been
these reactions.

It is known that certain properties of this melt
[e.g., heats of solution of HF and solubilities of
Puk and (RE)FS] show extreme values at the
ratio 2Li:Be. The salt composition used in the
described experiments started at about this con-
centration and went to opposite sides of it. One
can conceive, therefore, that further experimenta-

No simple mecha-
devised to explain all three of

tion may reveal solvent effects which are as yet
unexplained.

5Reactor Chem. Div. Ann. Progr. Rept. Dec. 31,
1965, ORNL-3913, p. 40.
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In the beryllium-addition experiments at 600°C
a limiting mole fraction of lithium in bismuth was
reached. As this was well below the solubility,
it was assumed that the lithium was in equilibrium
with metallic beryllium. From this it was possible
to calculate an activity ceefficient for lithium of
9.8 x 107°% to 1.3 x 10~* (two experiments) for
the mole fraction of lithium referied to a standard
state of unit activity (i.e., pure lithium). A sim-
ilar analysis gave the activity coefficient of lith-
ium in lead as 1.5 x 1073,

REMOVAL OF PROTACTINIUM FROM MOL TEN
FLUORIDES BY REDBULTION PROCESSES

J. H. Shaffer W. P. Teichert
D. M. Moulton F. F. Blankenship
W. K. R. Finnell W. R. Grimes

The removal of protactinium from solution in
LiF-BeF -ThF, (73-2-25 %) has
demonstrated by adding thorium metal that was

mole been
either put directly in the salt mixture or initially
dissolved in molten lead or bismuth that was in
contact with the salt.®
methods

More recent studies have
examined by which this reduction re-
action might be used for reprocessing the fertile
blanket of a twc-region molten-salt breeder re-
actor. The results of several batch-type laboratory
experiments led to the design and operation of
a small pump-loop experiment which has demon-
strated, in principle, the removal of protactinium
from the fluoride mixture by a liquid-liquid ex-
traction technique.

In static batch-type experiments,
fractions of 23%Pa

on adding thorium

only minor
removed from the salt phase,
metal, were found as soluble
components of the metal phase.
aminations of the
used in these experiments indicated that most of
the precipitated protactinium had deposited on the
vessel walls that were in contact with the salt
phase. Although this behavior may have resulted
from nonwetting characteristics of the two liquid
phases, an experiment was conducted to examine

Subsequent ex-
low-carbon-steel containers

the absorption of ?33Pa on iron surfaces in the
absence of a molten metal phase. As a result of
adding thorium metal, 233Pa was found uniformly

6Reactozr Chem. Div. Ann.
1965, ORNL-3913, p. 42.

Progr. Rept. Dec. 31,



distributed on steel wool that had been immersed
in a blanket salt mixture. When this salt mixture
was drained from the vessel and filtered through
sintered nickel, essentially no ?3°Pa activity
could be found in the salt mixture or on the filter.

In other experiments in which no salt phase was
used, solutions of 23°Pa in molten lead or bis-
muth, obtained by the addition of irradiated
thorium metal, were not stable in either metal
solvent.  However, a much larger fraction of
233pg activity was retained in bismuth than in
lead during 48-hr contact periods. Subsequent
examination of the low-carbon-steel vessels used
in these experiments showed a distribution of
?33pa on the container walls which resembled
sedimentary deposition of insoluble materials
rather than surface absorption. In view of earlier
results, tentative conclusions assumed that 233Pa
was preferentially absorbed on insoluble par-
ticles that were initially present in the molten
metals or formed by reactions with added thorium.

Since the anticipated function of the molten
metal phase in the extraction process is that of
an intermediate carrier for protactinium, the rate
at which ?3%Pa can be extracted from the blanket
salt and concentrated in a second salt mixture by
back extraction with HF need only depend on the
mass transfer rate of protactinium dissolved in a
recirculating molten metal stream. Thus a pump-
loop experiment, shown schematically in Fig. 3.6,
was tried in an endeavor to achieve the transport
of 233Pa in bismuth while maintaining its con-
centration or that of its carrier at relatively low
values. Thorium was introduced into the system
by contacting the liguid metal with thorium chips
just prior to its reentry into the extraction vessel.
At low bismuth flow rates protactinium could be
reduced at the surfaces of free-falling droplets.
For simplicity the recirculating molten metal
stream was pumped through a bed of steel wool
to provide for the collection of protactinium, pre-
sumably by absorption, and to provide coarse fil~
tration of the bismuth in the event that ??3Pa
was being carried by suspended solid particles.
Surface areas of steel wool columns used in the
experiment were at least tenfold greater than
those of other iron surfaces exposed to the molten
metal elsewhere in the loop. The extraction
vessel was also provided with a niobium sleeve
to isolate the salt phase from the iron surfaces
of the loop.
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The pump-loop experiment was operated dis-
continuously for approximately 60 hr over a period
of about six weeks and was terminated because
of pump failure. Material balance calculations on
the system at the conclusion of the experiment
showed that approximately 96% of the 23*Pa had
been removed from the salt mixture. At least
43% of the %33Pa originally in the system had
been pumped as a solution or a suspension with
molten bismuth and deposited on rather small
volumes of steel wool. Since only 4% of the
233pa remained in solution in the bismuth, ap-
proximately 49% of the 233Pa was lost as solids
in the system. The collection of 2%3Pa on the
columns was, in fact, better identified with a
filtration process even though some surface ab-
sorption was apparent. Spectrographic analyses
of high-melting metallic plugs taken from the
system associated relatively high concentrations
of thorium with iron and chromium. These ob-
servations suggest that a more inert containment
material will be needed before a satisfactory
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demonstration of the liquid-liquid extraction process
can be achieved.

REMOVAL OF PROTACTINIUM FROM MOLTEN
FLUORIDES BY OXIDE PRECIPITATION

J. H. Shaffer W. K. R. Finnell
W. P. Teichert F. F. Blankenship
W. R. Grimes

In a previous experiment protactinium was re-
moved from solution in a solvent mixture of Lil"-
BeF, (66-34 mole %) which also contained ZtF
(0.5 mole per kg of salt) by the addition of Z:0,
at 600°C.7
data according to the equation

An interpretation of the experimental

1
F

Pa

D 7
NMZrO ’

(12)

W

[

salt

where D = (Pa)oxide/(Pa)salt,
protactinium in the salt, and W = weight of the
designated phase, showed that the distribution

FPa =~ fraction of

of protactinium between the two phases remained
the
range of the experiment.

constant over protactinium concentration
These results could be

explained as the formation of labile oxide solid

solutions or as surface absorption of 233Pa on the
solid ZrO,. Further studies of this oxide pre-
cipitation method were conducted in the same
fluoride solvent with ZrO, powders having varied
surface areas.

Zirconium dioxide used in the original experi-
ment was purchased commercially and had a sur-
face area of about 19.6 m?/g. Material having
higher surface areas was prepared from Zr(Ol),
by 8  Sufficient 710, for this ex-
perimental series was fired at 600, 700, and
1000°C in separate batches that yielded average
surface areas of 80, 50, and 1.32 m?/g respec-
tively. About 3.55 kg of a salt mixture having a
nominal composition of LiF-BeF -ZrF,k6 (64.8-
33.6-1.6 mole %) with about 1 mc of 233Pa as
irradiated ThO, was prepared in nickel by con-
ventional HF-H, treatment at 600°C and H,
sparging at 700°C for further purification and dis-
solution of protactinium as its fluoride salt. Se-
lected Zr0, was added to the salt mixture in
10-g increments; the mixture was then sparged

dehydration.

7Reactor Chem. {2iv. Ann. Dec.

1965, ORNL-3913, p. 41.

8Zr(J2 was prepared by H. H. Stone, Rcactor Chem-~
istry Division.

Progr. Rept. 31,
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with helium at a rate of about 1 liter/min during
24-hr equilibration periods. Filtered samples of
the salt mixture were taken after each equilibra-
tion period and analyzed radiochemically for
233pa by counting its 310-kv photopeak on a
single-channel gamma spectrometer. At the con-
clusion of the experiment the mixtute was hydro-
fluorinated to convert added ZrO_ to its fluoride
salt and to restore 233Pa activity in the molten-
salt phase. This experimental procedure was
repeated with the same salt mixture for all three
lots of ZrO,.

In each experiment the addition of ZrO, to the
fluoride mixture resulted in the loss of protace
tinium from solution. However, as shown by Fig.
3.7, a plot of the reciprocal fraction of 23%pa
in solution vs ZrO_ added, yielded, according to
Eq. (12), distribution coefficients for ?*3Pa be-
tween the two phases which varied continuously
as the precipitation reaction approached comple-
tion.  Although these experimental results are
contrary to those obtained previously, with re-
spect to the constancy of the 233Pa distribution
coefficients, they indicate that 23%Pa removal
from the salt mixture is probably not singularly
dependent on the surface area of the added oxide
particles nor on solid solution formation.

PROTACTINIUM STUDIES IN THE HIGH-ALPHA
MOLTEN-SALT LABORATORY

C.'J. Barton  H. H. Stone

The High-Alpha Molten-Salt ILaboratory was
briefly described in the previous report,? and
results of the first experiments performed in this
facility were given. Attention has been focused
on development of methods of removing protacw
tinium at realistic concentrations (25 ppm) from
breeder blankets, but a few experiments have been
performed in an effort to obtain a better under-
standing of the chemistry of protactinium in
molten fluoride systems. Because of the variety
of experimental methods that have been applied
to the protactinium removal problem, only a brief
summary is presented here, with emphasis on the
experiments that gave the most promising results.
Some information from these experiments has been

previously reported.*®—12
°c. Barton, Reactor Chem. Div. Ann. Progr.
Rept. Dec. 31, 1965, ORNL-39013, p. 44.
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Protactinium Recovery Experiments

We found that protactinium dissolved to the ex-
tent of 20 to 30 ppm in molten LiF-ThF , (73-27
mole %) could be readily reduced by solid thorium
or by thorium dissolved in lead. In the latter
case, only a small fraction of the reduced protac-
tinium was found in the molten metal phase. Re-
duction experiments with solid thorium in three
different container materials (nickel, copper, and
graphite) showed that more than half the reduced
protactinium remained suspended in the molten
fluoride mixture. We believe that the reduced prot-
actinium is attached to small particles of a struc-~
tural metal such as iron or nickel which are large
enough to be removed by the sintered copper filter
material through which the samples are drawn
but small enough to remain suspended for a
reasonable length of time in the high-density
molten salt.

Partial reduction of protactinium was effected by
electrolysis with various electrode arrangements,
but very little protactinium was found in the
bismuth layer that underlay the molten-salt mixture
in most of the electrolysis experiments. The aim
of these experiments, to transfer protactinium
from the fluoride mixture to bismuth or to some
other electrode material that could be readily
separated from the salt mixture, was not realized.

Efforts to collect tracer quantities of reduced
233pa on steel wool have been reported.!® A
series of three experiments of this type were re-
cently performed with ??!'Pa concentrations in
an LiF-ThF , (73-27 mole %) mixture in the range
24 to 81 ppm. The principal variable was the
ratio of milligrams of 23!'Pa to grams of steel
wool. These ratios were 1.1, 3.1, and 6.5 for the
three experiments. Detailed results are given
only for one experiment (**'Pa to Fe ratio 6.5),
but conclusions are based on findings of all
three experiments, which gave similar results.

A weighed quantity of LiF-ThF , previously
purified, was placed in a welded nickel reaction

10a, J. Barton and H. H. Stone, Removal of Protac~
tinium from Molten Fluoride Breeder Blanket Mixtures,
ORNL~TM=1543 (June 1, 1966).

11C. J. Barton, MSR Program Semiann. Progr. Rept.
Feb. 28, 1966, ORN1.-3936, pp. 148-52.

12¢, J. Barton, MSR Program Semiann. Progr, Rept.
Aug. 31, 1966, ORN1.-4037, pp. 156--58.

13‘]' H. Shaffer et al., MSR Program Semiann. Progr.
Repf. Aug. 31, 1966, ORNL~4037, pp. 148--56.



vessel, irradiated ThF4 containing a known
amount of 233Pa and 231Pa was added to the
mixture, and it was treated first with a mixture
of HF and H, and then with H, Four
grams of steel wool (grade 00, 0.068 m?/g sur-
face area) was placed in a low-carbon-steel liner

alone.

inside another nickel vessel. The contents of
the vessel were then treated with purified hy-
drogen at 800°C for several hours to remove as
much as possible of the oxide surface contami-
nation of the steel wool and The two
vessels were then connected together at room

temperature and heated to about 650°C, and the

liner.

salt was transferred to the steel-lined vessel.
After two separate exposures of the salt to a
solid thorium surface, as indicated in Table
3.1, the salt was transferred back to its original
container and allowed to cool in helium. The
steel-lined vessel was cut up, and samples were
submitted for analysis.
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The data in Table 3.1 show that 99% of the
protactinium was precipitated in a form that
would not pass through a sintered copper filter
after a fairly short exposure to solid thorium, bat
nearly 7% was in the unfiltered salt that was
transferred back to the nickel vessel after ex-
posure to thorium. About 692 g of salt was associ-
ated with the steel wool in the steel liner in the
form of a hard ball. Partial separation of the salt
from steel wool was effected by use of a magnet
after crushing the ball, and the iron-rich fraction
had the higher protactinium concentration. The
small amount of protactinium found on the vessel
wall is especially notable. The last column in
Table 3.1 shows that a reduction in the iron con-
centration occurred concurrently with the reduction
in protactinium concentration. It may be signifi-
cant that the ratio of precipitated iron to precipi-
smaller in this

tated protactinium was much

experiment than in the other two experiments,

Tahle 3.1, Precipitotion of Protactinium from Molten LiF-ThFA (73-27 Mole %) by Thorium Reduction

in the Presence of Steel Woo!

231

Pa Total Total
Sample Concentration 231 pa Iron
(mg/g) (mg) (mg)
Salt after HF-H, treatment 0.0634 20.3 <15
Salt just before transfer (0.081 26.1 116
Salt 35 min after transfer 0.079 24.9 85
Salt after SO min thorium exposure 0.0026 0.69 22
Salt after 45 min thorium exposure 0.0009 0.27 18
Nonmagnetic fraction of material 0.20 11.5 994
in steel liner
Magnetic fraction of material in 0.628 10.2 2750
steel liner
Unfiltered salt after transfer to 0.0076 1.75 <15
nickel vessel
Steel liner wall 0.0006
Stainless steel dip leg 0.53
Filings from thorium rod 0.29
All salt samples 1.35
Total protactinium recovered 25.5




where the retention of protactinium by the steel
wool was more -efficient. Coprecipitation of
metallic protactinium and iron (and possibly
nickel) would help to account for the manner in
which protactinium settled out on, and adhered to,
the steel wool surface.

On the basis of presently available information,
thorium reduction of protactinium from molten
breeder blanket mixtures in the presence of steel
wool is believed to be a promising recovery

method warranting further investigation.

GRAPHITE-MOLTEN-SALT IRRADIATION
TO HIGH FiSSION DOSE

H. C. Savage E. L. Compere
J. M. Baker M. J. Kelly
E. G. Bohlmann

Irradiation of the first molten-salt convection
loop experiment in ORR beam hole HN-1 was
terminated on August 8, 1966, after development
of 1.1 x 10'® fissions/cm?® (0.27% 23°U burnup)
in the 'LiF-BeF -ZF ~UF  (65.16-28.57-4.90~
1.36 mole %) fuel. Average fuel power densities
up to 105 w per cubic centimeter of salt were
attained in the fuel channels of the core of MSRE-
grade graphite.

Successful operation of the major heating,
cooling, temperature-control, and sampling sys-
tems was demonstrated; however, leaks developed
in two of the four cooling systems. The experi-
ment was terminated after radioactivity, resulting
from fuel leakage from a break in the sample line
near the loop, was detected in the secondary
containment.

Irradiation of a second loop, modified to elimi-
nate causes of failures encountered in the first,
will begin in January 1967. Operation at an
average core fuel power density of 200 w/cm?
for a period of the order of a year will be sought.

Objectives and Description

The loop is designed to irradiate a representa-
tive molten-salt fuel circulating at typical tem-
perature differences in contact with graphite and
Hastelloy N at desired core power densities of
200 w/cm?®, with provisions for gas removal and
salt sampling. In particular, it is desired to
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study the interaction of fission products with
graphite, metal, fuel, and gas phases and the
stability of the fuel salt at high levels of burn-
up. 14-17

The core of the first loop consisted of a 2-in.-
diam by 6-in.-long cylinder of graphite obtained
from MSRE stock. Through the core, eight vertical
l/4—ir1. holes for salt flow were bored, arranged
octagonally with centers 5/8 in. from the graphite
center line. A horizontal gas separation tank
connected the top of the core to a return line to
the core bottom, completing the loop. The tank,
lines, and the core shell were fabricated of Has-
telloy N. The heaters and the cooling tubes in the
core and return line were embedded in sgprayed-on
nickel, as was the 12-ft sample tube leading from
the loop to the sample station in the external
equipment chamber.

Operations. — The loop was operated with MSRE
solvent salt for 187 hr at V-12, and several salt
samples were taken. It was inserted in beam
hole HN-1 of the ORR on June 9, 1966, and
operated 1100 hr with solvent salt; during this
period calibration and testing of equipment and
performance were conducted. The loop was in-
serted to the position nearest the reactor lattice
on July 21, and water injection into the air
streams to the tubular core coolers and the jacket
around the gas separation tank was tested. One
of the two core coolers leaked and was plugged
off. Water injection was discontinued until after
uranium addition.

On July 27, after sampling, eutectic 7LiF»UF4
(93% enriched) fuel salt was added to develop a
uranium inventory concentration of 1.36 mole %.
At this time a capillary tube in the sample re-
moval system broke, precluding further sampling.
An associated inleakage of air impelled solvent
salt to a cold spot in the gas sample line, theteby
plugging it.

During subsequent operation fission heat was
determined. During this period water was re-
leased into the loop container from what proved

14MSR Program Semiann. Progr. Rept. Aug. 31, 1965,
ORNL~3872, pp. 106~10.

lsMSR Program Semiann. Progr. Rept. Feb. 28, 19606,
ORN L~3936, pp. 15254,

18 peactor Chem. Div. Ann. Progr. Rept. Dec. 31,
1965, ORNL-3913, pp. 34~35.
17 Reactor Chem. Div. Ann. Progr. Rept. Jan. 31,

1965, ORNI1.-3789, pp. 45--48, Fig. 2.4.



to be a leak in the cooling jacket around the gas
After a short reactor shutdown
on August 8 to permit removal of the water accu-
mulated as a result of the leak, the irradiation
That evening,
the
The loop temperature
was lowered to freeze the salt, and the loop
was retracted to 2% flux. It was removed to the
hot cells for disassembly and examination on
August 11, 1966,

Chemical Analysis of Salt. — Samples of solvent

separation tank.

was resumed. release of sub-

stantial radioactivity into loop container

indicated fuel leakage.

salt taken prior to irradiation and after 1100 hr
in pile and of irradiated fuel salt obtained after
dismantling were analyzed chemically and radio-
chemically. A sample of salt found between the
core shell and
analyzed,

metal the graphite was also
Results are given in Tahle 3.2 and
are discussed below.

Corrosion. — The level of corrosion products,
particularly chromium and nickel, the salt
increased ia the successive samples. This was
possibly due to uptake of moisture by the solvent

in

salt prior to loading, with consequent corrosion
of the Hastelloy N. This appears to have occurred
in the addition tank, since a sample taken directly
from the addition tank without entering the loop
showed similar levels of corrosion products.

Fission Products. — Fission products were
counted in a fuel sample after 110 days’ cooling;
concentrations are given below as a percentage
of the amount produced, calculated on the basis
of observed fission heat (4.8 x 10!7 fissions/g).

Cerium-144 and -141 (77, 64%) and zirconium-89
(65%) were somewhat below the calculated pro-
duction. Cesium=137 (41%) and strontium-89 (42%),
with noble-gas precursors of ~3 min half-life,
could have thereby been lost to the gas space
or graphite voids. Tellurium-127 (10%) was
largely removed from the salt. Ruthenium-103
and -106, which were expected to deposit on
Hastelloy N surfaces, were not detected (<0.03%)
in the salt.

Nuclear Heat and Meutron Flux. — Nuclear heat
was measured at various loop insertion positions
by comparing electrical heat requirements under
similar conditions with the reactor at zero and
full power. Reactor gamma heat fully inserted
was 2900 w (with unfueled salt). With fuel con-
taining 1.36 mole % uranium (93% enriched),
fission heat in the fully inserted position was

5800 w.

The corresponding overall average fis-
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sion heat density was 80 w per cubic centimeter
of salt at 650°C, and in the graphite core the
average fission heat deasity was 105 w per
cubic centimeter of fuel salt.

The overall effective thermal-neutron flux in the
salt was estimated independently from nuclear
heat, from activation of solvent salt zirconium,
from cobalt monitors in the loop exterior, and by
neutron transport calculation. The results agreed
well, ranging between 0.9 and 1.2 x 1012 neutrons

2 gec 1.

Ccin

HotCell Examination of Compenents. - After
separation from other parts of the package, the
loop proper was kept for about three months in
a fumace at 300°C to prevent fluorine evolution
by fission product radiolysis of the salt. At this
detailed examination.

it was removed for

The type 304 stainless steel tubular core cooler

time

was found to have broken entirely loose without
ductility at its outlet end as it left the core near
a tack weld to the core shell. Intergranular cracks
originated on the outer circumference of the coiled
tube.

The cooling jacket on the gas separation tank
leaked at a weld. The fuel leak resulted from
a nonductile break in the Hastelloy N sample line
tubing near the attachment to the core bottom.
The sprayed nickel was also cracked in this
region.

Fuel salt in the form of a scale a few mils
thick was found on the interior of the core shell,
between it and the closely fitting graphite core.
The analysis shown in Table 3.2 appears to be a
mixture of fuel salt and Hastelloy N (piobably
metal debris from cutup operation).

Hot-cell metallurgical examination of the in-
terior surfaces of the Hastelloy N comprising the
core bottom and core shell wall showed no evi-
dence of any interaction with salt or carbon, or
other change.

Evaluation of System Performance

Heaters. — The molten-salt loop package used
21 continuous or intermittent heaters, all 1/B-in.—
OD, Inconel-sheathed, MgO-insulated, with Ni-
chrome V elements designed for 870° continuous

operation. No failures cccurred.
Coolerz. — The heat removal rate of the loop
coolers was entirely adequate to remove the

8.8 kw of fission and gamma heat, even after



Table 3.2.

Loading and Samples from in-Pile Moiten-Salt Convection Loop

Analyses as mg/g or mole %

"L Be Zr u? F Cr Fe Ni Mo
Composition as Loaded
Solvent salt
Composition as manufactured, mole %b (64.78) {30.06) (5.16)
mg/g 114.5 68.4 118.9 698.2
Average production analysis, mg/g 108.6 72.5 119.5 699.4 ~0.020 ~0.020 ~0.100
Fuel, eutectic, mole % (72.486) {27.54)
mg/g 48,5 619.6 331.9
Fueled loop mixture (calcd), mole % (65.16) (28.57) {4,90) {1.36)
mg/g 106.5 50.2 104.5 74.8 654.0
Hastelloy N, representative analysis,® mg/g 70.400 46,000 696.200 161.000
Arnalyses of Loop Samples, mg/g
Hours Radiation Sample
Molten Hours No.
120 ¢} 1 {solvent salt) 98.0 66.5 119.8 683 0.310 0.275 0.137 No data
166 0 3 {solvent salt) 87.5 56.1 122.0 673 0.355 0.285 0.455 No data
1260 208 6 (solvent salt) 116.5 69,1 120.0 704 0.670¢ 0.092 0.540 No data
After shutdown
1578 329 9 (fueled mixture) 113.0 58.5 99.4 71.5 0.780 0.258 0.555 <0.015
Graphite-Inor annulus specimen Se1 105.0 56.1 101.5 71.7 3.250 3.800 25.300 4,740

292,969 235y,

bj. H. Shatfer, MSR Program Semiannual Progr. Rept. Feb. 28, 1965, ORNL-3812, pp. 150-52.

“Heat SP=19 for comparison.

51Cr activation gave a chromium concentration of 0.99C mg per gram of salt.
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two
cooling coils around the loop core section. The
air plus water-injection technique appears ade-
The use of water injection

the loss described earlier of one of the

quate and responsive.
was not necessarily the cause of failure of the
two cooling units, but only made the failures
evident,

Temperature Control. — The response of the
heating and cooling systems to rapid changes in
the nuclear heat could only be tested under full
fission conditions in pile. Since this was re-
garded as important, reactor setback tests were
conducted. Temperature-control system response
was adequate to maintain the salt molten during
a reactor setback with resultant loss of 8.8 kw
of nuclear heat, and to return the loop to normal
operating condition during a rapid (11-min) return
to full power.

Sampling and Addition. - Sampling and addition
systems and procedures were adequate to permit
addition and removal of molten salt while operating
the loop in pile and to transport shielded samples
under an inert-gas atmosphere to the analytical
laboratory. A broken capillary connecting tube
prevented additional sampling.

Salt Circulation. - Convective salt circulation,
at rates of 5 to 10 cm®/min, was achieved by
causing the return line to operate at temperatures
below the core temperature. Flow stoppages
These were attributed
to bubble formation resulting from different solu-

occurred from time to time.

bility of argon cover gas at the varied tempera-
tures around the loop. Salt flow was reestablished
by evacuation and readdition of cover gas. Loss
of flow had no adverse effect on loop operation.

Second In-Pile Irradiation Assembly. — A second
in-pile molten-salt convection loop, essentially
identical to the first convection loop experi-
ment,!® has been constructed, and it is antici-
pated that in-pile irradiation will begin eartly in
1967. Problems encountered in the first con-
vection Jloop experiment and subsequent post-
irradiation hot-cell examination, described above,
have led to modifications to the second loop
which are designed to eliminate these problems.

The coolant tubes, embedded in nickel spray
around the core section, are now of 1/4-ir1.~OD X
0.035-in.~wall Inconel tubing instead of the 1/4-111.-
OD x 0.035-in.-wall 304 stainless steel used on
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the first loop. The stainless steel tubing should
have been entirely adequate for the service, but
Inconel is the preferred material for exposure to
the high-temperature steam (~400°C) generated
when air-water mixtures are used as coolant.
Since the rupture of one of the core coolant
tubes occurred adjacent to a point where the
tube was tack welded to the core wall, the tack
eliminated in favor of a mechanical

weld was

strap attachment. An expansion loop to relieve
stresses has been included in each of the coolant
outlet lines. A mockup of the modified cooling
coil was operated at temperature with air-water
mixtures for more than 400 hr, including 120
thermal shock cycles (600 - 350°C), with no
sign of difficulty. Thermal cycling occurs during
a reactor setback and startup, and it is estimated
that no more than about 20 such thermal cycles
will occur during a year of operation.

The two failures which occurred in the capillary
tubing (0.100 in. OD x 0.050 in. ID) used in the
salt transfer system appear to have resulted from
excessive mechanical stress. Consequently, the
wall thickness of this line has been increased to
0.050 in., and additional mechanical support has
been added such that there is now no part of the
salt sample line which is unsupported — as was
the case in the first loop assembly.

The 1/1 g-in.-thick stainless steel cooling jacket
surrounding the reservoir tank has been replaced
by an Incoae! tube wrapped around the outside
of the tank and attached by means of sprayed-on
nickel metal, as is done on the core section and
cold leg. Also, provisions for use of an air-water
mixture as coolant have been added, since it was
found that air alone did not provide sufficient
cooling in the first experiment.

Continuous salt circulation by
vection was not maintained in the first experi-
ment. It was concluded that loss of circulation

thermal con-

was caused by gas accumulation in the top of
the core section.  Accordingly, the salt flow
channels at the top and bottom of the eight Y -in.
holes for salt flow in the graphite core were re-
designed to provide better flow conditions!” at
the inlets and exits of the vertical holes. Fur-
ther, the top and bottom of the core section,
horizontally oriented on the first loop, were in-
clined at 5° to minimize trapping of gas.



4. Direct Support for MSRE

EXTENT OF UF, REDUCTION DURING
MSRE FUEL PREPARATION

B. F. Hitch C. F. Baes, Jr.
Uranium was added to the barren fuel salt of
the MSRE as a binary mixture of 27 mole % UF,
in "LiF. This fuel concentrate had first been
purified by the usual sparging with an HF-H,
mixture to remove oxide, followed by sparging with
hydrogen alone to complete the reduction of struc-
tural metal fluorides such as NiF, and FeF,. !'?
During this final reduction step, a small portion
of the UF, should also have been reduced, the
amount depending upon the duration of the treat-
ment and the equilibrium constant for the reaction

UF (d) + BH () = UF ,(d)+ HF(g) .

The exact amount of UF ; thus introduced into the
MSRE fuel has become a matter of special interest
with continued operation of the MSRE, owing to
evidence that significant amounts of some fis-
sion products are far more oxidized (see following
section) than would seem compatible with the
presence of significant amounts of UF, in the
MSRE fuel. Consequently, the data collected by
Shaffer et al.® during the purification of the fuel
salt concentrate at the production facility recently
have been examined in detail in an attempt to de-
termine the equilibrium quotient for the above re-
action,

P X

HF UF
[ JE———T 1)
Pl/2X
}{2 UF4

IJ. H. Shaffer et al., Reactor Chem. Div. Ann. Progr.
Rept. Jan. 31, 1965, ORNL-3789, pp. 99~109.

2J. H. Shaffer, MSR Program Semiann. Progr. Rept.
July 31, 1964, ORNL-3708, pp. 288~303.

3Unpublished data, supplied by J. H. Shaffer.
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and to determine the extent of UF, reduction in
the LiF—UF4 mixture.

For small amounts of reduction, the UF,/UF,
ratio may be related to Q and the volume, V, of
H, passed per mole of UF ,(n) by*

(nUFS/nU)Z = 201’;1/22("/% RT) + (nng /np?,
2)

provided equilibrium conditions are maintained
during sparging. The last term on the right is

the initial nUFS/nU ratio. Replacing n Fa/nU
1/2
by 0P, /P
1 2 4 1
P2 ::QP‘”( RT> +(P° 2’ )
HF n, \"u HF

In accord with this egquation, plots of I/PZ{F vs
V, based on data collected at 700°C during the
purification of the various batches of fuel con-
centrate, were found to be linear. All plots could
be fitted reasonably well with lines of slopes
corresponding to Q ~ 0.9 x 10=% atm!/2. Ry
measuring V from the intercept of each plot at

4Combination of

P
dn o= LT qy
3 RT
and
n
UFa PHF
= T i3
n.. — ... P
U UF HH

3 2

to eliminate P followed by integration gives

HF’
14 -1
=——“1'/”§[1' +la-n0l+cC,
oy RT QP

where ¢ = n. . /n.,. For small values of r this sim-
UPS U

plified to Eq. (2) of this repout.



1/P2

HF
duction at the end of the hydrogen treatment was
estimated to be 0.16%.

In an attempt to confirm this estimate of Q and

= 0, the average amount of uranium re-

the amount of reduced uranium present initially
in the MSRE fuel, an 11.4-kg portion of unused
fuel concentrate was studied further in the lab-
oratory. Hydrogen sparging was initiated at 510°C.
At this relatively low temperature, no significant
reduction of U*? to U3 should occur; however,
HF evolution was detected immediately and con-
tinued at a significant level until 250 liters of H,
had been passed and 0.0019 mole of HE per mole
of uranium had been evolved. This indicated that
inadvertent exposure of the salt to oxidizing im-
purities such as water or oxygen had occurred
during prior storage, during transfer of the sam-
ple to the reaction vessel, or in later handling.
Since the HF at this temperature in the amounts
seen should have quickly oxidized the UF; pres-
ent, it was not possible to confirm the amount
of UF, initially present in the fuel concentrate.
In two subsequent H, sparging runs at 700°C,

however, data were obtained which permitted im-
2

proved estimates of Q from plots of 1/F] —vs V:
Temperatur= Hy Flow
o . -1 -1 1/2
(°C) (! min kg™ ") (atm )
Run 1 707 53 1.74%x 1078
Run 2 705 35 1.85% 1078

The resulting values of Q are about twice those
timated from the salt production data. It is
not reasonable to attribute this discrepancy en-
tirely to the differences in temperature, since,

g
es

judging from Long’s measurements of the tempera-
ture dependence of Q in LiF-Bek, melts,® more
than a 30°C difference would be required. It seems
more likely that the discrepancy is due partly to
nonequilibrium sparging conditions in the produc-
tion treatment. The present value of § =1.8 x 108
m!/? determined for the fuel concentrate is some-
what lower than the value ~4 x 107% atm!/?
which may be estimated for the MSRE fuel salt
This in-
dicates that UF_ is not as easily reduced in the
fuel concentrate as in the fuel salt.

at

at 700°C from Long’s measurements.

Even though equilibrium conditions might not
have prevailed during purification of the fuel con-

5G. Long, Reactor Chem. Div. Ann.

Jan. 31, 1965, ORNL-3789, pp. 68~72.

Progr. Rept.
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centrate, 0.16% reduction of UF, remains a valid
estimate, since, in effect, it is based upon the
integrated amount of HF evolved by reduction,
which, in turn, is related by material balance to
the amount of UF , formed.

CHEMICAL BEHAVYIOR OF FLUGRIDES
DURING MSRE OPERATION

R. E. Thoma

The
during six separate periods in 1966; virtually all

Molten-Salt Reactor Experiment operated

of the operating time accumulated after mid-May
was at the maximum possible power of about 7.5
Mw. The reactor accumulated approximately 11,200
Mwhir during the year.

During periods of reactor operation, samples of
the reactor salts were removed routinely and were
analyzed for major constituents, corrosion products,
and (less frequently) oxide contamination. Stand-
ard samples of fuel are drawn three times per
week; the LiF-Bel”, coolant salt is sampled every
two weeks.

Current chemical analyses suggest no percep-
tible composition changes for the salts since they
introduced into the reactor some 20
months ago. ¢

While analyses for 2tk , and for UF, agree quite
well with the material balance on quantities charged
"Lif and
BeF , have never done so; analyses for LiF have
shown higher and for BeF, have shown lower
values than the book value since startup. Table 4.1

were  first

to the reactor tanks, the values for

shows a comparison of current analysis with the
original inventory value.
in LiF and BeF, concentration remains a puzzle,
there is nothing in the analysis (or in the be-

havior of the reactor) to suggest that any changes

While the discrepancy

have occuired. The burnup of uraninm totaling
some 0.3 kg out of 230 kg in the systen should
be perceptible (and does not seem to be) within
the experimental scatter. A chronological sum-
mary of all MSRE fuel salt analyses is shown in
Fig. 4.1; periods of reactor operation are indicated
by the shaded areas of the figure.

in MSRE fuel is

64 ppm at present; the entire operation seems to

The chromium concentration

Sr. E. Thoma, MSR Program Semiann. Progr. Rept.
Aug. 31, 1966, ORNL-4037, pp. 134-39.



have increased the chromium concentration only
26 ppm. This increase corresponds to removal
of about 130 g of chromium from the metal of the
fuel circuit. If this were removed uniformly it
would represent removal of chromium to a depth
of about 0.1 mil. Analyses for iron and nickel
in the system are relatively high (120 and 50 ppm
tespectively) and do not seem to represent dis-
solved Fe?® and Ni?! While there is considet-

Table 4.1, Current and Original Composition

of MSRE Fuel Mixture

Original Value” Current Analysis

Constituent (mole %) (mole %)

TLiF 63.40 £ 0.49 64.88
BeF , 30.63 £0.55 29.26
ZI'F4 5.14 +0.12 5.04
UF4 0.821 T 0.008 0.82

“From amounts of materials charged to system.
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Fig. 4.1. Summary of MSRE Fuel Salt Analyses.
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able scatter in these analyses, there seems to
be no indication of corrosion of the Hastelloy N
by the salt.

The fuel mixture in the MSRE contained (see
preceding section) considerably less UF_ than
the quantity intended; 1.5% of the added uwranium
was to he as U3*. Furthermore, the fission proc-
ess should prove oxidizing to UF in the melt”?
(or to chromium in the Hastelloy N). The extent
to which the fission process should prove oxi-
dizing depends on several variables including (1)
the extent to which Kr and Xe are swept from the
reactor, (2) the redox potential of the fuel-metal
system, and (3) the extent to which evolution of
“unstable’” species (such as MoF  or RuF,) oc-
curs through nonequilibrium behavior. It
very likely, however, that fission of about 0.3 kg
of uranium (perhaps aided by a small amount of
inadvertent oxidation within the MSRE) can have
used up most of the UF, added. An attempt to
determine UF'; concentration in the MSRE after
about 11,000 Mwhr of operation (by H,-HF equi-
librium, a method similar to that employed in the
preceding section) showed less than 0.10% of the
uranium to be in the trivalent state.?

Accordingly, the lack of corrosion in the MSRE
seems to be somewhat surprising. It can be ra-
tionalized by the assumption (1) that the Hastelloy
N has been depleted in Cr (and Fe) at the surface
so that Mo and Ni only are under attack, with Cr
(and Fe) reacting only at the slow rate at which
it is furnished to the surface by diffusion, or (2)
that the noble-metal fission products (see section
on Fission Products on Metal and Graphite from
MSRE Core) are forming an adherent and protective
plate on the reactor metal.

Though neither of the analyses nor the reactor
behavior suggests appreciable corrosion, plans are
under way, and techniques are being studied, for
reducing about 1% of the MSRE UF , to UF; within
the reactor. Such a reduction (which would surely
take the MSRE fuel to near its intended UF, con-
centration) should remove all apprehension about
possible corrosion and should, we believe, allevi-
ate some of the problems of volatile fission product
fluorides (see subsequent sections).

seems

7 ~ .
W. R. Grimes, internal memorandum.

8"Hydrogen Reduction of MSRE Fuel,”” intralaboratory
correspondence from A. 8. Meyer to W. R. Grimes, Jan. 3,
1967.



Routine determinations of oxide (by study of
salt—H O-HF equilibria) continue to show low
values {about 50 ppm) for 02~. There is no reason
to believe that contamination of the fuel has been
significant in operations to the present.

MSRFE maintenance operations have necessitated
flushing the interior of the drained reactor circuit
on four occasions. The salt used for this oper-
ation consisted originally of an 7LiF-BeF2 (66.0-
34.0 mole %) mixture. Analysis of this salt before
and after each use shows that 215 ppm of uranium
is added to the flush salt in each flushing oper-
ation, corresponding to the removal of 22.7 kg of
fuel-salt residue (about 0.5% of the charge) from
the reactor circuit.

The MSRE coolant salt has circulated within
the reactor for approximately 6400 hr. Current
analysis of this salt indicates no corrosion or
leakage in the coolant salt circuit. On one oc-

frozen in the radiator. No damage was sustained
by the radiator either as the salt froze or thawed.
It is believed that the remarkably low volume
change which the coolant salt undergoes in freeze-
thaw cycles (less than 5%) is a consequence of
the large free space found in the Li BeF, crystal
structure. °

FiSSIOM PRODUCTS IN MSRE FUEL

S. S. Kirslis F. F. Blankenship

It has been possible to analyze samples of the
MSRE fuel for the 12 fission product isotopes
shown in Table 4.2 and for 23°Np and the 2.44 x
10* year 23%°Pu produced in the reactor fuel.

9J. H. Burns and E. K. Gordon, Reactor Chem. Div.

casion, coolant salt was inadvertently partially Ann. Progr. Rept. Jan. 31, 1965, ORNL-3789, p. 30.
Table 4.2. Fission Products in MSRE Fuel Samples During Full Power Operation
Sample No. ¥P5-19 rP7-7 FP7-12
Sample date 5-26 6-27 7-13
Accumulated Mwhr 2800 5100 7200
Operating time, days® 2.5 13.3 11.9

Fission Yield

Isotope Half-Life

Disintegrations per Minute per Gram”

(%)
(x 1011y (x 1011y (x 1011

Olgy 9.67 hr 5.81 1.20 1.16 1.32
928y 2.6 hr 5.3 1.19 0.97 1.49
89g, 51 days 4.79 0.223 0.296 0.396 ’
141ce 33 days 6.0 0.61 0.688
143¢e 33 hr 5.7 1.45 1.5 1.32
9o 66 hr 6.06 3.51 0.951 0.315
103y 39.7 days 3.0 0.070 0.024 0.071
105Ry 4.45 nr 0.9 0.35 0.376
132pe 77 hr 4.7 0.421 0.515 0.381
131 8.05 days 3.1 0.42 0.50 0.536
1331 20.8 hr 6.9 1.31 1.35 1.45
1351 6.7 hr 6.1 1.50 1.17 1.11
23%Np 2.33 days 5.35 10.8

“Continuous operating time since shutdown of more than 12 hr or since appreciable change in power.

bcalculated as of sampling time.



Typical results obtained for these materials are
shown in the table.

The strontium and cerium isotopes are of special
interest as fission monitors since they have con-
venient half-lives and stable, nonvolatile fluorides
which would be expected to remain almost com-
pletely in the circulating fuel. The concentration
of these monitors, however, is in only fair agree-
ment with calculations based on power level of
the reactor from heat balance; fission power based
on 'St is 75% of nominal power, while that based
on '*3Ce shows 88% of normal reactor power.

Molybdenum and ruthenium are typical of a class
of metals expected to deposit, at least in part,
as elements. These analyses of the salt show
that these materials are present in less than the
expected concentration; if calculations of total
yield are based on °'Sr, about 60% of the ’*Mo
and about 30% of the !'°%Ru are accounted for in
the salt. It is not possible to decide whether
these isotopes are present as colloidal particles
or are soluble chemical species.

Isotopes of tellurium and iodine are of interest
as xenon precursors and as elements which might
show appreciable volatility from the melt. Only
about 30% of the '3?Te appears in the salt, but
the expected quantities (90 to 100%) of the iodine
isotopes were found in the salt samples.

Analyses of the MSRE fuel samples do not,
therefore, seem surprising except for the low con-
centration of 13?Te. Ezamination of graphite and
metal samples and, especially, of specimens from
the vapor phase as described in subsequent sec-
tions do show several surprises.

FISSION PRODUCTS IN MSRE EXIT GAS

Equilibrium Pressures of Noble-Metal Fluorides
Under MSRE Conditions

C. F. Baes, Jr.

As the following sections of this document de-
scribe in brief, volatile species of Mo, Te, Ru,
and (probably) Nb have been found in the helium
cover gas of the MSRE. In addition, sizable
fractions of these elements appear (presumably
as metal) on the metallic surfaces of the reactor.
Their unexpected behavior prompted a review of
the thermodynamic data on the volatile fluorides
of these elements and an assessment of their

equilibrium pressures under
MSRE conditions.

The formation free energies for NbF MoF ,
and UF, may be calculated with relatively good
accuracy because of recent measurements at Ar-
gonne of the heats of formation of these com-
pounds by fluotine bomb calorimetry. %1% The
entropies and heat capacity data also are avail-
able.'? While the people at Argonne have meas-
ured RuF_,'* no entropy or heat capacity data
seem to be available:

some hypothetical

AH!Z‘)B Asggg Reference
MoFé(g) ~372.35 10.22 -~72.13 11
UF (& —510.77 1 0.45 ~67.01 12
NbFs(s) —4332.5 10.15 —~01.56 10
RuF ((s) ~213.41 £0.35 14

and the available heat ca-
pacity data the following expressions for AGE wete
derived. in the case of RuF Glassner’s '3 ear-
lier estimate was corrected to be consistent with
the above AH! measurement:

From these values

AGE (NBF , ) = —416.70 + 54.40(T/1000) ,
AGE (RuF , ¢) = —200 + 25 (7/1000) ,

AG! (MoF , ¢) = —370.99 + 69.7(7/1000) ,

AGHUF,, @) = ~509.94 + 65.15(7/1000) .

The following values of AGf have been reported
previously for UF, and UF, in 2LiF—BeF2:16

AGH(UF ,, d) = —336.73 + 40.54(7/1000) ,
AGI(UF ,, &) = ~444.61 .+ 58.13(T/1000) .

From these free-energy values the following equi-
librium constants have been calculated for the

10g, Greenberg, C. A. Natke, and W. N. Hubbard,
J. Phys. Chem. 69, 2089 (1965),

Ly 1. settle, H. M. Feder, and W. N. Hubbard, J.
Phys. Chem. 65, 1337 (1961).

12y, L. Settle, H. M. Feder, and W. N. Hubbard, J.
Phys. Chem. 67, 1892 (1963).

13%. K. Kelly, U.S. Bur. Mines Bull. 584, 1960.

141{. A. Porte, E. Greenberg, and W. N. Hubbard, J.
Phys. Chem. 69, 2308 (1965).

15A. Glassner, The Thermochemical pProperties of
Oxides, Fluorides, and Chlorides to 2500° K, ANL.-5750
(1958).
15('.?. . Baes, Jr., Reactor Chem. Div. Ann. Progr.
Rept. Dec. 31, 1965, ORNIL.-3913, p. 22.



formation of the volatile fluorides by reaction with
UF ,(d) in the MSRE from the equation

50

Tellurium hexafluoride has not been included
in this listing, but this compound seems certain

3 to be less stable than any shown here. No data
log K = a+ b(10°/T) :
Reaction K a b
; - gt . 5 5
Nb(s) + SUT4(d) — NbF  (g) + SUra(d) PNbFs XUFS/XUF4 7.33 —26.82
Ru(s) + SUF4(d) = Rqu(g) + 5UF3(d) PRuFS X(SJF:’/X‘SJF4 13.76 —74.17
s - 6 6
Mo(s) + 6UF4(d) = Mofﬁ(g) + 6UF3(d) PMoFG XUF3’/XUF4 7.83 —-60.38
S, 2
3UF ,(d) & UF () + 2UF ,(d) Pyp, Xms/xf,F4 6.15 —32.88

In Fig. 4.2, calculated equilibrium partial pres-
sures of the gases are plotted vs the UF,/UF,
ratio in the melt. As the oxidizing power of the
melt is increased, NbF_ is expected to appear
first, followed by MoF ., and then RuF . Uranium
hexafluoride has a lower dependence on oxidizing
power because its reduction product is UF, rather
than the metal.
NbFs, MoF , and Ruk that the reduction product
was the metal. The UF_ should not be formed
in significant amounts until the melt is oxidizing
enough to produce RuF .. If any stable inter-
mediate fluorides of Nb, Mo, and Ru are formed
in the melt, the result would be correspondingly

It was assumed in the case of

lowered equilibrium gas pressures and lowered
power dependences on the UF ,/UF ; ratio.

ORNL-DWG 67-773
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Fig. 4.2. Equilibrium Pressures of Volatile Fluorides
as Function of UF 4/UF4 Ratio in MSRE Fuel.

which would permit inclusion of the fluorides of

technetium seem to be available.

Anslysis for Fission Products in MSRE Exit Gas

S. S. Kirslis F. F. Blankenship

The only gas-liquid interface in the MSRE (ex-
cept for the contact between liquid and the gas-
filled pores of the moderator graphite) exists in
the pump bowl. Theie a salt flow of about 60 gpm
(5% of the total system flow) contacts a helium
cover gas which flows through the bowl at 4
liters/min. Provisions for direct sampling of this
exit gas are planned but have not yet been in-
stalled in the MSRE.

Samples of the liquid fuel are obtained by low-
ering a sampler, on a stainless steel cable, through
this cover gas and into the liquid. It has been
possible, accordingly, to detect chemically active
fission product species in this cover gas by ra-
diochemical analysis of the stainless steel cable
and its accessories which contact only the gas
phase and by analysis of special getter materjals
which are attached to the cable. Coils of silver
wire and specimens of Hastelloy N have generally
been used as getters for this puipose.

No quantitative measure of the isotopes present
in the gas phase is possible, since no good es-
timate can be made of the gas volume sampled.
The quantity of material deposited on the wire
specimen does not correlate” well with contact
time (in the range 1 to 10 min) or with the getter
materials studied.

The quantity of material deposited, however,
is relatively large. Table 4.3 indicates relative



Table 4.3. Qualitative Indication of Fission Product
in MSRE Exit Gos

Amount?
Isotope On Ni On Ag On Hastelloy From
Liquid®

99%10 8 2 1 4
1324, 14 6 7 9
1055 10 3 3 5
106, 6 2 1 1
135; 0 0 0 0
133 9 1 2 2
131, 1.5 0.9 0.5 0.8

“The unit of quantity is that amount of the isotope
in 1 g of salt.

b0n stainless steel cable.

amounts found in typical tests. Volatile species
of Mo, Te, and Ru must certainly be presumed
to exist in the gas phase. The iodine isotopes
show perceptibly different behavior. Iodine-135,
whose tellurium precursor has a short half-life,
does not appear, while '3 and 133, both of
which have tellurium precursors of appreciable
half-life, are found. These findings — along with
the fact that these iodine isotopes are present
in the salt at near their expected concentration —
suggest that any iodine in the vapor phase comes
as a result of volatilization of the tellurium pre-
Cursors.

Attempts to detect deposition of uranium (from
evolution of UFG) on the wites have so far been
unsuccessful. This fact -~ along with the failure
to find many of the fission products which have
no volatile compounds — rules out the possibility
that salt spray is responsible for these obser-
vations.

It seems most unlikely that these data can be
reconciled as equilibrium behavior of the volatile
fluorides. Tt is possible that the MSRE metal is
plated with a noble-metal alloy whose thickness
is several hundred angstroms, and it is conceiv-
able that the UF,/UF, ratio is near 10*. The
compound NbF . (not tested for in the gas phase)
could show an appreciable pressure under these
circumstances. The other possibilities such as

MoF ., TeF,, and RuF would require much higher

UF,/UF, ratios, and it seems most unlikely that
any single redox potential can yield the relative
abundance observed for these isotopes.

The following speculation may be relevant: As
the fission products, which originate in highly
electron-deficient states, thermalize and acquire
electrons in the melt, they pass through these
“unstable” but volatile valence conditions. If
the plated reactor metal is sufficiently unreactive
and if (as it seems to be at present) the MSRE
fuel is quite deficient in UF ,, it is conceivable
that some fraction of these materials might ap-
pear in the gas phase and enter the MSRE graphite
or leave the system in the exit gas. If this is
true, then a considerable increase in UF, con-
centration in MSRE fuel might well markedly de-
crease the fraction in the vapor phase. It is
clear that additional study will be required before
the situation becomes clear.

FISSION PRODUCTS ON METAL
AND GRAPHITE FROM MSRE CORE

S. S. Kirslis F. F. Blankenship

An assembly of MSRE graphite and Hastelloy N
specimens was exposed on the central stringer
within the MSRE core during its initial operation.
This assembly was removed during the July 17
shutdown after 7800 Mwhr of reactor operation,
and many specimens have been carefully examined.

No evidence of alteration of the graphite was
found under examination by visual, x-radiographic,
and metallographic examination. Autoradiographs
showed that penetration of radicactive materials
into the graphite was not uniform and disclosed
a thin (perhaps 1- to 2-mil) layer of highly radio-
active materials on or near the exposed graphite
surfaces. Examination of the metal specimen
showed no evidence of corrosion or other danger.

Rectangular bars of graphite from the top (out-
let), middle, and bottom (inlet) region of this
central stringer were milled in the hot cell to
remove six successive layers from each surface.
The removed layers were then analyzed for sev-
eral fission product isotopes. 17

The results of analysis of the outer layer from
the graphite specimen are shown in Table 4.4.

Yphe initial sampling was carried out by J. G. Morgan,
M. F. Osbome, and H. E. Robertson. Their help and
that of the Hot-Cell Operation Group is gratefully ac-
knowledged.
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Tabie 4.4. Fission Product Deposition on Surfoce® of MSRE Graphite

Graphite L.ocation

Top Middle Bottom
Isotope
Percent Percent Percent

dpm /cm? of Total®? dpm /cm? of Total®? dpm /cm? of Total?

(x 10%) (x 10%) (x 10%)
*Mo 39.7 13.4 51.4 17.2 34.2 11.5
1327, 32.2 13.8 32.6 13.6 27.8 12.0
1030y 8.3 11.4 7.5 10.3 4.8 6.3
®SNb 4.6 12 22.8 59.2 24.0 62.4
131 0.21 0.16 0.42 0.33 0.33 0.25
957, 0.38 0.33 0.31 0.27 0.17 0.15
144ce 0.016 0.052 0.083 0.27 0.044 0.14
89 3.52 3.24 3.58 3.30 2.99 2.74
140, 3.56 1.38 4.76 1.85 2.93 1.14
141 0.32 0.19 1.03 0.63 0.58 0.36
137¢q 6.6x 1074 0.07 2.3%x 1073 0.25 2.0%x 1073 0.212

#Average of values in 7- to 10-mil cuts from each of threc exposed graphite faces.

Bpercent of total in reactor deposited on graphite if each cem? of the 2 X 10% cm? of moderator had the same con-
centration as the specimen.

It is clear that, with the assumption of uniform
deposition on or in all the moderator graphite,
appreciable fractions of Mo, Te, and Ru and a
large fraction of the Nb are associated with the
graphite. No analyses for Tc have been cbtained.
The concentrations of these noble metals would
be sufficient to exert significant poisoning in a
breeder reactor.

The behavior of '*%Ba, 89Sr, 141Ce, '#*Ce, and
137Cs, all of which have xenon or krypton precur-
sors, can be accounted for in terms of laws of dif-
fusion and half-lives of the precursors. Figure 4.3
shows the change in concentration of the fission
Those
isotopes (such as '%°Ba) which penetrated the

product isotope with depth in the graphite.

graphite as noble gases show straight lines on the
logarithmic plot; they seem to have remained at
the point where the noble gas decayed. As ex-
pected, the gradient for '#%Ba with a 16-sec !*%Xe
precursor is much steeper than that for #°Sr, which
has a 3.2-min 8%Kr precursor. All the others shown

show a much steeper concentration dependence.
Generally the concentration drops a factor of 100
from the top 6 to 10 mils to the second layer.

It is possible that carbide formation is respon-
sible for the deposition of Nb and possibly for
that of Mo, but it seems quite ualikely for Ru and
Te; the iodine probably got in as its tellurium pre-
Since these materials have been shown
to appear in the exit gas as volatile species, it
seems likely that they entered the graphite by
the same mechanism. The possibility that the
strongly oxidizing fluorides such as MoF, were
present raised the question as to whether UK
was accumulating in the graphite. An average
of 0.23 pg/cm? was found in the surface of the

Cursor.

graphite; much less was present in interior sam-
ples.
than 1 g in the core, was considered to be neg-
ligible.

Table 4.5 shows the extent to which various
fission product deposited on the

This amount of uranium, equivalent to less

isotopes are
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Hastelloy N specimens in the core. A large frac-

tion of the molybdenum and tellurium and a sub-

stantial fraction of the ruthenium seem to be so

deposited. It seems possible that the '*'I was

carried into the specimen as its tellurium pre-
cursor. The values for ?57Zr seem surprisingly

high, since those for the '*!Ce and !**Ce with

noble-gas precursors probably reflect the amount

expected by direct recoil at the moment of fission.

If the Nb and Tc are assumed to behave like
the Mo, Te, and Ru, it may be noted that the MSRE

could have been uniformly plated during its oper-

ation with several hundred angstroms of relatively

noble metals.

XENON DIFFUSION AND FORMATION
OF CESIUM CARBIDE IN AN MSBR

C. F. Baes, Jr. R. B. Evans 111

Compared to the MSRE, a full-scale molten-salt

breeder reactor is expected to have approximately

50-fold greater neutron flux and 25-fold greater

flow velocity through the core. Calculations have
been made!® in order to consider the extent of

18 F. Baes, Jr., and R. B. Evans III, MSR Program
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Table 4.5. Deposition of Fission Products on Hastelloy N in M5RE Core

Hastelloy Location

Top Middle Bottom
Isotope
2 Percent 2 Percent 2 Percent

dpm/em of Total® dpm/cm of Total® dpm/cm of Total®

(x 10%) (x 10%) (x 109
Mo 212 42.8 276 55.6 204 41.2
132 508 131 341 88 427 110
103pu 35.5 29.3 25.5 21 23.2 19.1
131y 8.2 3.8 4.0 1.8 5.2 2.4
957; 1.8 1.0 1.8 1.0 2.6 1.3
1410, 0.05 0.02 0.22 0.07 0.15 0.06
14404 0.01 0.02 0.09 0.18 0.35 0.07

@Percent of total present in reactor which would deposit on the 1.2 X 10% cm

surfaces was the same as on the specimen.

2 of Hastelloy N if deposition on all
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xenon diffusion and the behavior of daughter ce-
sium born in the moderator graphite of an MSBR
operating under such conditions. A one-dimen-
sional steady-state diffusion model was assumed
in which the moderator was represented as a slab
of graphite infinite in two dimensions, with a
thickness of 1 cm, immersed ian the fuel salt.
It was further assumed that all cesium born in
the graphite was in the elemental (gaseous) form.
The parameters varied were: (1) the diffusion
coefficients D of xenon and cesium in the graphite
(assumed to be =qual), (2) the film coefficient H
associated with the salt-graphite interface, and
(3) the rate at which gas is stripped from the
fuel, )\ST,

Over the range chosen for these parameters,
the rate step in the diffusion of xenon into the
graphite was found to be at the salt-graphite in-
terface and was dependent on the value of H
(Fig. 4.4). As a consequence, a decrease in D
did not materially decrease the inward diffusion
of xenon;, however, it did decrease the rate at
esium diffused to the graphite
it was assumed to react instan-

which gaseous
surface, where

taneously with the fue!l salt:
Cs® Ut =2 U3t L Cet.

Thus, somewhat paradoxically, the maximum par-
tial pressure of Cs? (at the center of the slab)
was found to increase as D was decreased.

Under all combinations of H, D, and /\ST values
chosen, the calculated cesium partial pressure
at steady state was high enough to cause the
formation of lamellar cesium carbides (Fig. 4.4}

Cs%g) + nC(s) = CsC (s) .

However, the calculated accumulation rate of Cs
was so low that the amounts of CsC_ which could
be formed did not appear to be significant.

Finally, these calculations indicate that in the
absence of iodine removal (i.e., 6.7-hr 135D), Xe
poisoning in a full-scale MSBR will be controlled
primarily by the film coefficient H (Fig. 4.4) and
will be difficult to reduce to an acceptable value
by gas stripping alone. It could be reduced more
effectively either by iodine removal or by some
means which effectively reduces the film coef-
ficient.

ORNL — DWG 66-11469
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The 135Xe poisoning is represented as

The flux is 7 x 10'* neutrons em™
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5. Corrosion and Chemical Behavior in
Reactor Environments

MNASA TUNGSTEN REACTOR RADIATION
CHEMISTRY STUDIES

G. H. Jenks H. C, Savage
E. G. Bohlmann

" Poison contrcl solations of CdSO, are being
considered by NASA Lewis Research Center for
possible use in the NASA Tungsten Water-Moderated
Reactor (TWMR). Information regarding the effects
of irradiation on the stability of these solutions
toward loss of Cd was needed in evaluations of
this poison control system. '+?

We have conducted experimental investigations?
of the stability of CdSO, solution under electron
irradiation using the following experimental con-
ditions:

Solution composition, 0.02 and 0.067 M CdSO4 in water

Temperature, 60 to 120°C
RRadiation intensity, 73 and 145 w per cm3 of solution
Container, Zircaloy-2 with titanium filter
Agitation, static solution

. . 2 3
Surface-area~to-volume ratio, 61 cm™/cm

The container was in the form of a loop of 26-
mil-ID tubing with the titanium filter (3 1) at one
end. The solution was exposed within the tubing
for a period of time and then expelled through the
filter; the expelled solution was analyzed for Cd.

la. 1 Jenks, H. C. Savage, and E. . Bohlmann,
Reactor Chen. Div. Aann. Progr. Rept. Dec, 31, 1965,
ORNL-3913, p. 58.

%G. H. Jenks, E. G. Bohlmann, and J. C. Griess,
An Evaluation of the Chemical Problems Associated
with the Aqueous Systems in the Tungsten Water
Moderated Reactor, Addenda, 1 and 2, ORNL-TM-978,

NASA-CR-54214 (March 1965).

3. . Jenks, H. C. Savage, and E. G. Bohlmann,
NASA Tungsten Reactor Radiation Chemistry Studies,
Final Report, ORNL-TM-1630, NASA-CR-72070 (October

1966).
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Small amounts of Cd were lost from the solution
during 30-min irradiations at each tested combina-
tion of the above set of conditions. With 0.02 ¥
CdSO, solutions, the loss at 120°C and 145 w/cm®
was 5.0 + 3.4% error at 80% confidence, The loss
at 77°C was 3.3 + 2.8% and that at 77°C and 73
w/cm?® was 2.0 * 2.7%. One experiment with 0.02
M CdSO, and H,50,, pH Z, indicated negligible
loss,

With 0.06 M CdSO,, the loss at 60°C and 145
w/em® was 1.5 + 1.0%. At 120°C, the best indica-
tion was about 4% loss. The results of experi-
ments with 5- and 50-min irradiations of 0.067 M
CdSO4 at 60°C and 145 w/em? indicated that the
amount of Cd lost was greatest at the longer time.

Experimental information on recovery of the
separated Cd after irradiation indicated that the
rates of redissolution are slow.

4’

Considerations of these results and of theory
suggest that Cd metal is formed uvader irradiation
and that this separates as relatively insoluble
material by agglomeration or by plating on solid
surfaces.  Additional experimental investigation
of effects of agitation and of surface-area~to-
volume ratios would be required to predict the ef-
fects of radiation on stability in a reactor in
which these parameters differ from those in our
experiments.

Design and development work was done on a
system which could be used to study effects of
electron irradiation on stability in a dynamic
system.*  The planned dynamic experiment was
to be conducted with a small, high-speed (35,000
pm) centrifugal pump with which solution was to
be circulated through a 26-mil-ID tube forming

*G. H. Jenks, H. C. Savage, and ¥ G. Bohlmann,
NASA Tungsten Reactor Radiation Chemistry Stadies,
Phase I, Experiment Design, ORNL-TM-1403, NASA-
CR-54887 (March 1966).



a loop in fiont of the cover plate of the pump.
The entire solution inventory was to be irradiated
continuously. The puipose of the tube was to
provide a channel in which film conditions could
be made comparable to those in the TWMR. The
results of component tests showed that the pro-
posed design was feasible. Detailed design
drawings of the equipment were reported.®

Work on this program was discontinued prior to
construction of the dynamic system because of
a lack of funds.

CORROSION OF ZIRCALOY-2 BY DILUTE
HYDROGEN PEROXIDE AT 280°C

R. J. Davis T. H. Mauney

R. J. Hart

the
corrosion of Zircaloy-2 in oxygenated aqueous
media® 8 but probably does not accelerate cor-
lonizing

Heavy-particle bombardment accelerates

rosion in hydrogenated agueous media.®
radiations (beta or gamma) do not accelerate
Zircaloy-2 corrosion in aqueous media,? 10

The above observations, along with interpreta-
tion'! of recent corrosion data'? and recent cal-
culations of the concentration of radiolytically
formed species in aqueous solutions,'® led to the
following hypothesis. Hydrogen peroxide is re-
sponsible for the acceleration of corrosion by
heavy-particle irradiation. Beta~gamma irradiation
produces peroxide concentrations too low for
notable corrosion acceleration.  Heavy-particle
bombardment also results in low peroxide concen-

5Gr. H. Jenks, . C. Savage, and E. G. Bohlmann,
internal memorandum, 1966.

5G. H. Jenks, pp. 232—45 in Fluid Fuel Reactors,
ed. by J. A. Lane, H. G. MacPherson, and Frank
Maslan, Addison-Wesley, Reading, Mass., 1958.

’G. H. Jenks, pp. 41—57 in ASTM Spec. Tech. Pub.
No. 368, ASTM, Philadelphia, 1963.

8G. H. Jenks, R. J. Davis et al., HRP Quart. Progr.
Rept. July 31, 1958, ORNL-2561, pp. 234..36; July 31,
1957, ORNL-2379, pp. 115-21.

9B. O. Heston and M, D. Silverman, ORNL-CF-56-2-2
(February 1956).

10h . Harrop, N. J. M. Wilkins, and J. N. Wanklyn,
AERE-R-4779 (1964).

11B. Cox, private communication.
!2y. A Bums, BNWL-88, p. 23 (August 1965).

136, H. Jenks, Effects of Reactor Operation on HFIR

Coolant, ORNL-3848 (October 1965).
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trations in aquecus solutions with excess hydro-
gen, but relatively high concentrations are formed
with excess oxygern.
of 1075
(energy above 1 Mev) flux of 103 neuntrons cm™
sec™ L.

An experiment'*® was run in which Zircaloy-2
specimens were cxposed to 1075 M H, O, at 280°C
for 297 hr.
tained by a continuous feed of 1072 M peroxide.
Control specimens were exposed to oxygenated

A peroxide concentration

M was estimated!? for a fast-neutron

2

The peroxide concentration was main-~

water in the same experimental setup.

The specimens and controls all gained weight
at average rates of 7 to 8 pg cm”? day~!. There
was no significant effect due to peroxide. This
rate of increase in weight is about a factor of 10
less than that known to occur as a result of a

flux of 10'® neutrons cmn~? sec™!
on a system of Zircaloy-2 in oxygenated water
at 280°C.

It follows that the acceleration of corrosion of
Zircaloy-2 in oxygenated aqueous media by heavy-
particle bombardment is not due, solely at least,

fast-neutron

to the hydrogen peroxide generated in the aqueous
environment.

ANODIC FiLM GROWTH OM ZIRCONIUM AT
ELEVATED TEMPERATURES

A. L. Bacarella H. S. Gadiyar!?®
A, L. Sutton

In our previous report'® we postulated that the
current () for anodic film growth on zirconium in
oxygenated, dilute HZSO4 at temperatures from
174 to 284°C is an exponential function of the
field strength, V2/X, across the oxide film. This
relation is given by
(ga)*V,

exp — __* |
P =X

1=1,

(1
where 1 is the anodic current (amp), 1, is the cur-
rent at zero field strength (amp), (ga)* is the prod-
uct of the charge of the mobile ion (e) and the

4 J. Davis, T. H. Mauney, and J. R. Hart, J.
Electrochem. Soc. 113, 1222 (1966).

15 Alien Guest from the Indian Atomic Energy Estab-
lishment, Bombay, India.
16A. L. Bacarella and A. L. Sutton, Reactor Chem.

Div. Ann. Progr. Rept. Jan. 31, 1965, ORNL-3789,
pp. 135-38.



activation distance (cm), V2 is the potential dif-
ference across the oxide layer (v), X is the film
thickness (cm), and k7 is the thermal energy
equivalent (ev), Calculation of the magnitude of
the ‘‘activation dipole,”” (ga)*, showed that the
activation distance (a) increased from 13.5 A at
25°C to 37 A at 284°C. These large values were
explained’®~ 1% according to a model which con-
siders dielectric polarization of the oxide and
predicts that the effective field causing ion migra-
tion is greater than the average applied field.

Using the Mossotti-Lorentz field, the apparent
activation dipole is
L e+ 2)
(ga)* = 3 (g

where ¢ is the dielectric constant of the oxide
(dimensionless) and (ga) is the ““true’’ activation
dipole.

We showed further that at large film thickness
(small field strength), current flow of mobile charge
against the field becomes significant
and that the net {ilm growth current may be ex-
pressed by a hyperbolic sine fuaction of the field
strength:

carriers

) . (gqa)*v, ox (g2,
1 =1 X ol
o | TITY P
(ga)¥v
= 2f sigh el Z
0 kTX @

More recent measurements in dilute K, 50, solu-
tion, particularly measurements of the Tafel slope
at constant film thickness, (9 log i/0V,) ., showed
the need for two additional modifications to the
model, In K,50, solution, it was found that the
deviations from expected behavior at large film
thickness were greater than could be accounted
for by the current flow of mobile charge carriers
against the field. Also, measurements of polariza-
tion curves and Tafel slopes at constant film
thickness were satisfactory agreement
with Eq. (2). Differentiation of Egq. (2) shows

not  in

17A. L. Racarella and A. L.. Sutton, J. Electrochem.
Tecanol. 4, 117 (1966).

Lang, J. Dignam, J. Electrochem. Soc. 112, 722-29
(1965).

3 J. Maurer, J. Chem. Phys. 9, 579 (1941).
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that the Tafel slope is given by Eg. (3), where
B = (qa)*/kT:

dlog i ) B . 28(i, /1) oo [ BY, -
aw, ). 23X 2.3X x )

The experimental results from Egs. (2) and (3)
were found to be greatly improved if a constani
150 A were added to all film thicknesses (X).
Furthermore, with the use of this correction, de-
viations observed at very small film thicknes-
sest® 17 were also accounted for.

Use of an additional constant in Eqs. (2) and

(3} can be justified by a more general derivation

of the relation for anodic film growth, Equation
(2) was derived on the assumption that the fraction
of the total potentisl difference, from metal to
solution, which affects ion transport is that por~
tion which exists across the oxide film. The
potential differences at the metal-oxzide and oxide-
solution interfaces were considered to be con-
stant and independent of i.
treatment,

In a more general
we take into account the possibility
that charge transport across each interface may
also affect the potential distribution. We have
therefore extended the formalism of the so-called
dual-barrier model?® 722 to a triple-barrier problem

and derived the rate expression of Eq. (4):

i = kfa/(){+éa)k2k;6&/(X+6a)k§a/(x+6a)

2a 4 @
*OPINXT6a) KT

In Eq. (4), V=V, +V, +V, is the total potential
difference bhetween metal and solution phases; it
equals the sum of V (potential difference between
metal and oxide phases), V2 (potential difference
across oxide layer), and ¥V, (potential difference
between oxide and solution phases). The param-

eters k,, k,, and k, are the corresponding rate

2’
constants of the charge transfer processes at
each barrier. The fractional exponents are ob-
tained from the assumptions that the electrochemi-

cal transfer coefficient at the wmetal-oxide barrier

20A. L.. Bacarella and A. L. Sutton, J. Electrochem.
Soc. 112, 546 (1965).

2z E Meyer, J. Electrochem. Sec, 110, 167 (1963).

22F, A. Posey, G. IL Cartiedge, snd R. P. Jaffee,
J. Electrochem Soc, 106, 582 (1959).

235, J. MacDonald and B. E. Conway,

| Proc. Roy.
Soc. A269, 419 (1962).
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is given by gz, = (2) (0.5) = 1, while that for the
oxide barrier is qa, = 2a/X and that for the oxide-
solution barrier is ga, = 0.5. Differentiation of
Eq. (4) shows that the Tafel slope is given by

Eq. (5):
Jd log 1 B
v ), 23(X+6a’

where B = 2a/kT. Equations (4) and (5) were
found to be very satisfactory in accounting for the
data in both H,50, and K,S0O, media, where to a
first approximation the activation distance a =
e+ 2)/3.

In a great majority of the experiments performed,

()

the potential of the zirconium electrode was main-
tained constant at +0.0 v vs a Pt reference elec-
trode. This potential is about +1.0 v more noble
than the open-circuit corrosion potential, E0 (cf.
Fig. 5.1). The Tafel slopes were determined

over a range of about 0.3 to 0.4 v from this poten-

(9 log i/9V),, were apparently linear, and Egs.
(4) and (5) described the data satisfactorily. Re-
sults of a much more extensive anodic polariza-
tion measurement (covering a 9-v range) are pre-
sented in Fig. 5.1. We find that the Tafel slope
is not constant but decreases somewhat with
increasing V.

The foregoing observation may be rationalized
on the basis of Dignam’s'®~2* theory, which
postulates a field-dependent transfer coefficient
in the oxide phase. Incorporation of this theory
in our triple-barrier model leads to Eq. (6), ex-

pressed in logarithmic form:
k2 14
ln<<1‘(33> + e
2

+lak,. (6

241 - (2aV2/c¢X)]
X+ 641 - (2aV,/chX)]

ni1

tial. Over this potential range the Tafel slopes, 24M. 7. Dignam, Can. J. Chem. 42, 1155 (1964).
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In Eq. (6) the potential V, (the potential difference
across the oxide layer) appears implicitly in the
rate expression, and ¢ is the activation energy of
the anodic reaction. The parameter ¢ is not an
independent constant in Dignam’s theory; ?* it is
a function of the quantity 2aV2/(;3X. Values of ¢
may be computed on the assumption that the inter-
action potential between the mobile ion and its
immediate surroundings can be represented by a
Morse function for small displacements. The
validity of Eq. (6), which was applied to data
shown in Fig. 5.1, is indicated by the results
shown in Fig. 5.2. Here the activation energy
¢ = 1.35 ev was determined by us in previous ex-
periments, and V, = 2.3 v was assumed to be a
good first approximation.2 We find that a value of
a= 26.5 A may be estimated from plots of log 1 vs
1/(X + 6a) for large X. This value of the activa-
tion distance seems to be quite reasonable. We
conclude that this model is capable of describing
the anodic film growth process in zirconium over
a wide range of electrode potentials and film thick~
nesses with satisfactory accuracy by use of reason~
able values of physical parameters,
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AC IMPEDANCE OF OXIDE FILMS IN AQUEOUS
SOLUTIONS AT ELEVATED TEMPERATURES

G. H. Jenks R. J. Davis
A. L. Bacarella H. S. Gadiyar'®

We are in the process of developing equipment,
methods, and techniques which will permit us to
measure the ac impedance of corrosion films on
zirconium and its alloys in aqueous solutions
at elevated temperatures., The immediate objec-
tive of these measurements is to determine whether
pores or fissures which admit aqueous solutions
occur in these films during corrosion at tempera-
tures up to about 300°C. If these determinations
can be made satisfactorily, we will then attempt
to conduct similar experiments in-pile. It is ex-
pected that valuable information on the electrical
properties of the high-temperature corrosion films
will be obtained also during the courge of the
me asurem ents.

In the method employed, the specimen is im-
mersed in an electrolyte which, together with the
metal container, comprises one electrode for im~
pedance measurements of the oxide film on the
specimen. The metal of the specimen is the second
electrode. Measurements are made of the capaci-
tance and resistance of the oxide over a range of
frequencies and at two or more electrolyte concen-
trations., The results are examined for behavior
expected to result from penetration of the electro-
lyte into fissures within the oxide.

The principles upon which this method of pore
detection is based were discussed by Young.?®
Wanklyn and co-workers?®?7 have used ac im-
pedance measurements at room temperature in
studies of the protective and electrical properties
of oxide films formed on zirconium alloys during
high-temperature corrosion.

Our measurements to date have covered a tem-
perature range of 25 to 200°C and have been made
on a single zirconium specimen bearing a 1500-A
film formed anodically (0.0 v vs Pt at 55°C) in
oxygenated 0.05 m H, SO, at 220 to 230°C in the
Ti electrochemical cell.*®  The electrolyte for

25y.. Young, Anodic Oxide Films, pp. 150-70, Aca-
demic, New York, 1961,

26)’, N. Wanklyn, Electrochem. Technol. 4(3-4), 81
(1966).

27]. N. Wanklyn and D. E. Silvester, J. Elecfrochem.
Soc. 105, 647 (1958).

Ba 1.
(1961).

Bacarella, J. Electrochem. Soc. 108, 331



one series (25, 50, 100, and 198°C) of impedance
measurements was oxygenated 0.05 m H,SO,.
For a subsequent series {25, 50, 100, and 150°C),
the electrolyte was oxygenated 0.05 m X,SO,.

The impedance cell was made up of a small
Zircaloy-2 autoclave containing an insulated gold
cup 1/4 in. in inside diameter x l/2 in. long, which
held the electrolyte. The 0.2-cm rod-shaped speci-
men was positioned slong the axis of the cup and
protruded into the gas-steam phase. The bottom
end of the specimen was covered and sealed with
Teflon, so that only the axial surfaces were in
with the electrolyte. Electrical leads
from the specimen, gold cup, and from a small
platinum reference electrode which dipped into the
electrolyte were passed through the gas-steam
phase and out of the autoclave through a Teflon
seal. In operation, gas (OZ-HE) pressurization
was used to prevent gas-bubble formation within
the electrolyte of the gold cup. This was ac-
complished by adjusting the pressure upward as
the temperature was raised, so that the pressure
of dissolved gas never exceeded the overpressure.
A General Radio 1615-A bridge with three terminal
connections was employed in impedance measure-

contact

ments.

The results of series capacitance measurements
on the single specimen over a range of tempera-
tures and frequencies are illustrated in Fig. 5.3.
The slopes of these straight lines are listed in
Table 5.1. The results of the corresponding
series resistance measurements for the film fell
near straight lines in plots of R_ vs 1/f. These
lines passed through the origin after correction
for the electrolyte The slopes of
the lines in these data plots are also listed in
Table 5.1.

Tentative evaluations of these data with regard

resistance.

to overall consistency and with regard to evidence
of penetration of electrolyte were based on the
theoretical expressions for R_ and C_ discussed
by Young,?®

4779 % 101 1d

1/C_ =
€A log, , [p(d)/p(O)]

S

. € p(d)
X \joglo f+log,, WJ . (D

79 x 101 1d
€A log, [p(d)/p(0)]

s =

! 8
T (®
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Young derived these equations by employing a
mode! in which the resistivity, p, varies exponen-
tially with distance through the oxide. The re-
sistivities at the opposite surfaces of the oxide
of thickness d are p(0) and p(d) respectively; € is
the dielectric constant and A is the area. These
equations reproduced Young’s experimental re-
sults for anodic films on Nb with respect to straight-
line formation in plots of 1/C_ vs log f and of R
vs 1/f and with respect to the relationship between
the slopes of the 1/C_ and R plots.?® The fre-
quency dependencies of C_ and R_ observed by
others for anodic and corrosion films on Zr have
been ascribed to conductivity gradients through
the oxide.?”

Values of p(d) and p(0) determined from our
capacitance data employing Eq. (7) are listed in
Table 5.1. Plots of the p(d) values are shown in
Fig. 5.4. The ratios of the slopes of the 1/C_ and
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Table 5.1. Electrical Properties of Zirconium Oxide Corrosion Film at Temperatures Up to 198°C

. M2” A
[+ C
Temperature Mlz /ij (ohms, cm?, ) PO
(po y i (em?, £77) cycles) (ohm-cm) (ohm-cm)
C P8,
HZSO4 KZSO4 HQSO4 K2S04 HZSO4 KZSO4 HZSO4 KZSO4
% 10° % 10° x 10* % 10*
25 4.3 4.9 5.02 5.94 2.3 x 102° 2.0x10'®  3.7x10°  31x10°
50 4.1 5.7 4.98 6.42 2.2 % 102° 2.7%10'%  4.5%x10° 2.7x10°
100 5.1 7.3 5.78 7.52 5.2x 1018 38«10'®  65x10°  2.7x10°
150 8.7 9.15 6.1 % 10! 2.4 % 10°
198 7.8 8.70 2.9 % 1012 2.9 x 10°

fSlope of line in plot of 1/C_vslog g £
bSlope of line in plot of total series resistance vs 1/f.

°Dielectric constant at 20 kc employed in calculations.

ORNL—DWG 67-778
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R_ plots varied between 8.3 and 9.7. A value of

) / . 9.2 is predicted by Eqgs. (7) and (8).
Our tentative conclusions are that the observed
617 8 005 M H,50, ELECTROLYTE —— 47— 1= frequency, temperature, and electrolyte dependence
© 0.05 M K,50, ELECTROLYTE ’ ’
/ of the impedance components can be reasonably
44 ; ascribed to resistivity gradients through the oxide
/ and to changes, with temperatute and with electro-
ap lyte, of the resistivity of the layers of oxide in
/ contact with the electrolyte. There is no evidence
PP I B / for fissures which admit electrolyte into the oxide.
/ Additional work is needed to confirm these con-
o / clusions and to permit more complete explanations
3 38 / of the impedance behavior.
> / We expect to continue these studies. Some
T / / modifications of the cell will probably be neces-
sary to pemmit measurements with smaller speci-
34 / / men areas. Also, it may be necessary>to modify
the method of pressurization to permit better con-
/ ~— SL.OPE CORRESPONDS trol of pressure on the electrolyte.
32 / TO ACTIVATION ENERGY
/ b OF 30 kcal/mole FOR
CONDUCTANCE
- / / CORROSION SUPPORT FOR REACTOR
& PROJECTS
oo ¥ /..
J. C. Griess, Jr. J. L. English
P. D. Neumann
262.! 23 25 27 29 34 33 35
000, 01 Experimental programs conducted for the purpose

of selecting and estimating the cotrosion damage
Fig. 5.4, Variation with Temperoture of Resistivity to engineering materials in the High Flux Isotope
of Quter Surface of Zirconium Film. Reactor (HFIR) and the Argonne Advanced Research



Reactor (AARR) were completed during the past
year, and the results were presented in two re-
ports. 2930 Summaries of the pertinent results
are given below. Results concering the coriosion
of the aluminum-clad HFIR fuel elements have
been reported previously®! and are not included
here.

The HFIR, which is presently operating at the
design power of 100 Mw, uses water adjusted to a
pH of 5.0 with nitric acid as coolant; all tests
were conducted in this environment at 100°C.
Aluminum alloys (6061, 1100, and X-8001) cor-
roded at rates of 0.2 mil/year or less at all flow
rates up to 81 fps. Contacting aluminum with
aluminum, beryllium, nickel, or stainless steel
resulted in pitting of the aluminum in contact
areas only. The pits were of appreciable depth,
but they were randomly spread and should not be
of major consequence in the HFIR system. At
velocities of 13 to 81 fps, beryllium corroded at
a constant rate of 2 mils/year and showed only a
slight tendency to pit. Corrosion damage to the
beryllium reflector in the HFIR should be negligibly
small. Both nickel and electroless nickel de-
posits corroded excessively in the acidified water
and are not usable in the HFIR. ¥lectrolyzed
coatings (a proprietary process for coating ma-
terials with chromium) on stainless steel exhibited
excellent corrosion resistance and good adherence
Similar deposits flaked and
Hardened types

to stainless steel.
peeled from aluminum surfaces.
416 and 420 stainless stee! were shown to be un-
suitable; the former alloy blistered, and the latter
underwent stress-corrosion cracking.

The results of this testing program and the ex-
petrience gained during operation of other water-

29J. L. English and J. C. Griess, Dynamic Corrosion
Studies for the High Flux Isotope Reactor, ORNL-TM-
1030 (September 1966).

30]. C. Griess and J. L. English, Materials Com-
patibility and Corrosion Studies for the Argonne Ad-
vanced Research Reactor, ORNL.-4034 (November 1966).

311 . Griess, H. C. Savage, and J. L. English,
Effect of Heat Flux on the Corrosion of Aluminum by
Water, Part IV, ORNL-3541 (February 1964).
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cooled production and research reactors were fully
used in the design of the HFIR.
quate control of the water chemistry, the HFIR
should be free of major corrosion problems.

Assuming ade-

The primary areas of concern in the AARR were
the beryllium reflector, the 6061-T6 aluminum
beam tubes, and the stainless steel fuel element
cladding. All tests were conducted in deionized
water at 93°C (200°F). The results indicated
that the corrosion rate of the beryllium reflector
in the AARR will be between 1 and 3 mils/year
with a minimum of localized attack.

The corrosion of 6061-T6
results in the formation of an insulating layer of
Since heat

aluminum in water
corrosion products on the surface.
generated in the beam tubes must be transferred
across this insulating laver, the corrosion rate
eXces-

The
initial

of aluminum must be minimized to prevent
sive temperatures in the beam-tube walls.
AARR beam-tube cooling system its
design would allow surface temperatures
260°F; under these
formation would occur and would cause increases
in temperature of as much as 66°C (150°F) during
75 days of operation. Tests showed that the cool-
ing system would have to be capable of keeping
the the aluminum-water interface
at 200°F or less if frequent replacement of beam

in
up o
conditions excessive film

temperature at

tubes was to be avoided.

Type 304 stainless steel did not develop ap-
preciable deposits on water-cocled surfaces when
exposed under thermal conditions similar to and
even more severe than those anticipated in the
AARR fuel elements. However, after a 1000-hr
exposure at a heat flux of 3.8 x 10° Btu hr™!
ft™
the cooled surface. In a comparable test in which
the heat flux was 2 x 10° Btu hr™ ! ft 2 (hot-spot
heat flux for 100 Mw operation of the AARR) and
the exposure time was 2000 hr, no cracks were
found. The cause of the observed cracks was not
determined, but it is possible that they were
related to high thermal stresses existing in the
specimen.

2, numerous shallow cracks were preseat on
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ELECTRICAL CONDUCTANCES OF AQUEQUS
ELECTROLYTE SOLUTIONS FROM
0 TO 800°C AND TO 4000 BARS

A. S. Quist W. Jennings, Jr.
W. L. Marshall

There is relatively little information available
on the properties of agueous electrolyte solutions
at supercritical temperatures and pressures. The
simplest and most direct method for obtaining
information about the existence and behavior of
ions in these solutions is to measure their electsi-
By using this method, we have
studied aqueous solutions of K,580,, KHSO,, and
H,50, to 8300°C and to 4000 bars; fiom these
measurements we have calculated first and second
After
extensive conductance measure-

cal conductances,

ionization constants of sulfuric acid,?:?2
these studies,
ments were made on NaCl solutions (0.001 to
0.1 m) in order to observe the behavior of a strong
uni-univalent electrolyte under the same condi-
tions.® The experimental data were evaluated
with the usual theoretical equations that describe
equivalent conductance as a function of concentra-
tion, By using a digital computer to fit the data
to the equations by nonlinear least-squares methods,
limiting equivalent conductances were calculated
at integral temperatures (0 to 800°C) and densities
(0.4 to 1.0 g/cm®). These valuesg
graphically in Fig. 6.1, where limiting equivalent

are shown

lA. S. Quist et al., Reactor Chem. Div. Ann. Progr.
Rept. Jan. 31, 1962, ORNL-3262, pp-
Chem. Div. Ann. Progr. Rept. Jan. 31,
3417, pp. 77—-82; Reactor Chem. Div. Ann. Progr. Rept.
Jan. 31, 1964, ORNL-3591, pp. 84--88; Reactor Chemn.
Div. Ann. Progr. Rept. Jan. 31, 1965, ORNL.-3785,
pp- 139-43.

25, S. Quist of al., J. Phys. Chem. 67, 2453 (1963);
69, 2726 (1965); 70, 3714 (1966).

3A. S. Quist et al., Reactor Chem. Div. Ann. Progr.
Rept. Dec. 31, 1965, ORNL-3913, pp. 63-.64.

73-75; Reacfor
1983, ORNIL.-
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Chemistry of High-Temperature Aqueous Solutions

URNDWG  €8-787/R

1500 v - T — e 4000 —
x\;r § 3007
L 1000 —
o
2 !
EA B e
3 e TR .
< R v
50 G
'—~-~T¢OO°
ol S R R D (7
04 05 06 o7 08 ceo 10
DENSITY {g/b0r)
Fig. 6.1, Limiting Equivalent Conductance of MaCl

as a Function of Density ot Temperatures to 800°C,

conductances are plotted as a function of density.
This graph indicates that the limiting equivalent
conductance of NaCl is a linear function of solu-
tion density (at constant temperature).
6.1 also reveals that at temperatures of 400°C
and above, the limiting equivalent conductance of

Figure

NaCl appears to be independent of temperature
(at constant density),  Although the values at
800°C are slightly helow the 400 to 700°C values,
this difference is mostly a consequence of in-
creasing jon-pair formation at higher temperatures,
As NaCl becomes a weaker electrolyte, the extrap-
olated limiting equivalent conductances become
somewhat uncertain and tend to fall below their
true values, These solutions showed this behavior
at densities below 0.4 g/cm® and at temperatures
above 700°C, Dissociation constants for ion-pair
formation in NaCl solutions were calculated from
the Shedlovsky equation® at densities from 0.3
to 0.75 g/cm® and temperatures from 400 to 800°C.

4. Shedlovsky, J. Franklin Inst. 225, 739 (1938).



Figure 6.2 shows the dependence of the logarithm
of these dissociation constants on the logarithm
of the density of the solution at the several
temperatures.

An extensive series of measurements were made
using 0.01 demal (0.01 mole per 1000 g of solution)
KCl solutions. As was mentioned previously,?® a
KC1 solution of this concentration appears to be
the logical choice as a reference for conductance
measurements at elevated temperatures and pres-
sures, since it is used as a standard solution for
cell constant determinations at 25°C. Accordingly,
many measurements have been made in this Lab-
oratory over a period of several years on 0.01
demal KCl solutions. Some of the results are
showm in Fig. 6.3, where the specific conductances
are plotted as a function of temperature at a con-
stant pressure of 4000 bars.
the results of 50 separate runs, using three con-

This graph represents

ductance cells and seven different inner electrode
assemblies,

A comprehensive investigation of the electrical
conductances of alkali metal halide solutions and
solutions of related compounds was initiated and
is presently nearing completion. Measurements
have been completed from 0 to 800°C and to 4000
bars on 0.01 m solutions of the following electro-
lytes: NaCl, NaBr, Nal, KCI, KBr, KI, RbF, RbCI,
RbBr, Rbl, CsCl, CsBr, Csl, NH Br, (CH3)4NBr,

HBr, and NH4OH. Some preliminary results are

ORNL-DWG 66-8096R
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shown in Fig. 6.4, where specific conductances
of the rubidium halide solutions are plotted against
temperature at a pressure of 4000 bars.

DISSQCIATION CONSTANT OF MAGNESIUM
SULFATE TO 200°C FROM SOLUBILITY
MEASUREMENTS?®

W. L. Marshall

There are relatively few experimentally deter-
mined values for dissociation constants at high

5_]ointly sponsored by the Office of Saline Water,
U.S. Dept. of the Interior, and the USAEC.



temperatures, as contrasted to the very large num-
ber at 25°C. In this Division, values above 100°C
have been obtained from conductance® and sol-
ubility measurements.” Any contribution to the
equilibrium behavior of electrolytes at high tem-
perature, especially the behavior of 2-2 electro-
Iytes, is of very much fundamental and applied
interest. The equilibrium of considerable interest
to the high-temperature behavior of seawater and
other saline waters is the dissociation equilibrium
of magnesium sulfate represented by '

0 L 2
MgSO,% w2 Mg? 150, 7, ™

where Q, is the dissociation quotient at an ionic
strength I, From the increase in solubility of
calcium sulfate (or its hydrates) in seawater con-
centrates compared to its behavior in agqueous
sodium chloride solutions, and with the assumption
that this increase is due predominantly to the
formation of the magnesium sulfate complex, dis-
gsoriation quotients could be calculated at many
ionic strengths. The equilibrium of Eq. (1) and the
following solubility product equilibrium,

K__ . — .
CaSO (8) gt Ca™ 150,77, (2)
where K_  equals the solubility product at I and

includes any contribution from a neutral species,
CaSO40, were used to obtain the following equa-
tions:
I = [ (formal) - 4+ [MgS*O‘O] , 3)
K;p = [Ca?" |ltotal sulfate]
={Ca 2+]1'S()4 Lt MgSOQO]
=K, + [ea® 1imeso %, )

Mgso, T = (&, — K _)/[Ca® ], ()

] [total magnesium — MgSOAU][total sulfate — ME',SO40]
a Mgs0,°]

(6)

Values for 5o, [Ca”], total magnesium, and total
sulfate were obtained from the experimental results

6A. S. Quist et al., ““‘Conductance of Electrelytes to

800°C and 4000 Bars,’’ contained in another part of this
section; J. Phys. Chem. 67, 2453 (1963); 69, 2726
(1965); 70, 3714 (1566).

"w. L. Marshall and . V. Jones, J. Phys. Chem. 70,
4028 (1965); Reactor Chem. Div. Ann. Progr. Rept.
Jan. 31, 1965, ORNY.-3789, p. 145.

given elsewhere in this report.® The values for
K, as a function of ionic strength were calculated
from the solubility behavior in sodium chloride
golutions. ® 1% By an iterative process, where I’
is initially assumed to equal I (formal), Eqs. (3—6)
were solved to obtain values of Qd and I’ at the
many different ionic strengths. These values were
extrapolated at each temperature by means of an
extended Debye-Hiicke!l equation,

log Q= log KJ+ 85V I/(1+ VI, )

where S is the Debye-Hickel limiting slope for
a 1-1 electrolyte, to obtain the dissociation con-
stant KS {at 1 =0).

Values of the constant to 200°C obtained by this
method are plotted as the logarithm of Kg vs
1/7T(°K) in Fig. 6.5, Included in Fig. 6.5 are many
published values for this constant obtained by
several different methods at temperatures up to
40°C, the highest temperature of previously pub-
lished work., The present results appear to be in
good agreement and extend the values for the con-
stant to 200°C.

By least-squares fitting the values of Nancollas, 11
Jones and Monk,'? others at 0°C,'#'1* and those
to 200°C from this present study to the van’t Hoff
isochore,

din K5
A1/7

- _AH/R, (8)

with AH” expressed as a function of AC; (a con-
stant) and T(°K), thermodynamic quantities were
calculated; the results are given in Table 6.1.

SW. L. Marshall and R. Slusher, *“*Solubility of Calcium
Sulfate in Sea Salt Solutions to 200 C; Temperature-
Solubility Limits for Saline Waters,” included in this
Annual Report in another section: Chemical Support for
Saline Water Program.

9W. L. Marshall, R. Slusher, and E. V. Jones, J. Chem.
Eng. Data 9, 187 (1964).

0% 1.. Marshall acd R. Slusher, J. Phys. Chem. 70,
4015 (1966); Reactor Chem. Div. Ann. Progr. Rept.
Dec. 31, 1965, ORNI.-3913, p. 113.

11G~ H. Nancollas, Discussions Faraday Soc. 24, 108
(1657).

1‘zH. W. Jones and C. B. Mouk, Trans. Faraday Soc.
48, 929 (1952).

13‘]. Kenntamaa, Suomen Kemistilehti 298, 59 (1956).

My G. M. Brown and J. E. Prue, Proc. Roy. Soc.
(London) 232A, 326 (1955).



Table 6.1.
Dissociation of Magnesium Sulfote in Aqueous
Solution, 0 to 200°C; Average L\CS

Found = 25 cal mole™! deg

0
A

)
—log Kd (Mg$

100

68

ORNL-DWG $6-7797R

TEMPERATURE (°C)

I

® PRESENT WORK
(MARSHALL -1966) SOLY,

50 25 o]
....... U .

I \ |
ATKINSON,PETRUCCI (1966) , ULTRASONICS
EIGEN, TAMM (1962), UL TRASONICS

NANCOLLAS (1957),CONR., pH, SOLY.
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Fig. 6.5. Dissociation Constant of Magnesium Sulfate from 0 to 200°C,

Thermodynamic Quantities for the

9] o} l/\SO
T°C) --log K, AF Aiyl (cal maie ~?
(kcal/mole) (kcal/mole) deggl)
0 2.129 2.66 —4.08 —24.7
25 2.399 3.27 -4.01 24,4
50 2.631 3.89 —d4,22 -25.1
100 3.057 5.22 —5.41 —28.5
150 3.501 6.78 —7.67 ~34.1
200 4.002 8.66 —11.0 —41.5

DISSOCIATION CONSTANT OF CALCIUM
SULFATE TO 350°C OBTAINED FROM
SOLUBILITY BEHAYIOR IN MIXED
ELECTROLYTES®

L. B. Yeatts W. L. Marshall

The dissociation quotients, Q , for CaSO40 were
determined from extensive solubility measurements
of calcium sulfate (or the dihydrate at 25°) in an
aqueous system of mixed electrolytes, varying from
pure NaNO, to pure Na SO, when possible. Mea-
surements were made at several constant ionic
strengths from 0.25 to 6 m at 25, 150, 250, and
350°C.

When solid calcium sulfate dissolves in aqueocus
solutions, it may be assumed that an equilibrium
is reached with undissociated molecules:

CaSO0 (s)&==>CaS0,%aq) (9)

which at saturation can be expressed by

Q, = [CasS0,°] (molal units) . (10)
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The neutral species can be considered also to
undergo partial dissociation:

CaS0,%(ag)==Ca’"(aq) + SO, “(aq) , (11)

in which case the equilibrium guotient expression
is
Q= [ca®1[s0,~1/[CaS0 "] (molal units) . (12)

The solubility product quotient in this study was
then defined as

- [Cn 2t 247 ..
Q,, = [Ca™](50,*71- 0,0, . (13)
With these assumptions, the molal solubility of
calcium sulfate, s, at various ionic strengths and
temperatures can be expressed by

s = [Cas0, %)+ [ca™]. (14)
Since
[ca®] =0, /150,%"] (15)
and
[S0,27) = total sulfate — {CaSO,°]
= [5041(0 ~[cas0,%, (@16)
then
s =[Cas0,°1+ Qsp/([5‘34](¢) ~[caso,’h.  an

A plot of values of s vs 1/([8()4](0 - [CaSO4°]),
with the assumption of constancy (or near con-
stancy) of activity coefficients at constant ionic
strength, should yield a straight line of slope Qg
and intercept [CaSO4°]. The results obtained at
25°C at constant ionic strengths of 0.25, 0.5, 1,
2, and 6 m, at 150°C at 0.25, 0.5, 1, and 6 m, at
250°C at 0.25, 0.5, 1, and 6 m, and at 350°C at 1
and 6 m were treated by a method of least squares
to yield values for Qd’ Qsp, and [CaSO4°] for each
set of measurements, As examples, data at 25°C,
and a representative series at I = 1 from 150 to
350°C, so treated are shown in Figs. 6.6 and 6.7;
the solubilities are observed to be a linear function
of 1/([804](0 - [CaSO4O]) within the precision of
the measurements.
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In order to determine whether the above linear
relationships were an artifact of Harned’s rule,
values of the logarithm of the analytical solubility
product, m(total calcium)«m(total sulfate), were
plotted against the molality of added sulfate at
constant ionic strength. Harned’s rule would be
expected to yield a linear relationship if the plot
were made at constant molality (which for 1-1
electrolyte would be

strength). The plots were not linear nor were they

mixtureg constant ionic
linear by estimating the nature of the plots at
constant molality.

The values of Qd, Qsp, and Q obtained at the
several constant ionic strengths and temperatures
were extrapolated to zero ionic strengths to yield
dissociation constants for CaSO40, values for
solubility product constants, and Kg. When the
previously obtained '® values of Kg were corrected
for neutral CaSO40, relatively good

agreement (within ~10%) between the two sets of

there was
values. With the solubility behavior in the mixed
electrolyte system, the mean activity coefficients
of calcium sulfate were obtainable over essentially
the entire four-component system by the relation-
ship

0
KSp

V i . em
calcium

. (18)

}'i(Caso4) -
sulfate

where the m’s in this expression refer to the total
molality of calcium and sulfate, respectively, and
K:p is defined as the thermodynainic solubility
product constant defined by Eq. (13) at I - 0.
Values for the constants of CaSO, are tabulated
in Table 6.2, from which thermodynamic quantities
were calculated. No values for dissociation con-
stants for CaSO4° have been published at tem-
peratures higher than 40°C. 1% Qur own ng value
at 25°C of 2.00 compares with a literature value
of 2.31.'7 Characteristic of the behavior of sev-
eral other 1-1, 1-2, and 2-2 electrolytes studied
at elevated temperatures in our Laboratory, 18 the
dissociation constant of CaSO4° decreased mark-

5. 1.. Marshall, R. Slusher,

J. Chem. Eng. Data 9, 187 (1064).

16]. Bjerrum, G. Schwarzenbach, and L. G. Sillén
(Compilers), ‘‘Stability Constants,?” Part II, Inorganic
Ligands, The Chemical Society, Burlington House,
I.ondon, 1958.

17R. P. Bell and J. H. B. George, Trans. Faraday Soc.
49, 619 (1953).

and . V. Jones,

Table 5.2. The Negative Logarithms of the (" True*")
Solubility Product Constant (KS ), Dissociation
Constant (Kg), and KS (molality of C05040 at

I = 0) of Caicium Sulfate, 25 to 350°C
(the Dihydrate at 25°C)

Tempermture

-0 -0 0

(OC) szp de pk u

25 4.70 2.0 2.68

150 6.0 2.7 3.55

250 8.05 4.46 4.68
350 11.0 8.8 7.0

edly with rising temperature, reflecting the pre-
dominating effect of the decreasing dielectric
constant of water over that of increasing kinetic

energy.

SOLUBILITY OF Fe, 0, AT ELEVATED
TEMPERATURE!?

F. H. Sweeton R. W. Ray
C. KF. Baes, ]Jr.

This study of the solubility of Fe 0, in HCI
solutions is being carried out because Fe O, is
steel -water

a coriosion product of the systems

used in pressurized-water reactors. Measurements
previously reported ?® have been extended in tem-
perature aad in HC! concentration.

The method used was essentially the same as
before. An HCI solution in a reservoir of Pyrex
glass was equilibrated at room temperatuie with

H, at a pressure of 1.0 atm. Then it was pumped

'8A. S. Quist et al., J. Phys. Chem. 70, 3714 (1966);
69, 2726 (1965); 67, 2453 (1963); J. Chem. Eng. Data 9
187 (1964); J. Phys. Chem. 70, 4028 (1966).

’

19I:‘,ssentially the same material was included in a
paper entitled ‘‘The Solubility of Fe O, in Aqueous

’? presented at the

Solutions at Elevated Temperatures,
18th Southeastern Regional Meeting of the American
Chemical Society held in T.ouisville, Ky., Oct. 27-29,
1966.

20F. H. Sweeton, R. W. Ray, and C. F. Baes, ]Jr.,
Reactor Chem. Div. Ann. Progr. Rept. Dec. 31, 1965,
ORNL-3913, pp. 64-65.



through a pressurized heated column of the spe-
cially prepared Fe O,. The equilibrated solution
was cooled and then passed through a cation ex-
changer to strip out the dissolved iron. The iron
was later eluted and analyzed spectrochemically
by means of o-phenanthroline.

After obtaining most of the data reported here,
we modified the system for eventual use of alkaline
solutions. A copper reservoir was substituted for
the glass one, and provision was made for injecting
an HCI1 solution into the stream of hot equilibrated
solution to prevent precipitation of dissolved iron
on cooling.

The data are shown in Fig. 6.8, where the log-
arithm of the iron concentration is plotted against
the C17 concentration obtained from the electrolytic
conductivity of the makeup solution. The lines on
the graph have been calculated on the basis of
iron being in solution as the two ions, Fe?" and
FeOH", formed in these equilibria:

Ly Ny ot 1
/3P e304(5) + 2H + /3H2(">5)
=Fe? 4 LH 00, (19

+

L . -
#Fe, 0,(s) +H + 7H,(8)

= FeOH" 4+ JH 0D,  (20)

ORNL~DWG  67-534
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Fig. 6.8. Measured Solubility of Fe304 in HCI Solu-
tions Saturated at 25°C with 1 atm H2.
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with the corresponding solubility products:

2+
r__[é.?f__].___ ~1 g 173

F 2 ! ’

e [H ] P;{/B

2

and
- +

[FeOH"] atm=17%

Using trial values of these products at each tem-
perature, the known Cl~ concentration for each
point, and the known ionization constant of HZO, 21
we calculated the H' concentration that gave a
charge neutrality for the ionic species at the ex-
periment temperature. The logarithm of the corre-
sponding concentration of iron was then compared
with the experimental value. After treating all the
data this way, a least-squares procedure was used
to adjust the solubility products to values that
minimized the differences between calculated and
observed iron concentrations. These constants,
which include the effective H, pressure as cal-
culated from the solubility data of Gilpatrick and

Stone, 22 are given below:
€,
Temperature ("C) KFe KFeOH
200 1.79 (#0.10) % 10° 0.2
260 0.0037 (£0.0045) X 106 0.53 (20.05)
300 0.0109 (20.0015) X 106 0.072 (30.026)

These calculated solubility products indicate that
the fraction of iron in the Fe®" form was 100% at
200° 15% or less at 260° and 55 to 85% at 300
The apparent change in the signs of the tempera-
ture coefficients of the solubility products over
this temperature range is of interest, as this is
in the same temperature range where the dissocia-
tion constant of water goes through a maximum.

In future work we will extend the H' concentra-
tion range by using alkaline solutions, for which

12 12

21’I‘he values used were 5.01 X 10° °7, 6.76 X 10~
and 6.45 X 1072 (m?) at 200, 260, and 300°C respec-
tively; these values are based on the data of A. A.
Noyes, Yogoro Kato, and R. B. Sosman in J. Am. Chem.
Soc. 32, 159 (1910).

221,. O. Gilpatrick and H. . Stone, Reactor Chem.
Div. Ann. Progr. Rept. Jan. 31, 1961, ORNL-3127,
pp. 6061 and Reactor Chem. Div. Ann. Progr. Rept.

Jan. 31, 1962, ORNL-3262, pp. 64--65.



Such data should
increase the precision of the calculated solubility

the present system is adapted.

products and their temperature coefficients, and
perhaps indicate the presence of other complexes
of iron. We will also go to lower temperatures if
we are able to achieve equilibrium at practical

flow rates.

HYDROLYSIS OF BERYLLIUM IOM IN 1.0 ¥
CHLORIDE AT 25°C

R. E. Mesmer C. F. Baes, ]r.

The aguecus chemistry of Be(Il) solutions is not
yet satisfactorily defined. There have been a
great number of studies on the hydrolysis of beryl-
lium beginning with the work of Prytz?® in 1929.
Probably the most authorative studies are those
coming from Sillén’s school in Stockholm since
1956. 2427 These workers favor a scheme of three
species to explain potentiometric data below 1 ¥
beryllium concentration in acidic perchlorate
media, that is, Bez(OH)SJr, BeS(OH)33+, and
Be(OH)2. many other
schemes have been proposed which were not sup-
ported by the work of Sillén and his co-workers.

The neutral species Be(OH), is the least accept-
able of those in the above scheme. The existence

Over the years a gieat

of such a species implies a lower limit for the
solubility of beryllium hydioxide. This limit would
be 10~* M based upon hydrolysis equilibria??
and the solubility product.?® However, the work
of Gilbert and Garrett?® has indicated solubilities
A
cursory examination of the data in ref. 24 indicates
that comparable or better fits to the data are ob-
tained with the scheme Be (OH),*", Be (OM),**,
and Be3(OH)42Jr as well as other schemes con-
taining Beg(OH)SH. The logarithm for the sta-
bility constant for the species Bea(OH)ssJr is
—8.94 +0.01, compared with the value of ~-8.66 &
0.01 reported by Sillén?* in 3 M perchlorate.

As pait of a program to reinvestigate the hydrol-

less than this and even as low as 1077 M.

ysis behavior of beryllium ion, potentiometric mea-
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surements have been completed at 25°C in the pH
region 2 to 7 and at beryllium concentrations be-
tween 0.001 and 0.05 m using quinhydrone and
calomel electrodes. The factors limiting the pl or
hydroxide-to-metal concentration ratios which can
be attained are the equilibration rate and the
solubility. Generally, equilibrium
about 1.1 were achieved
within 1 hr.

Analysis of our data at 25° indicates that no

ratios up to
without precipitation

pair of species with up to five metal jons or hy-
droxide ions per species is sufficient to explain
the data within experimental error. Least-squares
calculations for 33 pairs led to this conclusion.
The schemes involving three or more species have
not yet been examined in detail. However, pre-
liminary results indicate that a polynuclear species
is more suitable than Be(OH),.

As Kakihana and S$illén?* have pointed out, the
presence of the species BB(DH)2 leads to an inter-
section of all 1 vs pH curves at A of 1.0 and
pH ca. 5.5. Clearly such an intersection is absent
in the data shown in Fig. 6.9. This observation
is consistent with data reported in 1965 by Bertin
et al.,?® although these investigators also chose
to interpret their data in terms of Be(OH), as
suggested earlier by Sillén.

In order to better define the most representative
hydrolysis scheme, similar studies are being con-
ducted at higher temperatures.

23\, Prytz, Z. Anorg. Allgem. Chem. 180, 355 (1929).

2441, Kakihana and L. G. Sillén, Acta Chem. Scand.
10, 985 (1956).

255 Carell and A. Olin, Acta Chem. Scand. 15, 1875
(1961).

265, Carell and A. Olin, Acta Chem. Scand. 16, 2357
(1962).

273, Hietanen and L. G. Sillén, Acta Chem. Scand. 18,
1015 (1964).

28R. A. Gilbert and A. B. Garrett, J. Am. Chem. Soc.
78, 5501 (1956).

2QF. Bertin, G. Thomas, and J. Merlin, Compt. Rend.
260, 1670 (1965).
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7.

SURFACE CHEMISTRY OF THORiA

C. H. Secoy
Heats of Immersion and Adsorption

E. L. Fuller, Jr. H. F. Holmes
S. A. Taylor®

Heats of immersion of samples of thoria in water
at 25.0°C have been measured for various pre-
treatments. The base material for this series was
obtained by a 650°C calcination of thorium oxalate

Interaction of Water with Particulate Solids

(ORNL lot No. DT 102W) to produce thoria with
a specific surface area of 35.5 m?/g. Portions
of this material were calcined for 4 hr at higher
temperatures to successively decrease the specific
surface area. The specific surface areas (%) and
crystallite dimensions (from x-ray line-broadening
data) are given as a function of calcining tempera-
ture in Fig, 7.1. This graph also shows the vari-
ations of the heats of immersion with respect to

1Professor of Chemistry, Centenary College, Shreve-
port, L.a.
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these parameters for outgassing temperatures rang-
ing from 25 to 500°C. The samples were main-
tained at a pressure less than 107° torr for 24 hr
at each temperature, prior to sealing under vacuum.
Each point represents the mean of at least Lwo
experimental determinations. The calorimetric and
associated techniques have been described previ-
ously. ?

As observed earlier,? the materials from the
lower-temperature calcination liberated a portion
of the heat slowly after an initial instantaneous
busst of heat. The slow heat effects for the
650 and 800°C calcined thoria are best character-
ized as two concurrent first-order processes: a
slow heat effect with a half-life of ca. 4 min and
a very slow heat with a half-life of ca. 40 min.
The 1000°C calcined thoria exhibited only one
slow process (half-life of ca. 12 min) in addition
to the instantaneous process. The higher cal-
cination temperatures (1200 to 1600°C) produce
materials which release all the immersional heat
instantaneously, with no detectable slow processes
present.

The heat of immersion at any given outgassing
temperature shows an increase with increasing
crystallite size (decreasing specific surface area)
for the lowest-fired materials, followed by a de-
crease to an essentially constant value for the
larger crystallites. The variation of the heats of
immersion with respect to crystallite size is not
well understood and has been the object of inves-
tigations with other oxides, as reviewed recently
by Zettlemoyer.® The invariance of the immer-
sional heat per unit area for our larger crystallites
suggests that these values may be tmuly repre-
sentative of an “‘ideal”’ thoria surface, with some
sort of perturbations present for the smaller crys-
tallites. Such a conclusion must receive justifi-
cation from other techniques that will allow con-
struction of a creditable model. The inversion
of the data for the 300°C-outgassed, 1000°C-
calcined material is probably due to experimental
error, with the heat of immersion being 850 + 20
ergs/em? for 300 to 500°C outgassing of this
material.

In an attempt to see if the aforementioned be-
havior is the result of the oxalate preparation of

24. F. Holmes and C. H. Secoy, J. Phys. Chem. 69,
151 (1965).

3A. C. Zettlemoyer, R. D. Igenyar, and Peter Scheidt,
J. Colloid Interface Sci. 22, 172 (1966).
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thoria, a similar series was checked for a thoria
prepared by the steam denitration of thorium nitrate.
The low-fired, high-surface-area materials also
showed slow heat effects, with none present for
the higher-fired materials.

Adsorption of Water and Nitrogen on Porous
and Nonporous Theria

H. F. Holmes £. L. Fuller, Jr.

Previous calorimetric>'* and gravimetric® inves-
tigations of the interaction of water with the su-
face of thoria have revealed the very complex
nature of this process. Material used in the pre-
vious work consisted entirely of porous thoria
derived from the oxalate. Two samples of compa-
rable surface area were used in the present work.
Sample C is a typical ozalate material, while
sample S was prepared in an attempt to minimize
the interal surface, that is,
rosity.6’7

The porous and nonporous character of samples
C and S, respectively, are clearly revealed from
the typical adsorption isotherms shown in Figs.
7.2 and 7.3. Inflections in the desorption branch
for sample C at a relative pressure of about 0.35
indicate pore sizes ranging down to about 10 A in
radins,

decrease the po-

The nonporous character of sample § is
further confirmed by the fact that the x-ray crys-
tallite size is compatible with the nitrogen suc-
face area. However, both samples exhibited the
low-pressure hysteresis and irreversible retention
of water discussed previously.® The quantities
of imreversibly adsorbed water listed in Table 7.1
are much greater than would be required to form
a single layer of surface hydroxyl groups. On the
basis of the present results, it is concluded that
the irreversible retention of water in such large
quantities is not a unique property of porous mate-
rial. The phenomenon has been described® as an
immobile association adsorption to give the surface
analog of a hydrated bulk hydroxide.

4H. F. Holmes, E. L. Fuller, Jr., and C. H. Secoy,
J. Phys. Chem. 70, 436 (1966).

5. L. Fuller, Jr., H. F, Holmes, and C. H. Secoy,
J. Phys. Chem. 70, 1633 (1966).

6Sample S was kindly supplied by F. H. Sweeton.

7F. H. Sweeton, Reactor Chem. Div. Ann. Progr. Rept.
Jan. 31, 1961, ORNL-3127, p. 71.
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Table 7.1.

Adsorption Measurements

Summary of Nitrogen

Micrograms
Sample of H 2O N 2
Sample Weight® per Square Surface BET C
(mg) Meter Area® Constant
of Surface® (m 2/5)
C 499.810 4 5.52 1050
C 500.276 174 4.78 152
C 501.264 533 4.40 40
C 499.803 2 5.48 1270
S 199.815 56 5.96 490
S 200.012 222 5.46 85
S 200.108 302 5.50 82
S 200.170 354 5.25 72
S 200.338 496 5.29 53
S 199.813 55 5.96 390

“Sample weight in vacuum at start of experiment.

bChemisorhedo H,0 in excess of sample weight in
vacuum at 500°C. Computed using N, surface area
measured after outgassing at 500°C.

“Assumes that an adsorbed nitrogen molecule occupies
16.2 A2,

Application of the BET theoty to the water iso-
therms yields interesting information concerning
the apparent surface areas. The data for sample C
indicate that the effective surface area decreases
with increasing amounts of irreversibly adsorbed
water. Ultimately the effective surface area de-
creased to about 75% of the area determined by
nitrogen after outgassing at 500°C. This is not
unexpected, since chemisorbed water should de-
crease the total pore volume, However, in the
case of the nonporous sample S, the effective
surface area decreased to about 40% of the original
nitrogen value. In opposition to this, the amount
of water adsorbed at the higher relative pressures
indicated an effective surface area roughly equal
to the original nitrogen surface area. Surfac:
areas were calculated from the water data on the
assumption of a liquid-like monolayer, that is,
each molecule occupies 10.6 AZ  Tentatively,
the anomaly with sample S can be explained by
assuming that each water molecule in the first
physically adsorbed layer is hydrogen bonded to
two underlying chemisorbed water molecules. Cal-
culations based on this assnmption give surface



areas which are much more compatible with the
nitrogen surface areas.

Results from the nitrogen adsorption experiments
are summarized in Table 7.1, which gives the
BET parameters obtained from the isotherms. It
is evident that increasing amounts of irreversibly
adsorbed water decrease both the measured nitro-
gen surface area and the BET C constant. A
decreasing value of C implies a smaller average
heat of adsorption in the first monolayer, a less
shatp ‘‘knee’” of the isothemm, and that higher
pressures are requited to fill the first statistical
monolayer. Decreasing nitrogen surface areas
for sample C, like those obtained from the water,
can perhaps be explained on the basis of the chem-
isorbed water decreasing the pore volume. This
concept cannot, however, explain the decreasing
nitrogen surface areas observed with sample S.
Explanations for the effect of chemisorbed water
on the nitrogen surface areas of sample S are, at
best, tentative. The effect of the magnitude of
the BET C constant and of the substrate lattice
on the area occupied by a nitrogen molecule is
cuitently being investigated.

Infrared Spectra of Adsorbed Species on Thoria

C. S. Shoup, Jr.

Infrared spectral studies of adsorbed species on
thorium oxide have continued with higher outgas-
sing temperatures than were previously attainable.®
Initial room-temperature outgassing of a pressed
disk of ThO, which had been calcined in air at
650° (see Fig. 7.1) produced a prominent absorp-
tion band at 3740 cm™!, attributed to unperturbed
surface hydroxyl groups, and a band at 3660 cm ™!,
In addition, a dramatic reduction in the intensity
and increase in the frequency at maximum absorb-
ance of a broad band due to the stretching mode
of hydrogen-bonded OH groups occurred. In con-
trast to most other oxides, 7' !? however, increasing
the outgassing temperature above 100° reduced
the intensity of the band at 3740 cm™'. After
outgassing at 5007 this band had virtually dis-

8C. H. Secoy and C. 8. Shoup, Jr., Reactor Chem. Div.
Ana. Progr. Rept. Dec. 31, 1965, ORNL.-3913, pp. 7071,

%M. R. Basila, J. Phyvs. Chem. 66, 2223 (1962).

Yy, E. Lewis and G. D. Parfitt, Trans. Faraday Soc.
62, 204 (1966).
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appeared, leaving a doublet at 3645 to 3660 cm™!

and a weaker band at 3520 cm™! superimposed
on a weak, broad contour, indicating some residual
polymeric hydrogen bonding.

Although this thoria had previously been calcined
in air at only 650° the sample was nevertheless
outgassed at increasingly higher temperatures,
thus producing some sintering action.!! Outgas-
sing at 650° left only weak bands in the OH stretch-
ing region at 3656 and 3503 cm™!. No surface
hydroxyl groups were spectroscopically evident
after outgassing at 800° but other bands in the
1200 to 1700 em ™! region were present. These
latter bands disappeared after outgassing at 950°,
However, bands at 1040 and about 730 em ™! were
very little affected by the outgassing treatment,
and their intensities were hardly reduced after
in vacuo sintering at 950° Examination of other
samples of ThO, indicated that these bands were
properties of the total mass, either as thorium
oxide or bulk impurities.

The discoloration of ThOZ, which has been ob-
served often after outgassing at 500° % has been
shown to be due to the presence of a small amount
of carbon residue from organic contamination de-
posited ducing the initial outgassing steps (indi-
cated by the presence of carbon-hydrogen stretch-
ing bands in the 2850 to 3000 cmn™! region). This
carbon residue can be removed by oxidation at
400°, with an accompanying weight loss, or by
volatilization at 900 to 1000°° [n the absence
of prior organic contamination, heating to 500° in
vacuo produced no discoloration. The fact that
the infrared spectra and the enerpetics of water
adsorption? were independent of color and oxygen
treatment (in contrast to rutile'®) indicates - that
oxygen defects, as proposed elsewhere,? do not
play an important role in the discoloration of thoria.

In the presence of pure water vapor at a relative
humidity of 60%, the H-O~H deformation mode of
physically adsorbed H, O at 1630 cm™! was the
only absorption band to appear (except in the OH
stretching region) that was not present after out-
gassing at 950° After room-temperatute evacu-
ation, a brief exposure of the thoria to the labora-
toty atmosphere at 40% relative humidity produced

M After 24 hr each at 650, 800, and 950° in vacuo, the
specific surface area was reduced to 12.3 mz/g and the
average crystallite size was increased to 319 A,

12M. E. Wadsworth et al., **The Surface Chemistry of
Thoria,”” Progress Report, University of Utah, Salt Take
City, Utah (Jan. 31. 1959).



several absorption bands. Even after evacuating
the cell for 24 hr, strong and fairly sharp bands
remained at 861, 1020, 1303, 1416, and 1583 cm™ !,
in addition to those present before the ThO, was
exposed to the atmosphere. It is apparent from
this that atmospheric catbon dioxide is rapidly and
strongly adsorbed on thoria, at least in the pres-
ence of water vapor.

When water vapor was adsorbed on ThO, which
had been outgassed at 950, sharp bands at 3740,
3695, and 3668 cm™' appeared with constant rel-
ative intensities up to approximately one mono-
layver coverage (10 to 12 doses of H 20), as shown

in Fig. 7.4. With increasing coverage, the 3668-
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cm ™! band continued to increase in intensity, but
the intensities of the 3740- and 3695-cm ™! bands
decreased. In addition, a broad band at 1630
cm ' began to appear, proving the adsorption of
Nevertheless, the growth of the
broad band in the OM stretching region showed that
polymeric hydrogen bonding was present at sig-
nificantly less than one monolayer coverage.

molecular water.

The nonequilibrium nature of water adsorption
was further demonstrated by successive adsorption-
desoiption cycles between 4.58 torrs (for 1 to 150
hr) and <107° torr (for 24 hr).
in vacuo spectrum showed a decrease in the inten-
sity of the 3740-em™' band and an increase in
the intensity of the broad band around 3440 cm .
In addition, bands at 1564.5 (strong), 1430, 1375
(sharp), and 1362 cm ™' (sharp) appeared. These
bands increased in intensity with each successive
adsorption-desorption cycle, although their relative
intensities These bands
appear to be due to the adsorbed water rather than

Fach successive

remained unchanged.

to any contamination, but a firm interpretation of
their nature awaits further experimental data.

BEHAVIOR OF GASES WITH SOL-GEL
URANIUM. THORIUM DXIDE FUELS

D. N. Hess
H. F. McDuffie

B. A. Soldano
C. F. Weaver

Sol-gel microspheres of ThO, or UO, have been
found to evolve gases when heated, as did the
thoria—3% UO, sol-gel materials previously re-
ported. 1¥1*  Efforts have been made to remove
these gases, as well as the carbon, which are
generated by interaction and pyrolysis of the water,
nitrates, organic solvents, and surfactants included
in the sol-gel materials during their preparation.
Such removal is considered desirahle becanse ex-
cess gas pressure or reactions between the gas
and metal might occur in sealed fuel elements,
causing rupture during reactor operation.

The air-dried ThO, microspheres yielded CO,,
CoO, H2, NO, N2, and organics upon heating in
vacuum. The first three were dominant. 'The

13D. N. Hess, W. T. Rainey, and 3. A. Soldano, Reac-
for Chem. Div. Ann. Progr. Rept. Jan. 31, 1965, ORNL-
3789, p. 177.

145, N. Hess and B. A. Soldano, Reactor Chem. Div.
Ann. Progr. Rept. Dec. 31, 1965, ORNL-3913, p. 72.



largest amount of gas evolution occurred at the
following centigrade temperature intervals: 240
to 260, 400 to 460, and 700 to 760. Above 760°C,
only a negligible amount of gas remained.

The wet UO, microspheres yielded CO,, CO,
Hz’ N,, 02, NO, and organics when heated with
steam and evacuated. The temperature intervals
of maximum gas evolution appear to be 150 to
250°C and 400 to 650°C. The principal gas
evolved (primarily in the 300 to 350° range) was
CH,. This is in direct contrast with the production
of higher-molecular-weight organic products previ-
ously noted in the case of the ThO, microspheres.

A possible explanation'® for the difference is
that in dry ThO, catalytic cracking of the included
organics occurs, while in the wet UO2 matrix
thermal cracking is dominant. The latter case is
expected to produce lower-molecular-weight prod-
ucts.

A conditioning scheme, successful with respect
to producing a low carbon content, a low O:U
ratio, and high density, is shown in detail in Table
7.2.
the removal of carbonaceous material and, thus,
for production of a low final concentration of car-
bon in the UO, microspheres. The water vapor
also seems to prevent fragmentation of the spheres.

The mixture of CO, and H,0 was superior to
either compound separately for increasing the rate
of sintering. [t was of prime importance that the
carbon removal be complete before the mixture of
Co, and HZO was added, since the densification
step trapped any remaining carbonaceous material.
The final use of pure H, to counter the oxidizing
effect of the mixture of CO, and H,0 produced the
low O: U ratios.

It is expected that the same processing scheme
would be applicable to microspheres consisting of
any member of the ThO,-UO, solid-solution sys-
tem, although no experimental information is avail-

The flow of water vapor was necessary for

5p q. Emmett, personal communication.
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able for such materials. For pure Th02, the H,
gas in the processing scheme is both unnecessary

and hammless.

Table 7.2, Successful Gas Flow Conditioning Scheme
for Sol-Gel UO, Microspheres

Batch p-9-12-1153; weight: 9.976 g

Treatment Schedule

16 hr 170°C Ar-H,0
2 250 Ar--4% H2~H2()
2 350 Ar--4% 1{2--—1120
2 450 Ar—4% Hz——HZO
Cool Ar—4% }{2--»1{20
16 hbr Store Helium
25 — 550 Ar—4% Hz»»HzO
2 550 Ar—4% 1{2«}120
2 650 Ar—-A% HZ—H2O
2 750 Ar—~4% H2~H20
Cool Ar—4% Hz"