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REACTOR CHEMISTRY DIVISION ANNUAL PROGRESS REPORT

SUMMARY

PART I. MOLTEN-SALT REACTOR PROGRAM

1. High*Temperature Phase Equilibrium Studies

Phase diagrams for many fluoride systems of
interest as fuels, blankets, or coolants for nuclear
reactors or as fuel reprocessing media have been
prepared from data obtained by a variety of tech
niques. Most of the emphasis has been given to
systems involving LiF and BeF2 with UF4 or
ThF., since these materials offer the most
promise in thermal breeder reactors.

The new compounds discovered in the course
of molten-salt phase studies include 21 binary
and ternary fluoride compounds whose composi
tions, optical properties, and x-ray diffraction
patterns are presented. Systematization of the
crystallographic properties of the 3:1 compounds
of the alkali fluorides with ZrF4, HfF4, ThF4,
and UF4, and of the 7:6 compounds in these
systems has confirmed the importance of the
M /X ion radius ratio and a structural proposal
previously made at this Laboratory.

Plutonium was shown to exhibit sufficient solu
bility in molten fluoride systems to be of interest
as a potential reactor fuel. Portions of the
systems LiF-PuF3, PuF3-LiF-BeF2, PuF3-NaF-
BeF2, PuF3-NaF-LiF-BeF2, and PuF3-LiF-BeF2-
UF4 were studied in the temperature range 550
to 650°C. The addition of ThF4, in one case,
had little effect on the solubility of PuF3, but
the addition of BaF2 or CeF3 reduced the solu
bility. A preliminary phase diagram was con
structed for the system NaF-PuF3.

2. Gas Solubilities in Molten Salts

A systematic study of the solubilities of the
noble gases in molten salts was undertaken be
cause of the occurrence of these gases as fission
products of high neutron-absorption cross section.
The results have been published, together with a
theory relating the solubility of such gases to
their atomic radii and the surface tensions of the

molten-salt solvents. The solubility of HF in
molten fluoride mixtures containing NaF and BeF2
or ZrF4 was found to be related to the composition
of the molten fluoride solvent when expressed as
NaF plus Na2BeF4 or Na.,ZrF7; low solubility
was noted when there was a "deficiency" of
NaF, but high solubility was noted when the NaF

was in "excess." The solubility of C02 (an
essentially unreactive nonspherical molecule) in
an NaF-BeF2 solvent was found to resemble that
of the noble gases at temperatures of 600 to
800°C, but that of HF at temperatures below
600°C. The low solubility of xenon in molten
salts and the relatively small effect of xenon
diffusion through graphite formed a basis for a
reactor system design in which Xe would
decay in a gas space outside the reactor core.

3. Thermodynamic Studies in Mo Iten*Salt Systems

Studies of the thermodynamic behavior of struc
tural-metal corrosion products in fluoride melts
have been extended to include CrF2 in NaF-ZrF4
and NiF2 in LiF-BeF2. Published estimates of
the standard free energy of reaction and the
entropy of fusion for NiF2 appeared to be ques
tionable, and more consistent values were sug
gested.

Theoretical calculations based on a quasi-
lattice model for molten reciprocal salt systems
were compared with emf measurements, at several
temperatures, of the activities of AgN03 in the
two molten solvents NaN03 and KN03 dilute in
Ag and CI ions. The theory correctly predicts
the temperature coefficients of the first associa
tion constant of Ag and CI ions.

A new generalized calculation based on the
model includes some of the higher associations
in a more realistic manner and provides a sepa
ration of configurational or statistical factors and
the factors containing "bond strength" for some
of the successive association constants. The

generalized calculation provides an insight into
the interpretation of association constants and
into the effects of the directionality of "bonds"
on association constants.

The depressions of the freezing point of NaF
upon the addition of alkali-metal fluorides, al
kali-earth fluorides, and transition-metal difluo
rides were measured and correlated with theories

of molten-salt behavior.

The vapor pressure of liquid UF4 over the
temperature interval 1018 to 1302°C was measured;
the results suggested the absence of associated
molecules in the vapor phase. Incomplete studies



of the vapor pressure of molten UG4 and of
LiF-UF4 mixtures are reported.

4. Self-Diffusion of Chromium in Inconel

Exposed to Molten Salts

Self-diffusion of chromium in nickel-based alloys
in contact with molten fluorides has been studied

by use of radiotracer Cr . Rates of diffusion
are evaluated (1) from rates of depletion of radio
active CrF2 from the melt during exposure, (2) by
counting the metal specimens after exposure, and
(3) by counting the Cr removed in successive
layers by electropolishing techniques.

5. Purification and Handling of Molten Salts
in Quantity

Molten mixtures of Li F and BeF2 with ThF4
and UF4 were purified by treatment in the molten
state at 800°C with H2 to reduce S04~~ and
higher valence states of uranium, with anhydrous
HF to remove CI and S and to convert oxides

and oxyfluorides to fluorides, and with H2 again
to reduce Fe , Ni , or Cu to the metallic
state. These operations, performed in equipment
of nickel or copper-lined stainless steel, have
been demonstrated in batches as large as 250 lb.
The purified materials are transferred in closed
metal systems to clean containers of nickel and
are stored at room temperature without exposure
to the atmosphere.

6. Graphite Compatibility

Molten fluorides containing LiF-BeF2-UF4-
ThF4 do not react chemically with graphite.

Graphite is not wetted by molten LiF-BeF2-
ThF4-UF4 mixtures. Although graphite is per
meated by such salts to varying extents which
depend on the temperature, pressure, surface
tension of the salt, and permeability of the
graphite used, several graphites are available
which show weight gains of less than 0.5% under
exposure at reactor temperature and pressure.
Samples of GT-123-82 graphite showed a weight
loss of 0.02% on exposure to an LiF-BeF2-UF4
mixture at 1300°F for one year in a forced-
circulation test loop. Adsorption of xenon on
graphite has been measured over the temperature
interval from —79 to +80°C; extrapolations of the
data suggest that less than 1 x 10" cm (STP)
of xenon per gram of graphite could be adsorbed
at 500° C and a xenon pressure of 1 mm.

7. Effect of Radiation on Static Corrosion

of Structural Materials by Fused*Salt Fuels

The irradiation of molten salts in contact with

graphite or Inconel has not revealed any sub
stantial corrosion or damage attributable to the
effect of radiation. In one set of tests, irradiated
molten salt appeared to have flowed through small
holes previously drilled in the bottom of a graphite
cup, although unirradiated controls showed no
evidence of flow. These results suggest either
that the irradiated salt may have wetted the
graphite or that initially high temperatures in the
irradiated salt may have increased its fluidity.

8. Reactions in Molten Salts

Nuclearly harmful rare-earth fission products
such as Sm can be selectively removed from
molten fluoride solution by exchange with a solid
bed of CeF3; the solubility of CeF3 in the molten
fluoride is sufficiently low to permit use of such
a process for removal of rare earths from an
operating reactor. Selective precipitation of
oxides by use of reagents such as H20, BeO, CaO,
or possibly Th02 from molten fluoride reactor
fuels has been demonstrated. Studies of recovery
of uranium and protactinium by precipitation with
BeO or Th02 are in progress.

PART II. AQUEOUS HOMOGENEOUS REACTOR

PROGRAM

9. Phase Equilibria in Aqueous Systems
at Elevated Temperature

A general description of the solid-liquid
equilibria at 300°C for the U03-CuO-NiO-S03-H20
system and its included four- and three-component
systems was obtained by determining solubilities
as functions of S03 concentration under conditions
in which one, two, or three solid phases were in
equilibrium with the solution. The analogous D20
systems were shown to be very similar. In this
investigation a new compound, CuO •U03, was
discovered and characterized.

Compositions of light and heavy phases in the
system U03-S03-H20 and its D20 counterpart
were established at 300 and 350°C. Compositions
in the heavy phase are very similar in H20 and
D20, but appreciable differences are observed in
the water-rich phases. Temperature of formation



of two liquid phases has been shown to increase
as the mole ratio U03/S03 decreases; at suf
ficiently low values of this ratio the U03 com
ponent is soluble in the supercritical fluid. The
heavy phase from synthetic HRE-2 fuel solutions
redissolves very slowly at temperatures slightly
below the immiscibility temperature unless good
mixing is provided.

Temperatures of formation of two liquid phases
were determined in the system U03-S03-N205-H20.
The system U03-N205-H20 was investigated at
25°C and from 150 to 350°C. The mole ratio

U03/HN03 was found to decrease from saturation
values of 0.6 to 1.1 at 25°C to values of 0.15 to

0.45 at 350°C. An exploratory investigation at
300°C of the system U03-CuO-NiO-N205-H20
indicated no markedly lowered solubilities which
might adversely effect its use as a reactor fuel.

Efforts to find thorium solutions that would be

stable ai 300°C and suitable for consideration as

breeder blankets were unsuccessful.

10. Reactions in Aqueous Solutions

The effectiveness of cupric nitrate as a soluble
homogeneous catalyst for the recombination of
radiolytic gas in uranyl nitrate solutions was
measured and found to be about 40% of that of

cupric sulfate in sulfate-based aqueous homo
geneous reactor fuel solutions. The effects of
acidity, temperature, copper concentration, and
isotopic choice (H2 or D2, H20 or D20) on the cat
alytic activity of cupric perchlorate were deter
mined in connection with studies of the mechanism

of the recombination reaction.

Factors affecting the concentration of peroxide
in uranyl solutions at incipient precipitation were
determined experimentally and related to the
solubility of uranium peroxide, the equilibrium
between dissolved uranium peroxide and hydrogen
peroxide, and the rate of peroxide decomposition.
The decomposition of peroxide in nitrate solution
was found to be similar to that in sulfate systems.
Two crystalline forms of uranium peroxide were
differentiated on the basis of their method of

preparation, analytical composition, x-ray dif
fraction pattern, and chemical reactivity.

A simple ion exchange method was developed
for the determination of free acid in solutions

containing easily hydrolyzable cations and was
applied to aqueous homogeneous reactor fuel
solutions.

11. Thermodynamic Studies in Aqueous Systems

In connection with studies of the hydrolysis of
U(VI) and sulfate ions, an experimental program
was initiated to measure acidity in aqueous
solutions at elevated temperatures. The procedure
is a well-established one — potentiometric titration
using hydrogen-ion-responding electrodes in
concentration cells with transference. A novel

arrangement of two glass electrodes is being used
in this study; this arrangement has an advantage
in that the solutions measured are in contact only
with the relatively inert glass electrodes and the
containing vessel. Measurements of emf at 94°C
have been made with a precision of 0.1 mv, and
promising preliminary measurements have been
made at 150°C. The results indicate that stoichi

ometric 0.01 m solutions of uranyl nitrate and
perch lorate are about 17% hydrolyzed at 94°C,
compared with reported values of 5 to 8% at
temperatures of 20 to 40°C.

The isopiestic method for the study of electrolyte
solutions at elevated temperature has been
extended to seven representative 1-1, 1-2, 2-2, and
2-1 solutes at 99.6°C at reference NaCI concen

trations above 1 m. Comparison with the published
values for 25°C revealed, for 1-1 electrolytes,
small systematic changes in the expected di
rections, with lithium chloride exhibiting unique
behavior; the pronounced effect of the lithium ion
on the structure of water at 25°C appeared to be
considerably decreased at higher temperatures.
The 2-1, 1-2, and 2-2 electrolytes showed con
siderably larger deviations from ideal behavior as
the temperature was elevated.

PART III. GAS-COOLED REACTOR PROGRAM

12. Gas Evolution from Graphite

The volumes and compositions of the gases
evolved from six reactor grades of graphite have
been determined by outgassing techniques which
included two methods of heating the graphite
(external resistance or internal induction) and the
use of temperatures as high as 2000°C. Of the
gases recovered by external resistance heating,
water vapor was universally released most easily
at the lowest temperatures, CO was released
throughout the whole temperature range, and the



volatile hydrocarbons were substantially removed
below 1000°C. It was possible to distinguish be
tween thermally purified graphite and gas-purified
graphite on the basis of the type and rate of gas
evolution. At 1000°C the volume of gas evolved
by induction heating was always greater than that
evolved by external resistance heating; induction
heating to 1800 or 2000°C evolved twice the volume
of gas obtained by external resistance heating to
1000°C. Correlation of outgassing behavior of
graphite with measurable properties of the graphite
specimens themselves appears less likely to be
appropriate than correlation with the choice of raw
materials and the conditions of graphitization.

13. Transport of Gases Through Ceramic Materials

The expectation that the transport of reactor
coolant gases and fission product poison gases
through ceramic fuel elements and graphite moderator
bodies will become important for the development
of high-performance reactors led to the initiation
of a program of theoretical and experimental study
of porosity, forced gas flow, and diffusion. The
transition velocities (from viscous to turbulent
flow) in porous media were found to extend through
a wide range and to depend on the pore-size
distribution. Measurements of the permeability of
selected graphite specimens revealed that viscous
flow became less important than Knudsen diffusion
as the pressure and pore size were decreased.
Constant-pressure-diffusion experiments with helium
and argon as the diffusing gases gave results
which suggest that both classical diffusion and
Knudsen diffusion contributed to the observed

transport. The open-pore porosities of several
graphites were determined by the helium-gas-
penetration technique with good reproducibility.
Only a small increase in porosity resulted from
outgassing the samples at 1000°C.

14. Importance of Alkali-Metal Fission Products
in EGCR Fuel Capsules

Thermodynamic calculations suggested that ce
sium and rubidium (long-lived fission products
formed in high yield) would appear in the EGCR
fuel-element capsules both as free metals at
moderate partial pressures and as compounds with
the nonmetals (Br, I, Se, Te). Possible evidence
for a slight penetration of stainless steel by ce
sium vapor at 850°C was observed. Tin and bis
muth, both of which alloy readily with cesium, may

be useful for scavenging cesium in EGCR fuel-
element capsules.

15. Effect of Reactor Irradiation on

Beryllium Oxide

The irradiation of cylindrical specimens of BeO
in the ETR at neutron fluxes (thermal and fast) of
about 5 x 10 under conditions of thermal stress
has not so far revealed any noticeable mechanical
damage to this moderator material.

16. Gaseous Aluminum Chloride as a

Thermodynamic Working Fluid and
Heat Transfer Medium

Dissociating gases have been proposed for
possible use as reactor heat transfer media and
thermodynamic working fluids. Calculations indi
cated that aluminum chloride has an equilibrium
(monomer ,, ' dimer) which is suitable for use
within the temperature and pressure limitations
currently associated with gas-cooled reactors. A
program of calculations and experiments is de
veloping further information on aluminum chloride
and other related compounds.

17. Measurement of Temperature in
Reactor Environments

Corrections for thermocouples used to measure
the temperatures of gas-cooled surfaces were
determined experimentally and correlated with the
flow characteristics of the cooling gas by means
of a theoretical analysis and computations on the
Oracle. In-pile measurements of specimen surface

temperatures under similar conditions of gas flow
have given satisfactory results.

The effects of changes in the chemical environ
ment upon the readings of Chromel-Alumel thermo
couples at 1000°C have been studied to provide
understanding of the causes of drifts reported to
occur over periods of time which are short com

pared with the times required for reactor operation.
Rhenium-tungsten thermocouples were found to
be stable over test periods of 64 hr at a tempera
ture of 1800°C in a helium atmosphere. Small
high-temperature furnaces containing electrically
heated tungsten rod elements have been developed
and were tested to above 2800°C for use in further

experiments.

The effects of impurities produced by transmuta
tion of thermocouple materials have been calculated
for use in evaluating the results of in-pile long-
term tests.



18. Removal of Radioactive Gaseous Fission

Products from Other Gases

A review was prepared of all previous studies
of the removal of radioactive gaseous fission
products from other gases. An improved method
was developed for evaluating the number of
theoretical plates in an adsorber bed. The effect
of carrier gas velocity on this number was meas
ured; for the system oxygen—Columbia G charcoal,
the optimum superficial linear velocity was found
to be about 0.5 fpm. Changes in the composition
of the carrier gas were found to affect the re
tention of krypton on adsorbents. Dynamic ad
sorption coefficients, k, for krypton and xenon
with oxygen or helium as the carrier gas were
determined for many samples of charcoal, mo
lecular sieve material, and other possible ad
sorbents. The thermal conductivities of selected

adsorbents, important for removal of heat from
radioactive adsorbed gases, were measured by
direct and indirect methods. Parameters affecting
the ignition and combustion of charcoal in oxygen
carrier gas or oxygen-hydrogen gas mixtures were
studied experimentally and the results used to
explain an observed ignition of the HRE-2 char
coal bed. The very dangerous consequences of
the presence of even low concentrations of oxygen
in gas streams passing over low-temperature char
coal beds were evaluated and called to the atten

tion of the designers for the NS "Savannah."

The removal of radioiodine vapor from air
streams was studied extensively. Transport of
iodine adsorbed on tiny dust particles was found
to provide a mechanism for bypassing an otherwise
effective charcoal adsorber bed; filtration up
stream of the adsorber eliminated this difficulty.
Finer grades of charcoal, as expected, were found
to be more efficient adsorbers. Moisture in the

air did not interfere with adsorption, and iodine,
once adsorbed, was very firmly held. A silver-
plated copper ribbon mesh was found to be com
parable to copper ribbon at room temperature but
superior at elevated temperature. Charcoal is •
much superior to either but introduces a much
larger pressure drop.

A number of proposed fission-gas or iodine
adsorption systems were reviewed for technical
feasibility and safety.

PART IV. PREPARATION OF REACTOR-

GRADE MATERIALS

19. Preparation of Oxygen*Free Yttrium

As part of a joint chemical-metallurgical pro
gram, preliminary laboratory-scale and interme
diate-scale demonstrations were made of a process
for removing oxygen from yttrium-bearing fluoride
salts by hydrofluorination in the liquid state.
Study of the phase behavior of the system YF3-
LiF-MgF2 revealed the existence of mixtures
which melted below 800°C. Further work showed

that, after purification, these melts could be
reduced with metallic lithium to produce a low-
melting Y-Mg alloy and essentially pure LiF, both
of which melt below 1000°C, thus facilitating
phase separation and metal recovery. Oxygen
concentrations of the purified molten salt mixture
before reduction were as low as 200 ppm in small
(5-lb batch) experiments; in larger scale equipment
some runs produced material having as little as
500 ppm oxygen.

20. Preparation of Inorganic Fluorides

A number of fluorides of chromium were prepared
as a consequence of interest in the corrosion of
chromium alloy containers by molten-fluoride
reactor fluids. Anhydrous ammonium hexafluo-
chromate was synthesized and used as a starting
material to prepare CrF3, CrF2, and chro-
mium( 11,111) fluoride. New methods were developed
for the production of anhydrous CrF2; the reaction
of SnF2 with Cr in impervious graphite proved
most convenient, and a good separation of molten
Sn° from CrF2 was readily obtained at 1100°C.
Stannous fluoride was also found to be useful for
the preparation of other fluorides and fluocom-
plexes, including MnF2, ZnFj, AIF3, FeF2, VF3,
and UF4. Contrary to expectations, molten SnF2
produced the free metals Cu, Bi, and Sb from
CuF2, BiF3, and SbF3> The reactions of molten
NH4HF2 were studied extensively for possible
application in the conversion of metal oxides to
fluorides.

21. Preparation and Properties of Inorganic
Oxides

The chemistry of high-temperature oxide systems
of interest to reactor programs has been ap
proached initially by a study of the limits of



precision and accuracy available in chemical materials have been measured and are reported for
methods for ascertaining the oxygen/uranium the first time.
ratios in uranium oxides. These ratios are being Improvements were made in processes for pre-
related to optical and x-ray diffraction measure- paring beryllium oxide of high purity; the sintering
ments on uranium oxides and U02-Th02 solid characteristics of the product were found to
solutions. The optical properties of several depend on the method of preparation and the
oxides which are significant as nuclear reactor calcium and silica content.
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1. HIGH-TEMPERATURE PHASE EQUILIBRIUM STUDIES

C. J. Barton H. A. Friedman

R. A. Strehlow R. E,

H. Insley J. D. Redman
Thoma C. F. Weaver

The phase behavior of fused-salt materials which
may be used to form fuels, heat transfer agents,
converter/breeder blankets, and fuel reprocessing
media for high-temperature nuclear reactors is
directly related to the design, construction, and
operation of those reactors. Relatively few ma
terials have thermal neutron absorption cross
sections so low that they can be considered for
these uses. Until recently, almost no reports
existed concerning the phase relationships in
the condensed systems of fused salts suitable for
these reactor uses. Accordingly, the principal
effort of these studies has been to arrive at a

good understanding of the phase behavior in such
systems.

Two general categories of high-temperature
phase investigations have been involved. These
are (1) studies directly related to the development
of reactor fuels, heat transfer agents, etc., and
(2) fundamental studies of reactor materials and of
materials chemically similar to such substances.

The experimental data from which phase diagrams
of fused-salt systems have been derived were
obtained from thermal gradient quenching experi
ments, thermal analysis of heating and cooling
effects occurring in melts, visual observation
of phase changes occurring during heating and
cooling, and filtration at high temperatures.
Phases in samples from all these types of experi
ments were identified by the use of the petrographic
microscope and with the x-ray diffractometer.
Materials used have been, in each case, the
commercially pure chemicals. These materials
have been given further purification by alternate
sparging in the molten state with HF and H2 or by
addition of NH4HF2 before fusion. All handling of
purified materials, prior to final examination,
has been accomplished in dry boxes or under inert
atmospheres.

The use of thermal gradient quenching combined
with the complementary identification techniques
of microscopic and x-ray diffraction analysis
has developed in the Reactor Chemistry Division
as a unique and peculiarly effective method in
inorganic salt phase equilibrium studies. Except

Phase diagrams of many of such systems previously
investigated at this Laboratory have been reported in
Phase Diagrams of Nuclear Reactor Materials (ed. by
R. E. Thoma), ORNL-2548 (Nov. 2, 1959).

for BeF2-containing materials, high-temperature
liquids of fluoride salt mixtures do not quench
to true glasses. The occurrence of incipient
crystals in the quenched materials generally
precludes the use of x-ray diffraction techniques
as a means of determining the liquidus or tran
sitions where liquids appear or disappear. How
ever, the combined techniques are definitive in
cases of determining some solid state transitions,
analyzing mixtures containing optically similar
solids, and distinguishing between monophase
and polyphase solid solutions. The optical
technique is, of course, unmatched in its capability
to detect traces of contaminants where these occur

in concentrations below the detection limit of

x-ray diffraction methods.

SYSTEMS FOR USE AS NUCLEAR REACTOR

FLUIDS

The System LiF-BeF2-ThF4*UF4

It has been demonstrated that LiF-BeF2 mixtures
can dissolve sufficient UF4 and ThF4 to provide a
fuel solution for a U233 molten-salt converter
reactor.2 The system LiF-BeF2-ThF4-UF4 is,
accordingly, of considerable potential importance.
Efforts since the inception of this Division have
included examination of all of the binary and
ternary systems which are incorporated as limiting
systems in this quaternary system, as well as
examination of the composition regions of principal
interest as core fluids for the converter reactor.

Phase diagrams of eight of the ten limiting systems
have been determined at ORNL. Polythermal
projections of the four ternary limiting systems ~

C. F. Weaver et al.. Phase Equilibria in Molten Salt
Breeder Reactor Fuels. I. The System LiF-BeFy-UF,-
ThF4, ORNL-2892 (to be published).

G. V. Jones et al., Phase Equilibria in the LiF-
BeF2-UF4Fused Salt System, MLM-1080(Aug. 24, 1959).

R. E. Thoma et al., "Phase Equilibria in the Sys
tems BeF2-ThF4 and LiF-BeF2-ThF4," /. Phys. Chem.,
in press.

C. F. Weaver et al., Phase Equilibria in the Systems

UF4-ThF4 and LiF-UF4-ThFr ORNL-2719 (Aug. 17,
1959); J. Am. Ceram. Soc. 43, 213 (1960).

6C. F. Weaver et al., "The System BeF2-UF4-ThF4,"
unpublished work.



REACTOR CHEMISTRY PROGRESS REPORT

are shown in Figs. 1.1-1.4. Invariant equilibria
in these systems are listed in reports elsewhere.
The marked similarity of the liquidus surfaces of
the systems LiF-BeF2-ThF4 and LiF-BeF2-UF4
permits the inference that UF4-ThF4 mixtures may
be dissolved in LiF-BeF2 solvent mixtures in a
wide variety of concentration ratios with little
effect on the liquidus temperature. This inference
is confirmed by the results of experiments shown
in Figs. 1.5 and 1.6. The polythermal phase
diagram of the system LiF-ThF4-UF4 (Fig. 1.1)
shows that the precipitating phases from most
liquids contain both UF4 and ThF4 in relative
concentrations nearly the same as those in the

LiF

845

TEMPERATURE IN °C

COMPOSITION IN mole <7(

LiF-4ThF.

LiF-2ThF,

7LiF-6ThF/,

P762

P597
£565

SLiF-ThF,
£568

P897

4LiF-UF4x ^500 £490 P 610

ThF,

liquids from which they were formed. An extensive
report of the phase equilibria in this condensed
system shows that very little separation in the
ThF4-UF4 concentration ratio occurs on cooling
solutions of these materials in LiF-containing
solvents.

The marked similarity of the phase diagrams of
the simple systems BeF2-UF4 (ref 7) and BeF2-
ThF4 (ref 4) indicates that the ternary system
BeF2-UF4-ThF4 should display only the primary

T. B. Rhinehammer, P. A. Tucker, and E. F. Joy,
Phase Equilibria in the System BeF-,-UF,, MLM-1082
(to be published). 2 4

775

4
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(a) UF4-ThF4(ss)
(b) LiF-4UF4-LiF-4ThF4(ss)
(c) LiF-2Th(U)F4(ss)
(d) 7LiF-6UF4-7LiF-6ThF4(ss)
(e) 3LiF-Th(U)F4(ss)
(f) LiF

UF-4UF,,
UF4

1035

Fig. 1.1. The System LiF-UF4-ThF4.
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Fig. 1.2. The System Li F-BeF2-ThF4.

phase fields of UF4-ThF4 solid sohjtion and
BeF2, and the even reaction boundary path be
tween these primary phase fields. Experimental
work is in progress to determine the validity of
this hypothesis. Results of those experiments are
shown in the preliminary phase diagram (Fig. 1.4).

The System NaF-BeF2-ThF4-UF4

Studies of the phase equilibria in the systems
limiting the quaternary system NaF-BeF2-ThF4-
UF4 have been in progress for some time. These
studies were undertaken in the expectancy that
the physical properties of combinations of these
materials may prove adequate for the demonstration
that NaF-BeF2 based fluids will serve as suitable

reactor core materials. Reports have been pub
lished concerning the phase equilibria in the
limiting systems NaF-ThF4 (ref 8), NaF-BeF2
iref 9), BeF2-ThF4 (ref 4), ThF4-UF4 (ref 5),
and NaF-UF4 (ref 10). Phase diagrams of the
systems BeF2-UF4 and NaF-BeF2-UF4 have been
constructed by other workers.7. Studies in

8R. E. Thoma et al., ]. Phys. Chem. 63, 1266 (1959).
g

D. M. Roy, R. Roy, and E. F. Osborn, ]. Am. Ceram.
Soc. 36, 185 (1953).

10C. J. Barton et al.. ]. Am. Ceram. Soc. 41,63 (1958).
nj. F. Eichelberger et al., "The System NaF-BeF2-

UF4," p 110 in Phase Diagrams of Nuclear Reactor
Materials (ed. by R. E. Thoma), ORNL-2548 (Nov. 2,

1959).
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Fig. 1.3. The System Li F-BeF2-UF4.

UNCLASSIFIED

MOUND LAB. NO.

56-H-29 (REV)



PERIOD ENDING JANUARY 31, I960

UNCLASSIFIED
ORNL-LR-DWG 45510

1111

COMPOSITION IN mole%

TEMPERATURE IN °C

PRIMARY PHASE AREAS

0) UF^-Th^ss
(b) BeF,

1035

Fig. 1.4. The System BeF2-ThF4-UF4.

progress at this Laboratory of the systems NaF-
BeF2-ThF4 and NaF-ThF4-UF4 have progressed
well enough that nearly completed phase diagrams
of the systems can be constructed. These are
shown in Figs. 1.7 and 1.8.

The System NaF-BeF2-ThF4

Continuing studies of the phase equilibria in the
system NaF-BeF2-ThF4 have established that this
system involves 12 invariant equilibrium points.
Of these, ten have been established to within

1 mole % and 5°C. A list of the established
invariant equilibria is shown in Table 1.1.

The system contains a ternary compound NaF1
BeF2«3ThF4, which melts to liquid and ThF4
solid solution (ss). Consequently, the join
NaF«BeF2-ThF4 does not represent a true binary
system. The maximum temperature on the boundary
between the primary phase fields of ThF4ss and
NaF»BeF2^3ThF4 is shifted from the NaF-BeF2-
ThF4 join to a higher NaF concentration. This
maximum temperature actually occurs at the
ThF4ss, NaF«2ThF4, NaF^BeF2«3ThF4 invariant
point.
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Fig. 1.5. The Join Li F-BeF2-ThF4 (67.5-17.5-15)-
LiF-BeF2-UF4 (67.5-17.5-15) in the Quaternary System
LiF-BeF2-ThF4-UF4.
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Fig. 1.6. The Join LiF-BeF2-ThF4 (70-10-20)-LiF-
BeF2-UF4 (70-10-20) in the Quaternary System LiF-
BeF2-ThF4-UF4.

Table 1.1. Invariant Equilibria in the System NaF-BeF.-ThF.

Composition of Liquid

(mole %)

NaF

43

49

47

56

57

72

76

62

42

BeF

96

55

49

51

42

41

22

11

31

ThF4

13

36

27

Invariant

Temperature

(°C)

527

365

375

375

320

415

510

540

633

740

Type of

Equilibrium
Solid Phases Present

ThF4ss, BeF2, and NaF-BeFj-
3ThF,

Eutectic NaF-BeF2, BeF2, and NaF-BeF2-
3ThF

4̂

NaF-BeF2, NaF-2ThF4, and
NaF-BeF2-3ThF4

NaF-BeF2, NaF-2ThF4, and
/3-NaF-ThF.

4

NaF-BeF2, 2NaF-BeF2, and
/3-NaF-ThF.

4

/S2-2NaF-ThF4, 2NaF-BeF2,
and /3-NaF-ThF,,

4

£2-2NaF.ThF4, 2NaF-BeF2,
and NaF

Peritectic

Eutectic

Peritectic

Eutectic

Peritectic ^2-2NaF-ThF4# /3-4NaF-ThF4,
and NaF

Peritectic A^NaF-ThF^ 3NaF-2ThF4,
and /3-NaF-ThF4

Peritectic NaF-2ThF4, ThF4-ss, and NaF-
BeF2-3ThF4
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Fig. 1.7. The System NaF-BeF2-ThF4.

The System NaF-BeF2-UF4

Studies by Barton et a/.10 on the system NaF-
UF4 and more recent attempts in this Laboratory
to synthesize the compound NaF«4UF4 by thermal
gradient quenches of a substance with the compo
sition 20 mole %NaF-80 mole %UF4 have failed
to confirm the existence of a compound having this
composition reported by Eichelberger et al. in
their investigation of the system NaF-BeF2-UF4.
Moreover, studies at this Laboratory in the system
NaF-BeF2-ThF4 have shown that a primary phase
field exists corresponding to the "NaF'4UF4"
primary phase field in the system NaF-BeF2-UF4
and that the primary phase in this case is
NaF«BeF2«3ThF4. This compound is analogous in
optical properties to the so-called "NaF«4UF4"
as reported by the Mound Laboratory. Quenched

samples at the composition 20 mole % NaF, 20
mole % BeF and 60 mole %UF4 have shown that

2'

the compound NaF«BeF2«3UF4 exists as a single
solid phase at its composition. Optical properties
and x-ray diffraction data for the NaF«BeF2«3UF4
indicate that the compounds NaF«BeF2«3ThF4 and
NaF«BeF2«3UF4 are isostructural. These data are
listed separately in Table 1.6.

The System NaF-UF4-ThF4

Sufficient experimental work has been done on
the phase relationships in the condensed system
NaF-UF4-ThF4 that the primary phase fields and
the temperatures and compositions of the invariant
points can be described with a fair degree of
confidence.
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Fig. 1.8. The System NaF-ThF4-UF4.

Previous work on the binary systems NaF-UF4
(ref 10) and NaF-ThF4 (ref 8) has shown that the
two systems are by no means completely analogous
in spite of the fact that the binary system
UF4-ThF4 is composed of a complete series of
solid solutions.

The compound NaF«2ThF4 is cubic and has a
considerable range of primary crystallization in the
binary system, whereas the compound NaF«2UF4
possesses a lower, undetermined symmetry —
orthorhombic, monoclinic, or triclinic — and is
only stable at subsolidus temperatures in the

10

system NaF-UF4> The join between these com
pounds in the binary systems shows extensive
mutual solid solution with a narrow miscibility
gap. Indeed, the temperature of stability of the
NaF«2UF4 compound is raised so much (more than
60°) by the solution of NaF«2ThF4 that this com
pound has a small primary phase field in the
ternary system.

There is an NaF«ThF4 compound with a small
range of primary phase crystallization in the
binary system. There is no corresponding compound
in the NaF-UF4 system, and the compound



7NaF«6UF4, which is congruently melting with
a large primary phase range in the binary system
NaF-UF4, has only a metastable analog in the
NaF-ThF4 system. Only about 2 mole %UF4 is
required, however, to stabilize the 7:6 compound in
the ternary system with a complete series of
isostructural solid solutions to the NaF-UF4
boundary.

Apparently structurally similar cubic compounds
exist in the NaF-ThF4 and NaF-UF4 systems,
3NaF-2ThF4 and 5NaF«3UF4- In spite of the
unmistakably different molecular ratios these two
compounds form a complete series of solid so
lutions and have a continuous primary phase field
across the ternary liquidus surface.

There are two isomorphous forms of 2NaF»ThF4
and 2NaF«UF4, designated respectively as /32
and a. Of pure 2NaF«ThF4 the /32 form is stable
and the a form metastable. Of pure 2NaF-UF4
the a form is stable and the /32 form metastable.
In the ternary system these two compounds form
extensive solid solutions with a small miscibi lity
gap (Fig. 1.9).

10 15 20

UF. (mole XI

UNCLASSIFIED

ORNL-LR-DWG 34986

30 2NaF-UF.

Fig. 1.9. The Section 2NaF-ThF4-2NgF-UF4.
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The compounds 4NaF«ThF4 and 3NaF«UF4 have
some structural similarities, and quenching experi
ments have shown that they possess some mutual
solid solubility, but sufficient detailed work to
show quantitative relationships is still lacking.

Phase Relations in the System LiF-PuF3 12

Phase equilibrium relations in the system
LiF-PuF, were determined because of interest in
the possible use of mixtures in the system
LiF-BeF2-PuF3 to fuel a plutonium-burning molten-
fluoride power reactor. Thermal analysis apparatus
developed for this study, shown in Fig. 1.10,

l 9 Paper No. 27 presented in the Division of Physical
Chemistry at the 135th National Meeting of the American
Chemical Society, Boston, April 1959.
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Fig. 1.10. Thermal Analysis Apparatus.

11
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was capable of detecting thermal effects with 1- to
3-g quantities of materials. High sensitivity
was achieved by supporting the platinum crucible
at the top, providing a minimum amount of heat-
conducting material in contact with the sample,
and by immersing the unshielded thermocouple
junction in the melt. Argon which had a very low
oxygen content was used to provide an inert
atmosphere in the apparatus while it was above
room temperature. The lower part of the apparatus
was surrounded by a 600-w uninsulated heater
consisting of a ceramic cylinder 3 in. in diameter
and 8 in. high wound with Nichrome wire. This
heater and the apparatus were placed in a stainless
steel glove box which had a heating well on the
bottom heated externally by a 2700-w, 5-in. tube
furnace. This combination of furnaces heated

the contents of the crucible to a maximum tempera
ture of about 1000°C. Temperature control was
achieved by manual adjustment of variable
transformers connected to the furnaces.

The following technique was used to obtain
thermal analysis data. Weighed quantities of
optical-grade LiF and high-purity PuF3 were
mixed in a 5-ml platinum crucible previously
positioned in the thermal analysis apparatus as
shown in Fig. 1.10. The apparatus was sealed,
evacuated, and filled with argon which was
allowed to flow through the apparatus at a pres
sure slightly above the pressure within the glove
box. The mixture was heated slowly until the
ammonium bifluoride decomposed and the resulting
ammonium fluoride volatilized and then more

rapidly to a temperature 25 to 150°C above the
liquidus temperature of the mixture under test.
Cooling rates of 1 or 2 deg/min were maintained
through the temperature range of expected thermal
effects, and two or more cooling curves were
obtained with most of the compositions tested.
Whenever thermal effects were noted on the

recorded cooling curves, the temperature was
checked by connecting the thermocouple to a
portable potentiometer. The maximum difference
between the recorder and potentiometer temper
atures was 5° and the average difference was 2.8°.

After thermal data were obtained, the mixtures
were allowed to cool to room temperature and
crushed to separate them from the thermocouple
junction. The crushed samples were first weighed,
then ground and submitted for chemical analysis
and for identification of the crystalline components
by means of a polarizing microscope mounted

12

in a glove box connected to the stainless steel
box in which the material was heated.

Thermal analysis data obtained with mixtures
containing 5 to 38 mole % PuF3 are shown in
Fig. 1.11. The diagram shows that LiF and PuF,
form a simple eutectic system, with the eutectic
mixture containing approximately 19.5 mole %
PuF3 and melting at 743 ± 2°C. Confirmation of
the thermal indication of the nature of the system
and the composition of the eutectic mixture was

UNCLASSIFIED
ORNL-LR-DWG 34817

LiF 10 20 30 40 50 60 70 80 90 PuF3
PuF3 (mole %)

Fig. 1.11. The System LiF-PuF,.

obtained by microscopic examination of the fused
mixtures. Only the pure, crystalline components
were present, and no evidence of solid solution
formation was observed. The presence of well-
crystallized LiF, along with eutectic aggregates of
LiF and PuF3, indicated that LiF was the first
phase to separate from the melt on cooling the
mixture containing 19 mole % PuF3. Similarly,
the presence of well-crystallized PuF3 in the
mixture containing 20 mole % PuF3 showed that
PuF3 was the primary phase of this composition,
thus establishing the location of the eutectic
composition between these limits.

Solubility of PuF3 in Fused Alkali
Fluoride-Beryllium Fluoride Mixtures13

The solubility of PuF3 in five LiF-BeF2
mixtures, three NaF-BeF2 mixtures, two NaF-LiF-
BeF2 mixtures, and one LiF-BeF2-UF4 mixture

- —

In press, /. Phys. Chem.; paper No. 106 presented
at the symposium on High Temperature of the Division
of Inorganic Chemistry at the 135th Nalional Meeting of
the American Chemical Society, Boston, April 1959.



was determined at temperatures ranging from about
550 to 650°C because of interest in the possibility
of fueling fused-salt power reactors with plutonium.
Solubility determinations were made in nickel
filter apparatus by forcing liquid salt mixtures
saturated with PuF3 through sintered nickel
filters, cooling the filtrates, and analyzing them
chemically to determine their plutonium content.
The data obtained appeared to follow a linear
relationship within the experimental accuracy of
the measurements when plotted as molar concen
tration of PuF3 vs l/T (°K). The solubility of
PuF3 in these solvents was found to be rather
low, varying from about 0.4 to 2.5 mole % at 650°C
and from 0.16 to 1.2 mole % at 550°C. The

observed solubilities are believed to be adequate
for some types of fused-salt reactors. Typical
data obtained in this investigation are shown
graphically in Fig. 1.12, which shows the data

PERIOD ENDING JANUARY 37, 7960

obtained with LiF-BeF2 mixtures. It was inter
esting to find that the solubility of PuF3 in the
mixture 70 LiF-10 BeF2-20 UF4 (mole %) was
higher than that in the LiF-BeF2 mixture having
about the same LiF concentration. This obser

vation is of some importance because it points to
the possibility of converting U238 to Pu239 in a
molten-salt reactor. Figure 1.13 shows how the
solubility of PuF3 varies with the concentration
of BeF2 in LiF-BeF2 and NaF-BeF2 mixtures.
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Fig. 1.12. Solubility of PuF3 as a Function of Tem
perature for LiF-BeF2 Solvents.
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Fig. 1.13. Solubility of PuF3 in LiF-BeF2 and NaF-
BeF2 at 565"C.

In addition to UF4 mentioned above, the effect
of several other added ions on the solubility of
PuF3 in one of the LiF-BeF2 mixtures was
examined. The addition of one mole % ThF4
to the mixture LiF-BeF2 (63-37 mole %) had little
effect on the solubility of PuF3 in this solvent,
indicating that it might be feasible, from the

• 233solubility standpoint, to convert Th to U
a plutonium-fueled reactor. The addition of BaF2
to this mixture appeared to reduce the solubility
of PuF3 in a manner not clearly understood, but

13
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the data indicate that the buildup of divalent
fission products in an operating power reactor
should not seriously affect the solubility of PuF3.
Cerium trifluoride reduced the solubility of PuF3
in the same solvent in direct proportion to the
molar ratio of CeF3 to PuF3 in the mixture. This
indicates that it would be possible to precipitate
PuF3 from solvents of this type, along with some
other trivalent ions, by "salting" it out with CeF3.

Phase Equilibria in the Systems
NaF-PuF3 and NaF-CeF3

Phase equilibrium relations in the system
NaF-PuF3 were investigated because of interest
in possible use of mixtures in the system NaF-
BeF2-PuF3 or the system NaF-LiF-BeF2-PuF3 to
fuel a plutonium-burning molten-fluoride power
reactor. Other studies had shown that the

solubility of PuF3 in these systems is adequate
for some proposed reactors. This investigation
also represented a logical extension of the
previously completed study of the LiF-PuF3
system, summarized elsewhere in this report.
A study of a part of the NaF-CeF3 system was
performed at about the same time because of its
suspected similarity to the NaF-PuF3 system and
because of the desirability of having suitable
materials to test new high-temperature thermal
analysis apparatus before it was used in the
plutonium glove box. An earlier unpublished study
of this system in this Laboratory failed to produce
a complete phase diagram chiefly due to lack of
liquidus temperatures in the CeF3 primary phase
field. Some data obtained in that study are
included in this report.

Thermal analysis data were obtained with
NaF-PuF3 mixtures containing 5 to 50 mole %
PuF3 in the same type of thermal analysis
apparatus used for investigation of the LiF-PuF3
system described elsewhere in this report, and
essentially the same technique was used except
that the cooling rate was controlled by means of a
Brown controller rather than manually. The data
obtained to date are included in Table 1.2. The

slowly cooled mixtures obtained in the thermal
analysis study were examined by means of a
polarizing microscope mounted in a glove box.

14C. J. Barton, /. Phys. Chem., in press.
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Facilities for x-ray examination of plutonium-
containing mixtures and for quenching experiments
with these materials were not available.

A preliminary phase diagram for the NaF-PuF3
system based upon the available thermal analysis
data contained in Table 1.2 and the results of

microscopic identification of crystalline compounds
in the slowly cooled melts is shown in Fig. 1.14.
The absence of a liquidus thermal effect in the
cooling curves obtained with the 50 mole %PuF3
mixture was undoubtedly due to the fact that the
apparatus in use at that time was limited to a
maximum temperature of 1000°C, about 40° below
the estimated liquidus temperature. The eutectic
between NaF and NaF»PuF3 contains approximately
23 mole % PuF3 and melts at 727 ± 3°C. In
sufficient data were obtained to locate the

peritectic composition accurately, but it appears
to contain approximately 40 mole % PuF3. The
observation of arrests at 842°C in the cooling
curves obtained with mixtures containing 40 and
50 mole % PuF3 indicates that this is probably the
incongruent melting temperature of the compound
NaF-PuF, The absence of an arrest at the

eutectic temperature in cooling curves obtained
with the 50 mole %PuF3 mixture and the obser
vation of essentially single-phase material in the
slowly cooled sample appear to confirm the
identity of the binary compound formed by NaF and
PuF3. The optical properties of this compound
formed in binary mixtures were the same as those
of the compound formed in NaF-BeF2-PuF3 and
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Table 1.2. Thermal Analysis Data Obtained with NaF-PuF3 Mixtures

Composition

(mole %

PuF,)

Liquidus

Recorder

Tempe

Pot

ature ( C)

entiometer

Peritectic

Recorder

Temperature ( C)

Potentiometer

Solidus Tern

Recorder

perature (°C)

Potentiometer

0 996 H 996

5 955 722H 728

10 724UC 726

15 875 723UC 728

15 875H 877 728H 728

17.5 720CS 721

17.5 833CS 835 724H 725

20 785H 723H 725

22 724UC 726

25 727H 728

30 756H 758 733CS 735

35 818H 818 722H 723

40 841UC 841 727H 727

50 842UC 842

H = halt; CS = change of slope; UC = undercooled.

Microscopic Observations

NaF

NaF + eutectic aggregates

NaF + eutectic aggregates

NaF + eutectic aggregates

NaF + eutectic aggregates

NaF + eutectic aggregates

NaF + eutectic aggregates

NaF + eutectic aggregates

eutectic aggregates

NaF-PuF, + eutectic aggregates

NaF-PuF3 + eutectic aggregates

NaF'PuF„ + eutectic aggregates

NaF-PuFg + eutectic aggregates

Almost all NaF-PuF,
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LiF-NaF-PuFj mixtures, indicating that there is
little, if any, solubility of LiF, NaF, or BeF2 in
NaF»PuF3. The optical properties of NaF'PuF3,
NaF«CeF3, and NaF«UF3 were compared in an
earlier report.

The apparatus used to obtain thermal analysis
data with NaF-PuF3 and LiF-PuF3 mixtures was
limited to a maximum temperature of about 1000°C,
as was mentioned above. In order to attain higher
temperatures, this apparatus was modified in
several ways. A photograph of the modified
apparatus is shown in Fig. 1.15. Two 1250-w

Fig. 1.15. Thermal Analysis Apparatus for Tempera

tures up to 1350 C.

Calrod heaters were first tack-welded to the

outside of 3-in.-dia nickel containers and then

spray-welded with 3 to 5 lb of nickel powder to
provide a more uniform heating surface. The ends
of the heaters were brought up through notches in
the flanged top of the container and connected in
parallel to a 115-v line through a variable
transformer. A small platinum resistance furnace
fabricated locally provided a source of heat quite

15,JC. J. Barton, W. R. Grimes, and R. A. Strehlov

Solubility and Stability of PuF, in Fused Alkali Fluorid.

Mixtures, Appendix B, ORNL-2530 (June 11, 1958).
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close to the platinum crucible sample container.
An alumina cylinder (Norton Co. RA 139), VL in.
high, 1 /2 in. OD, and 1 in. ID, was internally
grooved with a spiral of 10 to 12 turns in which
18-gage platinum wire was inserted. The interior
of the cylinder was coated with alumina cement
(Norton Co. RA-1139), air-dried, and then cured at
1300°C before use. The ends of the platinum wire
were insulated with alumina spaghetti and fastened
to the lower ends of spark-plug-type connectors in
the cover plate of the apparatus. Other openings
in the cover plate were occupied by gastight
Swagelok fittings through which \-\r\. nickel
tubing passed for the inlet and outlet gas lines
and for the thermocouple insulator. The latter tube
extended 10 in. above the cover plate and was
water-jacketed near the top to prevent heating of
the thermocouple junction located at the top end of
the tube. Thermocouple lead wires from this
junction connected the platinum vs platinum-13%
rhodium thermocouple to a recording potentiometer
having a 700 to 1500°C temperature range or to a
portable potentiometer. Platinum disks above and
below the crucible and a platinum cylinder around
the alumina furnace core served as heat reflectors.

The performance of this apparatus with additional
heat supplied by a 5-in. tube furnace was tested
by heating pure NaF, recrystallized from melted
material, and, at the same time, the thermocouple
was calibrated by checking the known freezing
point of NaF. Halts of 3 to 9 min duration were
observed in the NaF cooling curves at 996°C, in
good agreement with the recent literature value of
995°C. The maximum temperature reached was
about 1300°C. The principal problems encountered
in the operation of this apparatus were short life of
the platinum resistance wire at the maximum
temperature, embrittlement of the platinum support
and crucible, and poor control of the cooling rate
at high temperatures. The poor high-temperature
performance of platinum in the apparatus is
believed to be due to maintenance of an inert

(argon) atmosphere within the apparatus and the
consequent lack of a protective oxide film on the
platinum at high temperatures. An inert atmosphere
is considered desirable for work with CeF3 and
PuF3 at high temperatures because both metals
have higher valence states. A satisfactory solution

16M. A. Bredig, J. W. Johnson, and W. T. Smith, /.
Am. Chem. Soc. 77, 307 (1955).



to the materials problem has not been found thus
far. The temperature control problem resulted from
lack of insulating material around the platinum
resistance furnace. A decrease in the voltage
applied to this furnace caused an immediate drop
in the temperature of the platinum wire and a
consequent decrease in the temperature of the
material heated by the furnace. This undesirable
condition could be alleviated by careful manual
manipulation of the variable transformer or by use
of a controller activated by signals from a thermo
couple placed quite close to the resistance wire.

In spite of the limitations mentioned above,
thermal analysis data were obtained using the
modified thermal analysis apparatus with NaF-
CeF3 mixtures containing 35 to 70 mole % CaF3
at temperatures up to 1285°C, and the results
are recorded in Table 1.3. Gradient quenching
data provided by other workers in this Laboratory
were helpful in defining invariant equilibrium
temperatures in this system and are included
in Table 1.3. Thermal analysis data obtained
earlier in this Laboratory18 were considered
sufficiently accurate to define the phase diagram
in the region from 0 to 32.5 mole % CeF3, and
the data are contained in Table 1.4. The proposed
phase diagram is shown in Fig. 1.16. The eutectic
between NaF and the compound NaF»CeF3 contains

17H. A. Friedman, C. F. Weaver, and R. E. Thoma,
personal communication.

C. J. Barton and L. M. Bratcher, unpublished work
performed in 1956.
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28.0 ± 0.5 mole %CeF3 and melts at 726 ± 5°C.
The compound NaF«CeF3 melts incongruently
at 810 ± 5°C. Its identity was established by
observation of essentially single-phase material in
samples containing 50 mole % CeF3 equilibrated
and quenched at temperatures below 810°C. No
evidence of a solid-phase inversion of this
compound was observed. The thermal analysis
data indicate that the peritectic composition

contains approximately 38 mole % CeF3. The
melting point of CeF3 was obtained from the
literature.19 The low liquidus values obtained
with the mixtures containing 10and 60 mole %CeF3
were probably due to undercooling. The thermal
arrest at the eutectic temperature observed with
the 50% CeF3 mixture was undoubtedly due to
incomplete reaction of liquid with solid CeF3
at the peritectic temperature resulting from too
rapid cooling of the mixture.

Effect of Thermal Cycling on Molten-Salt
Segregation

G. J. Nessle J. Truitt

In the early stages of the engineering test program
for the Molten-Salt Reactor a few instances of

anomalous behavior of beryllium fluoride—con
taining mixtures, with regard to compositional
stability, made it desirable to determine salt
stability under drastic thermal cycling conditions.

During a building power failure, some pump-loop
corrosion test units cooled to the extent of

freezing the circulating salt in place. Attempts to
restart these loops, by careful heating of the
entire system, required temperatures of 100 to
300°F higher than the equilibrium liquidus temper
ature of the contained charge salt. At that time, it
was assumed that cold spots, not monitored by
thermocouples, existed somewhere in the system.
In other instances, liquids which were transferred
into engineering loops at a temperature of 1350°F
were determined to contain a lower concentration

of uranium than the nominal concentration of the

over-all mixture.

In order to establish the conditions required to
ensure the minimization of these effects, engi
neering tests were devised in which static
samples in closed containers were repeatedly

19 H. von Wartenberg, Z. anorg. u. allgem. Chem. 244,
337 (1940).
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Table 1.3. Recent Thermal Analysis Data and Gradient Quenching Data Obtained with NaF-CeF, Mixtures

Composition Liquidus Temperature \C) Peritectic Temperature fC) Solidus Temperature ( C)

(mole % Recorder Potentiometer Quenching Recorder Potentiometer Quenching Recorder Potentiometer Quenching

CeF,) Study Study Study

35 788UC 786

35 779H 782

38 808UC 806

40 876H 877

45

50 1070H 1068

60 1150H 1146

60 1135UC 1130

70 1285CS

804 ±3

H = halt; UC = undercooled; CS = change of slope.

800H 800

798UC 800

795UC 794

822UC 817

803UC 803

810 ±4

730H

723UC

726

723

730H 728 725 ±2

725H 726 728 ±4

720CS 718
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Table 1.4. Thermal Analysis Data from Earlier

Unpublished Experiments with NaF-CeFj Mixtures

Composition L iquidus Solidus

(mole % Temperature Temperature

CeF3) (°C) (°C)

10 910 715

15 880 712UC

20 822 730

22.5 792 725

24.5 765 725

25 753 730

26.5 720

30.5 750 720

32.5 775 722

UC — undercooled.

frozen and melted. The three mixtures used in

these tests were (1) LiF-BeF2-ThF4 (71.0-16.0-
13.0 mole %), liquidus temperature 932°F; (2) LiF-
BeF2-UF4 (62.0-37.0-1.0 mole %), liquidus temper
ature 824°F; and (3) LiF-BeF2-ThF4-UF4 (62.0-
36.5-1.0-0.5 mole %), liquidus temperature 824°F.
Chemically analyzed samples of these mixtures
were loaded in dry, inert atmospheres into /j-in.-OD
nickel tubes, 18 in. long. Sufficient charge ma
terial was used to fill approximately L the volume

PERIOD ENDING JANUARY 31, 7960

of the tubes. The tubes were then connected to a
vacuum-helium system and placed in a vertical
position in a tube furnace. After careful degassing
by alternate vacuum and helium purge, the tubes
were heated to predesignated temperatures, held at
these temperatures for 30 min, and then cooled to
400°F. This cycle was repeated five times for
each selected maximum temperature, and each salt
was run in duplicate. The temperatures investi
gated were 850, 1200, and 1400°F.

At the conclusion of the experiments the salts
were frozen in place and the tubes cut in 1-in.
sections starting at the bottom. These sections
were submitted for chemical analysis of the salt
for uranium, beryllium, and thorium. From the
analytical results it was evident that a definite
phase separation had occurred, being most
pronounced on those experiments at the 1200°F
level. Similar tubes filled with these salts and
held at 1200°F for periods of 25, 100, and 500 hr
without thermal cycling showed no separation.
The thermal-cycled tube sections showed definite
increases in the uranium and/or thorium in the
bottom sections with a corresponding decrease
in lithium and beryllium. Examples of phase
separation are given in Table 1.5.

The phase equilibrium diagrams of the fluoride
systems enable one to identify the phases formed
during cooling of these mixtures. By identification

Table 1.5. Effect of Thermal Cycling on Fused Salt Composition

Tube Section

1 (bottom)

2

5 (middle)

6

9

10 (top)

Thermal cycle, 400 to 1200°F

Original salt batch analysis: Salt 1, U =5.02%

Salt 1, Per Cent U

7.16

5.45

4.56

3.95

3.95

3.95

Salt 2, Th = 46.5%

Salt 3, U = 2.97%, Th = 5.86%

Analysis of Salt for Fuel Constituents

Salt 2, Per Cent Th

50.5

49.5

48.0

46.6

45.3

44.0

Salt 3

Per Cent U Per Cent Th

4.15 9.02

2.77 6.58

2.73 5.91

2.06 5.84

2.65 5.74

2.20 5.60
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of phases which occur in cooled melts, one can
deduce whether equilibrium was established or not.
The first solids to form on cooling liquid mixtures
of LiF-BeF2-ThF4, LiF-BeF2-UF4, and LiF-
BeF2-ThF4-UF4 differ appreciably in density from
the accompanying liquid phase, and can be ex
pected to segregate from the liquid. It has been
observed in phase equilibrium studies that
variations in the rates of heating and cooling
mixtures of Li F-BeF2-ThF4 and LiF-BeF2-UF4
can produce metastable phase combinations.20
Such metastable phase combinations have been
observed in the cooled samples from these tests.
Therefore, the failure to achieve complete equi
librium on cooling and heating the materials tested
here has obviously been the cause of the segre
gation of the uranium- and thorium-containing
phases.

Dehydration of LiF-BeF2-UF4 and
LiF-BeF2-ThF4-UF4 Mixtures

A series of experiments has been completed for
the purpose of developing a method for removing
adsorbed water from LiF-BeF2-UF4 and LiF-
BeF2-ThF4-UF4 fuel mixtures during the course of
reactor maintenance operations. The mixtures
used were LiF-BeF2-UF4 (62-37-1 mole %) and
LiF-BeF2-ThF4-UF4 (62-36.5-1-0.5 mole %).
Purified samples of these materials obtained from
cooled melts were permitted to become nearly
saturated with water by exposure to water-saturated
air at room temperature, were then vacuum dried at
135°C and melted under vacuum. The cooled melts

were 0.6 to 1.0% lower weight than the beginning
materials, and contained appreciable amounts of
U02 as detected by petrographic analysis. These
results indicate that hydrolysis of UF. to U02
in these crystallized fluoride mixtures occurs even
at temperatures which are low relative to their

liquidus temperatures, and that additional measures
will need to be taken to protect exposed reactor

fuels of LiF-BeF2-UF4 and LiF-BeF2-ThF4-UF4
in reactor maintenance operations.

VOLATILITY PROCESS SOLVENTS

A knowledge of the system LiF-NaF-ZrF4 is
important practically because mixtures of LiF and

20,C. F. Weaver et al., Phase Equilibria in Molten
Salt Breeder Reactor Fuels. I. The System LiF-BeF9-
VF4-ThF4, ORNL-2896 (in preparation).
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LiF-NaF-ZrF4 are now being used as solvents for
Zircaloy in the volatility process for uranium
recovery. Studies of the phase equilibria in this
system are nearly completed, and the results are
summarized in the phase diagram shown in
Fig. 1.17. A detailed understanding of the phase
relationships in two areas in the system has been
delayed because of the deliquescence of the
compounds 3LiF»4ZrF4 and 3NaF»4ZrF4 and be
cause of the inability to quench adequately
preparations that involve the 2NaF«ZrF4 and
5NaF-2ZrF4 solid solutions.

The System NaF-FeF2-ZrF4

Few polycomponent salt systems of iron exist in
which both low vapor pressures and 500 to 600°C
liquidus surfaces occur with useful composition
latitude. However, preliminary examination of the
phase equilibria in the system NaF-FeF2-ZrF4
indicates that liquidus surfaces in the temperature
range 500 to 600°C exist near the NaF-ZrF4 binary
system of compositions containing as much as
15 to 20 mole %FeF2. The solubility of FeF2 in
NaF-ZrF4 solvents at temperatures between 500
and 600°C appears to be strongly composition
dependent. The high melting temperatures of FeF2,
NaF«FeF2, and of NaF«FeF2-2ZrF4 fields restrict
the composition area having liquidus values below
600°C to a rather small region within a few mole
per cent of the composition line between NaF-ZrF4
(61-39 mole %) and NaF-FeF2-ZrF4 (45-25-30
mole %). Investigations of the phase equilibria in
this system are continuing.

The System NaF-BeF2-ZrF4

In the systems LiF-BeF2 andNaF-BeF2, liquidus
temperatures in the alkali-rich regions of the
systems are low enough that ternary combinations
of these materials with ZrF4 should afford large
liquidus surfaces having temperatures below 500°C.
Preliminary studies of the phase equilibria in the
system NaF-BeF2-ZrF4 show that the composition
NaF-BeF2 (70.5-29.5 mole %) will form compo
sitions with ZrF4 whose liquidus temperatures are
generally lowered from 575°C to a minimum of
470°C at 30 mole% ZrF4 and rise to no higher than
500°C at 50 mole %ZrF4. This sort of tie line has

21 G. I. Cathers et al., Proc. U.N. Intern. Conf. Peace
ful Uses Atomic Energy 2nd, Geneva, 1958 17, 473-79
(1958).
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Fig. 1.17. The System Li F-NaF-ZrF4.

distinct advantages over those required in the use
of the LiF-NaF eutectic as a solvent for ZrF4
because use of this lower melting liquid tie line
should effect a lower corrosion rate of the metal
container vessel used in Zircaloy dissolution. A
preliminary phase diagram of the system NaF-BeF2-
ZrF4 is shown in Fig. 1.18.

Investigations of the system LiF-BeF2-ZrF4 are
in an early stage and do not, as yet, permit
estimates of the ZrF4 solubilities in LiF-BeF2. It
is expected that ZrF4 solubility in this solvent will
be comparable to that in NaF-BeF2.

CRYSTAL PROPERTIES AND CRYSTAL

STRUCTURE

Optical and X-Ray Data of New Fluoride
Components

In the course of investigations in this Labora
tory concerning the phase equilibria of fluoride
salt systems the existence of many new compounds
has been discovered. Within the last year the
compositions, melting relationships, optical prop
erties, and x-ray diffraction data have been estab
lished for 21 binary and ternary fluoride compounds.
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The optical properties and the three most intense
x-ray diffraction maxima of these compounds are
given in Table 1.6.

Crystal Structures of 3:1 Compounds of the Alkali
Fluorides with ZrF4, HfF4, ThF4, and UF4

Studies of the phase equilibria in the binary
systems of alkali fluorides with ZrF HfF4,
ThF4, and UF4have shown that the 3:1 compounds
formed in these systems are generally cubic or
tetragonal. Efforts to systematize the crystal
and optical properties of these compounds are in

22

progress. Preliminary results of powder diffrac
tion studies of these compounds are listed in
Table 1.7 along with previously reported crystal
data.

Some Properties of 7:6 Compounds

In the systems of alkali fluorides with ZrF.,
HfF4, ThF4, and UF4, at least ten 7MF-6XF4
compounds (where M is Li, Na, K, Rb, or Cs and
X is Zr, Hf, Th, or U) are known to exist. Of these,
eight are members of the rhombohedral (hexagonal)



Compound

LiF-4ZrF4

LiF-YF3

/3-NaF-ThF4

7NaF-6ThF4

7KF-6ThF4

7RbF-6ThF4

3CsF-ZrF4

3RbF-ThF4

3CsF-UF4

3CsF-ThF4

2CsF-ThF.

CsF-ThF.

2CsF-3ThF,

CsF-2ThF4

CsF-3ThF,

CsF-6ThF4

LiF-KF-BeF-

LiF-KF-ZrF,

NaF-BeF2>3ThF4

NaF-BeF2-3UF4

S-NaF-KF-UF4
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Table 1.6. Optical and X-Ray Data on Some Fluoride Compounds

Optical Properties

Uniaxial positive, Na)= 1.582, N£= 1.588

Uniaxial positive, Na = 1.454, N£ = 1.472

Biaxial negative, 2V = 60°, Na= 1.500,
Ny = 1.534

Uniaxial negative, N^ = 1.474, Ne = 1.468

Uniaxial negative, N^ - 1.474, N€ = 1.470

Uniaxial negative, NU) = 1.486, N£ = 1.482

Isotropic, N - 1.471

Isotropic, N = 1.426

Isotropic, N = 1.478

Isotropic, N - 1.464

Biaxial, highly twinned, Na= 1.500,

Ny = 1.506

Biaxial negative, 2V = 20°, Na= 1.528,
Ny = 1.544

Biaxial positive, 2V= 15°, Na= 1.518,
Ny = 1.526

Uniaxial negative, N01 = 1.532, Ne = 1.524

Biaxial positive, 2V = 35°, Na= 1.554,
Ny = 1.558

Uniaxial negative, Na)= 1.540, Ne = 1.534

Biaxial, 2V = 15°, N ~ 1.321, birefringence
very low

Uniaxial negative, polysynthetically

twinned, W, = 1.403, Nc = 1.407

Uniaxial positive, Ncu= 1.544, Ne = 1.552

Uniaxial positive, N6J= 1.598, Ne= 1.608

Uniaxial negative, N0)= 1.476, Ne = 1.470

X-Ray Lines

3.88, 1.92, 1.717

4.67, 3.025, 1.943

6.11, 3.34, 3.24

4.39, 3.38, 3.26

4.53, 3.48, 1.819

3.53, 3.071, 2.155

3.44, 1.985, 1.552

3.37, 1.951, 1.509

3.53, 2.029, 1.56

3.56, 2.049, 1.588

6.32, 3.67, 2.112

7.37, 3.67, 3.56

6.15, 3.70, 1.843

3.86, 3.76, 1.840

3.61, 3.48, 2.047

4.23, 3.59, 2.087

3.06, 2.421, 2.140

4.47, 3.79, 3.195

4.19, 3.93, 2.092

4.12, 3.87, 2.056

7.79, 3.16, 2.220

///

100, 90, 65

100, 100, 75

70, 60, 100

100, 60, 65

50, 100, 45

100, 55, 60

100, 30, 15

100, 30, 15

100, 30, 10

100, 30, 15

30, 100, 60

55, 100, 85

15, 100, 15

45, 100, 45

100, 90, 55

100, 60, 50

100, 100, 55

100, 40, 65

100, 60, 45

100, 60, 30

100, 90, 50

crystal system and two are members of the tetrag
onal system. The radius ratio of the alkali ion/
quadrivalent cation can serve as a criterion for
predicting in which of the two crystal systems
the 7:6 compound will occur, and whether the 7:6
compound will occur. However, no deductions
concerning the relative equilibrium stability of
these compounds appear possible at present. It is
readily evident that while the ion radius ratio

M+/X4+ may serve as a criterion for these pre
dictions, the factors involved in the formation of
the compounds are not directly related, for similar
cases involving these ratios are not found in
either the chloride systems or in the U systems.

The 7:6 compound occurs in all cases where the
radius ratio M+/X4+ lies between 0.99 and 1.65.
At M+/X4+ ratios larger than 1.65, no 7:6 com
pounds occur. According to the structure proposal

23
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Table 1.7. Crystal Structures of 3:1 Compounds of the Alkali Fluorides with ZrF4, HfF4, UF4, and ThF4

Na Rb

Zr a Tetragonal,6 aQ =5.488, Cubic,c a=8.94 Cubic,c a=9.30 Cubic,c a= 10.32
c„= 10.917

Hf d Tetragonal, aQ = 5.458, d
cQ = 10.917

U Tetragonal,e a. = 6.12, Tetragonal (alpha form), Cubic^ (alpha form). Cubic,g a = 9.58 Cubic,c a = 10.62
6.40 aQ = 5.448, cQ = 10.896 aQ = 9.21; tetrago

nal' (beta form),

aQ = 9.20,
cQ = 18.40

Th Tetragonal,8 a. = No compound occurs Cubic,c a = 9.91 Cubic,c a = 10.10 Cubic,c a = 10.65

6.206, c0 = 6.470

Crystal system not determined.

hL. A. Harris, Acta Cryst. 12, 172 (1959).
R. E. Thoma, unpublished work.

Not investigated.

eL. A. Harris, G. D. White, and R. E. Thoma, /. Phys. Chem. 63, 1974 (1959).
/W. H. Zachariasen, /. Am. Chem. Soc. 70, 2147 (1948).

L. A. Harris, unpublished work.

of Agron and Ellison22 the 7:6 compound symmetry
is described by the R3-(C^.) space group. These
compounds contain six molecules per unit cell.
They consider it significant that this space
group, assigned to the compound previously de
scribed as NaUF5, can accommodate an additional
M+ cation into the vacant special position, (000),
without changing the space group. The absence
of 7:6 compounds in systems where M /X4 is
high appears, according to the above hypothesis,
to be related to the absence of adequate space for
the seventh alkali cation in the rhombohedral unit

cell. Where this 7:6 compound exists at radius
ratios below 0.99, the crystal system is tetragonal
(/4,/fl) rather than rhombohedral. Just below
0.99 (Li+/Zr4+), neither the 7:6 nor 1:1 compound
has been observed, a unique case in the group of
systems. A list of the presently known MF«6XF4
and 7MF-6XF4 compounds is shown in Table 1.8.

Each of the MF-XF4 compounds reported by
Zachariasen23 to be rhombohedral has been shown

22P. A. Agron and R. D. Ellison, ]. Phys. Chem. 63,
2076 (1959).

24

to be 7MF-6XF4 at this Laboratory. If the gener
alization can be extended to include all 1:1

compounds reported as rhombohedral, the three
compounds he reported as NaF-PuF KF-PuF4,
and RbF-PuF4 are actually 7NaF-6PuF4, 7KF-
6PuF4, and 7RbF-6PuF4.

Americium tetrafluoride has been reported24 to
Xo

' ^o = 10.47 A,
cQ ^ 8.20 X, 13 = 126 + 1°. The same inves
tigator24 reported that KF-AmF4 is rhombohedral,
aQ = 9.29 A, a = 107.6°. The close similarity of
the crystal structures of these compounds with
their UF4 analogs indicates that KF-AmF4 is
actually 7KF-6AmF . These examples and the
very nearly identical parameters of the unit cells
of several known MF compounds of the actinides
lead to the inference that 7:6 compounds will be
routinely observed in the M4 fluoride chemistry
of the actinides.

23W. H. Zachariasen, /. Am. Chem. Soc. 70, 2147
(1948).

24L. B. Asprey, /. Am. Chem. Soc. 76, 2019 (1954).
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Zr

Hf

Th

Table 1.8. 7:6 and 1:1 Compounds of Alkali Fluorides with ZrF4, HfF4, UF4, and ThF4

U indicates that no compound of this formula was observed; S indicates that this is

an equilibrium compound; M indicates metastable compound; T indicates tetragonal

symmetry

Na K Rb

0.88 1.27 1.72 1.92 2.16 m+/x4+j

7:6U 7:6S 7:6U 7:6U 7:6U

1:1U 1:1M 1:1S 1:1S 1:1S

0.87 1.13 1.70 1.90 2.14 m+/x4+
** 7:6S ** ** **

** 1:1S ** ** **

0.73 1.05 1.43 1.59 1.80 m+/x4+

T7:6S 7:6S 7:6S 7:6S 7:6U

1:1U 1:1U 1:1U 1: IS 1:1S

0.69 0.99 1.24 1.50 1.69 m+/x4+

T7:6S 7:6M 7:6S 7:6S 7:6U

1:1U 1: IS 1:1U 1:1U 1: IS

*Cation radius ratio M /X .

>*Not investigated.

INVESTIGATION OF OTHER FUSED-SALT

SYSTEMS

The System LiF-YF3
A phase diagram of the system LiF-YF3, derived

at this Laboratory, differs substantially with that
reported by Dergunov.25 Results of ORNL phase
studies have shown that the system contains the
the single binary compound LiF-YF_ melting
incongruently to YF and liquid at 815°C, and two
invariant points, the eutectic at 19 mole %YF3
and at 695°C, and the peritectic at 49 mole %
YFr This eutectic occurs at about 50° lower
temperature than that reported by Dergunov. No
LiF-YF. compounds were observed by Dergunov.
Crystal structure studies of the compound Li F-YF3,
performed in conjunction with these phase studies,
have shown that it is tetragonal, aQ = 5.26±0.05 A,
c0 = 10.94 +0.02 A.26 Optical Properties of LiF-
YF3 are given in Table 1.6. The phase diagram

of the system is shown in Fig. 1.19. A deter
mination of the melting point of pure YF-, here

25E. P. Dergunov, Doklady Akad. Nauk S.S.S.R. 60,
1185 (1948).

26Met. Ann. Prog. Rep. Sept. I. 1959, ORNL-2839,
p 288.

tofore unreported, was made.
1412 + 5°C.

Thi: jlue

The System CsF-ThF4
Of the binary systems of the alkali fluorides

LiF, NaF, KF, RbF, and CsF with ZrF4, ThF4,
or UF4, only the system CsF-ThF4 has not previ
ously received sufficient attention to permit the
construction of its phase diagram. Recent inves
tigations at this Laboratory of CsF-ThF phase
equilibria27 have shown that within the system
three congruently melting compounds, 3CsF-ThF4,
2CsF-ThF4, and CsF-ThF4, and four incon
gruently melting compounds, 2CsF-3ThF., CsF-
2ThF4, CsF-3ThF4, and CsF-6ThF4, occur. The
phase diagram of the system is shown in Fig.
1.20. Measurements of the crystal structure of
the compound 3CsF-ThF show that it has cubic
symmetry (Table 1.7). Optical properties of the

27 This work was performed by T. S. Carlton, summer
student participant, 1959.

25



REACTOR CHEMISTRY PROGRESS REPORT

1400

1300

1200

1100

1000 -

900 —

800

700

600

500

400

LiF

UNCLASSIFIED
ORNL-LR-DWG 38116

Fig. 1.19. The System LiF-YF-j.

CsF-ThF4 compounds are given in Table 1.6. As
in all the other cases of alkali fluoride systems
with ZrF4, ThF4, or UF4,where the cation radius
ratio of the alkali ion to the quadrivalent ion is
above 1.65, no 7:6 compound is formed.

The System LiF-UF3-UF4
Preliminary experiments in the system LiF-UF3-

UF4 have been made with the composition LiF-
UF3-UF4 (42-42-16 mole %) over the temperature

26

range 610 to 754°C. The liquidus temperature is
741 ± 2°C and the primary phase is UF,. At
668 ± 3°C an unidentified material appears as the
secondary phase and UF3 disappears. The sec
ondary phase is uniaxial negative and brownish
purple, of low birefringence with average refrac
tive indices of 1.600. These optical properties
do not correspond to the components nor to any of
the compounds in the system LiF-UF4. If a solid
solution of any of the LiF-UF4 compounds with



PERIOD ENDING JANUARY 31, 1960

UF. were involved an even boundary reaction
would be expected. Consequently, it appears that

the unidentified phase is either a UF -UF4 or
LiF-UF3-UF4 compound.
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2. GAS SOLUBILITIES IN MOLTEN SALTS

SOLUBILITY OF NOBLE GASES IN

MOLTEN LiF-BeF2

N. V. Smith G. M. Watson

R. J. Sheil R. B. Evans

W. R. Grimes

This investigation is one of a systematic series
of experiments to determine the solubility of gases
in molten salts. Contributions ' resulting from
the noble-gas studies include data for the NaF-
ZrF4 (53-47 mole %), NaF-ZrF4-UF4 (50-46-4
mole %), and LiF-KF-NaF (ternary eutectic)
mixtures. In addition, a description of the experi
mental techniques employed and a relationship
for predicting noble-gas solubilities in the above
solvents2 have been presented.

Recent extensions of this work covered solubility
measurements in an LiF-BeF- (64-36 mole %)
mixture. Comparisons between the measured values
and those predicted by the relationship mentioned
above have been made.

Results. —The solubility of helium, neon, argon,
and xenon was isothermally determined at saturating
pressures of 1.0, 1.5, and 2.0 atm. The tempera
ture range covered was 500 to 800°C, with the
exception of xenon. Experiments with xenon were
performed at 600, 650, 700, and 800°C, due to the
extremely low solubilities of xenon in the LiF-
BeF solvents. The solubility values presented
could be duplicated within ±5%.

Typical isothermal pressure dependence plots,
which indicate that Henry's law is followed up to
2 atm, are presented in Fig. 2.1. The solubility
is given as moles of gas per cubic centimeter of
solvent. Conversions may be made to other units
through the solvent density information available
elsewhere. The calculations discussed later did

not require this conversion.
The Henry's law constants (obtained from pres

sure dependence data at various temperatures)
were plotted on a semilogarithmic scale vs the
reciprocal of the absolute temperature as shown

1W. R. Grimes, N. V. Smith, and G. M. Watson, /.
Phys. Chem. 62, 862 (1958).

2M. Blander et al., ]. Phys. Chem. 63, 1164 (1959).
3S. I. Cohen, W. D. Powers, N. D. Greene, and H. F.

Poppendiek, ORNL, personal communications.
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in Fig. 2.2. The enthalpy changes associated
with the solution of the gas were obtained from
slopes of the curves of Fig. 2.2. These plots
constitute a summary of the entire series of noble-
gas experiments in LiF-BeF_ solvent.

Discussion. — The magnitudes of the solubility
constants for the present solvent were essentially
equal to those for the LiF-NaF-KF solvent and
were approximately one-half to one-tenth of those
for the NaF-ZrF solvents. In general, previous
findings remained unaltered. The solubilities
followed Henry's law, increased with temperature,
and decreased when gases with larger atomic
radius (higher atomic weights) were studied. The
enthalpies of solution of the heavier gases were
higher than those of the lighter gases. In all
cases, this function remained positive.

Predicted solubility constants, that is,

(X10

16

12

10

>-

3

C

C
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ORNL-LR-DWG 47404

A
/800°C

y /
{ *
* • '700°C
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/ / y /600°C

/ .• .«

/ s r ^.\^^
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PRESSURE (atm)

2.0 2.5

Fig. 2.1. Solubility of Neon in LiF-BeF2 (64-36
mole %).
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Fig. 2.2. Solubilities of Four Noble Gases as a

Function of Temperature in LiF-BeF2 (64-36 mole %).

were calculated by means of available surface-
tension values, y (dynes/cm), at applicable values
of temperature, T (°K), and atomic radius, r (A),
through the relationship

C

C

18.08? y/KT (1)

the development of which is discussed2' else
where. Comparisons of the predicted values and
experimental values are given in Table 2.1. The
magnitudes and trends indicated by the

Kc(exp)

K (calc)
c

ratios are very similar for all the solvents studied
to date.

4H. H. Uhlig, /. Phys. Chem. 41, 1215 (1937).
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A new development, which merits some dis
cussion, involves the magnitude of the standard
entropy of solution for the various gases studied.
Values of this and related functions are outlined

in Table 2.2 for the solvents of interest. A review

of the tabulated values will reveal that the entropy
function may be of considerable importance in
projected studies of BeF -containing solvents. It
should be pointed out that the effect under dis
cussion would not be predicted by Eq. (1), since
the equation was developed in terms of ideal-gas
behavior. Further mention of the relatively high
negative entropy value obtained will be made in
the following section.

SOLUBILITY OF NOBLE GASES IN

MOLTEN NaF-BeF„

W. T. Ward

G. M. Watson

R. B. Evans

W. R. Grimes

A study of the solubilities of the noble gases in
molten fluoride mixtures has been extended to

include an NaF-BeF (57-43 mole %) solvent.
The method employed is the same as that described
previously. Solubilities of helium, argon, and
xenon were determined at four temperatures at
saturating pressures of 1.0, 1.5, and 2.0 atm. In
all cases the solubility of the gas increased
linearly with applied pressure of the gas and also
increased with temperature. A plot of the solu
bility of argon as a function of saturating pressure
in NaF-BeF (57-43 mole %) is shown in Fig. 2.3
and is typical of the behavior of the noble gases
in both of these solvents.

Plots of the logarithms of the Henry's law con
stants vs l/T are shown in Fig. 2.4.

Comparisons between predicted and experimental
solubility constants cannot be made here, since
surface-tension data for this solvent are not avail

able. However, it was possible to obtain tentative
values for the standard entropy change mentioned
in the previous section. These values were —3.2,
—3.1, and —2.3 e.u. for helium, argon, and xenon
respectively. Based on the above values and
similar values obtained for LiF-BeF , an average
value for the BeF -containing solvents is -3.4 e.u.,
as compared with averages of —0.5 e.u. for the

5W. R. Grimes, N. V. Smith, and G. M. Watson, J.
Phys. Chem. 62, 862 (1958).
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Table 2.1. Comparison of Calculated and Observed Values of Henry's Law Constants in LiF-BeF2 (64-36 mole %)

Gas

He

Ar

C,/C .
d g

Temperature

(°Q

500

600

700

800

500

600

700

800

500

600

700

800

500

600

700

800

Experimental

4.75 x 10"

8.27 x 10

11.92X 10"

17.15 x 10"

1.96 x 10"

3.32 x 10

5.43 x 10

7.93 x 10"

3.42 x 10"

7.02 x 10

13.5 x 10'

23.4 x 10"

0.58 x 10

1.65 x 10"

4.07 x 10"

7.57 x 10"

-3

-3

-3

-4

-4

Calculated

3.50 x 10"

5.92 x 10

8.97 x 10"

12.58 x 10"

5.54 x 10"

12.5 x 10

23.8 x 10"

40.2 x 10"

-2

-3

2.49 x 10"

9.10 x 10"

25.7 x 10"

58.8 x 10

0.23 x 10

1.22 x 10"

4.62 x 10"

13.5 x 10"

-4

-4

K_(exp)

K_(calc)

0.136

0.140

0.133

0.136

0.354

0.266

0.228

0.197

1.38

0.77

0.53

0.41

2.52

1.35

0.88

0.56

Table 2.2. Enthalpy and Entropy Changes on Solution of Noble Gases in Molten Fluoride Mixtures at 1000 K

30

Ah° As0
Solvent Gas (cal/mole) (e.u.)

LiF-BeF2 He 5,200 -3.4

(64-36 mole %) Ne 5,900 -4.2

Ar 8,600 -4.2

Xe 12,100 -3.1

NaF-KF-LiF He 8,000 -0.3

(11.5-42-46.5 mole %) Ne 8,900 -1.0

Ar 12,400 -0.1

NaF-ZrF4 He 6,200 -1.0

(53-47 mole %) Ne 7,800 -0.4

Ar 8,200 -1.5

Xe 11,100 -0.1

TAs, Ideal Gas Expansion

(cal/mole)

8,600

10,100

12,800

15,200

8,300

9,900

12,500

7,200

8,200

9,700

11,200
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Fig. 2.3. Solubility of Argon in NaF-BeF2 (57-43
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NaF-KF-LiF ternary eutectic solvent and -0.8 e.u.
for the NaF-ZrF4 (53-47 mole %) solvent. It is
concluded that the presence of BeF2 in the molten
solvent has a marked effect on the environment

of the dissolved gas atoms.

SOLUBILITY OF HF IN MOLTEN

FLUORIDE MIXTURES

J. H. Shaffer G. M. Watson

The use of HF in purifying molten fluoride
mixtures for use as reactor fuels and in processing
reactor fuel elements by dissolution in molten
fluoride mixtures has prompted the systematic
study of the solubility of HF in these mixtures.
The results of determinations of the HF solubility

-7
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Fig. 2.4. Solubilities of Three Noble Gases as a
Function of Temperature in NaF-BeF2 (57-43 mole %).

in molten mixtures of NaF-ZrF4 (ref 6) illustrate
that this physical property might be useful to the
understanding of the liquid state of molten fluoride
systems. Accordingly, additional studies of the
solubility of HF in mixtures of LiF-BeF2 and
NaF-BeF have been made.

The experimental procedure for determining the
solubility of HF in molten fluorides has been
described7 for measurements in the NaF-ZrF

6J. H. Shaffer and G. M. Watson, Chem. Ann. Prog.
Rep. June 20, 1958, ORNL-2584, p 81.

7J. H. Shaffer, W. R. Grimes, and G. M. Watson, /.
Phys. Chem. 63, 1999 (1959).
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system. This method consists in saturating the
melt with HF at constant temperature and pressure,
transporting a measured portion of the saturated
liquid phase to an isolated section of the apparatus,
and stripping the dissolved HF from the melt by
helium-sparging. The evolved HF is measured by
absorption in a standard solution of aqueous KOH.

Within the precision of the measurements, the
solubility of HF follows Henry's law over the
pressure range studied. As reported for measure
ments in NaF-ZrF mixtures, the solubility of HF
in the LiF-BeF2 and NaF-BeF systems increases
as the saturating pressure is increased and de
creases as the temperature is increased. The
experimental measurements expressed as a Henry's
law constant at a given temperature and melt
composition were found to agree within ±5%.
These results are summarized in Table 2.3.

Table 2.3. Henry's Law Constants for the Solubility

of HF in Mixtures of LiF-BeF2 and NaF-BeF2

Melt Composition K (moles HF per cc of

(mole % a Ikali

0

melt per atm)

fluorid At 600°C At 700°C At 800°C

LiF-Be F2
54 9.4 7.3 5.6

59 10.9 7.8 6.0

69 13.7 9.8 7.0

80 16.3* 11.7 8.8

89 17.3*

NaF-Be F2

13.0* 10.3*

49 18.8 13.1 10.0

58 26.7 18.0 13.9

66 49.2 31.2 21.8

70 107.1 55.2 34.3

75 179.0* 93.0* 55.1

*Extrapolated from results at higher temperatures.

A comparison of the Henry's law constants ob
tained for the LiF-BeF system with those obtained
for the NaF-BeF_ system is shown as a function
of concentration of alkali-metal fluoride at 700°C
in Fig. 2.5. The weaker composition dependence

32

(X10

80

E 60

40

V 20

UNCLASSIFIED
ORNL-LR-DWG 47407

o NaF-BeF2
• LiF-BeF2

• ••
• « -«

40 50 60 70 80

ALKALI FLUORIDE (mole %)

90

Fig. 2.5. Composition Dependence of Henry's Law

Constants for the Solubility of HF in Mixtures of LiF-

BeF2 and NaF-BeF2 at 700°C.

obtained for the LiF-BeF system may be a result
of much less stable acid fluorides being formed
with LiF than with NaF (ref 8).

The temperature dependence of the Henry's law
constants for the solubility of HF in the LiF-BeF
and NaF-BeF systems indicates a constant heat
of solution for each melt composition over the
temperature range studied. Values for the heats
of solution as well as the entropies of solution
calculated at 1000°K are listed in Table 2.4. A
comparison of these thermodynamic properties
suggests a variation in solvent behavior in mixtures
of high alkali fluoride concentrations.

Experiments are in progress to determine the
solubility of HF in the system LiF-ZrF and will
be continued with other molten fluoride systems.

AN EMPIRICAL CORRELATION FOR THE

SOLUBILITY OF HF IN MIXTURES OF

NaF-BeF2 AND NaF-ZrF4

J. H. Shaffer

The experimental results of measurements of the
solubility of HF in various molten mixtures of the

H. J. Emeleus, Fluorine Chemistry, vol I, p 25 (ed.
by J. H. Simons), Academic Press, New York, 1950.



Table 2.4. Enthalpies and Entropies of Solution

of HF in LiF-BeF2 and NaF-BeFj Mixtures

Solvent Composition Ah As * As**
p

(e.u.)(mole % alkali fluoride ) (kcal/mole) (e.u.)

LiF-BeF2

54 -5.0 -10.8 -14.9

59 -5.6 -11.2 -15.4

69 -6.4 -11.6 -15.8

80 -5.7 -10.5 -14.7

89 -4.9

NaF-BeF2

-9.4 -11.3

49 -5.3 -5.3 -14.1

58 -5.5 -4.8 -13.6

66 -6.8 -5.2 -13.9

70 -9.6 -6.8 -15.6

75 -10.1 -6.4 -15.1

*Entropies of solution calculated for equal concen
trations of HF in gas and dissolved phases at 1000n.

**Entropies of solution calculated for equal pressures
of HF in gas and dissolved phases at 1000 K.

NaF-BeF and the NaF-ZrF systems have been

reported. ' By adopting a simple model for
expressing the melt composition of these fluoride
systems, the HF solubility can be described
mathematically by an equation of the form

5 = exp [/(temp, cone)] (1)

If it is assumed that beryllium and zirconium are
coordinated with four and seven fluoride ions

respectively in the liquid states, then the effec
tive free-fluoride concentration in the systems
NaF-BeF„ and NaF-ZrF. would be based on the

2 4

compounds Na„BeF, and Na„ZrF_,. For mixtures
2 4 3 7

of NaF with BeF_ or ZrF. below these reference
2 4

compounds, the free-fluoride concentration may be
expressed as a deficiency in NaF and may be
assigned, by convention, negative concentration

9J. H. Shaffer, W. R. Grimes, and G. M. Watson, /.
Phys. Chem. 63, 1999 (1959).

10"Solubility of HF in Molten Fluoride Mixtures,"
this report.

11 Suggested by F. F. Blankenship.
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terms. Similarly, the NaF concentration above the
reference compounds may be expressed as excess
NaF. The relation of the melt composition ex
pressed as free fluoride to the conventional mole
fraction is shown in Fig. 2.6. If the HF solubility
in the NaF-BeF. and NaF-ZrF. systems is related

2 4
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100

Fig. 2.6. Correlation of Free NaF with Mole Fraction

of NaF in Mixtures of NaF-BeF2 and NaF-ZrF4 (Based
on Na2BeF4 and Na3ZrF7).

to the effective free-fluoride concentration as

shown in Figs. 2.7—2.9, the same correlation of
the HF solubility in both molten fluoride systems
is obtained. Within the error of experimental
measurements, an exponential correlation of the
Henry's law constants for the HF solubility with
effective free-fluoride concentration can be ob

tained as illustrated by Fig. 2.10. By evaluation
of temperature and concentration dependencies,
the Henry's law constants for the solubility of HF
in the two molten fluoride systems described in
this report can be obtained from the equation

K = exp
8400 + 3263RC 15.24 + 0.909R C

RT R

(2)

wh«

K = Henry's law constant in moles of HF per
liter of melt per atm,
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C = concentration of effective free fluoride,

T = temperature in °K,

R = gas constant.

Calculated values from Eq. (2), denoted in Figs.
2.7-2.9, are within the experimental precision of
laboratory measurements of the HF solubility.

While the melt concentration for expressing the
effective free fluoride is arbitrary, it is of interest
to note that a relation to a more conventional

concentration concept can be obtained. If, for
example, the system NaF-BeF is considered to
be composed of the systems BeF -Na BeF4 and
Na_BeF -NaF, the postulated free-fluoride model
corresponds to mole per cent BeF in the former
system and equivalent per cent NaF in the latter
system. The NaF-ZrF system also provides a
corresponding correlation. The choice of the
arbitrary concentration expression makes it pos
sible to mathematically describe the HFsolubility
in the systems NaF-BeF and NaF-ZrF as a con
tinuous concentration function. As data for the

HF solubility in other fluoride systems become
available, perhaps a better understanding of the
liquid-fluoride state can be realized.

SOLUBILITY OF C02 IN MOLTEN NaF-BeF2

N. V. Smith

R. J. Sheil

R. B. Evans

G. M. Watson

A primary objective of the molten-salt—gas solu
bility program has been the elucidation of solvent
properties which have an effect on gas solubilities.
An indirect approach would be to investigate gases
other than HF and the noble gases. Interesting
speculations12 have been made for dissolved non-
reacting nonspherical molecules, in that these
gases might increase the surface area of the
"holes" in which the dissolved gases reside.
Obvious candidates for study would be the perma
nent gases, such as hydrogen and nitrogen. These
gases would be most suitable, since they are
diatomic and would possess positive enthalpies of
solution.

Several attempts to measure the solubility of
nitrogen and hydrogen in molten salts failed.
Analytical difficulties were encountered with
nitrogen; dependable and consistent "blank" values

12M. Blander et al., ]. Phys. Chem. 63, 1164 (1959).
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could not be obtained in the strip gas. Hydrogen
could not be held in the nickel-based containers

because of the high diffusion rates of hydrogen
into and through the container walls. Other con
tainer materials such as quartz and aluminum
lacked the structural strength required for the
necessary molten-salt transfer. In lieu of hydrogen
and nitrogen experiments, a decision was made
to determine the solubility of CO in an NaF-BeF2
(57-43 mole %) solvent.

Results. - The results of CO solubility studies
are summarized in Fig. 2.11. The curve shown
indicates that the Henry's law constant falls
between those of helium and argon at 800°C, also
that the slope of the curve becomes less negative
(enthalpy of solution becomes less positive) until
a minimum is reached at approximately 600^. At
this point the slope of the curve increases until
the 415°C solubility constant is greater than the
extrapolated value for helium. Thus CO exhibits
noble-gas behavior at temperatures greater than
600^; at temperatures below this value, CO
solubilities simulate HF behavior. It should be

mentioned that Henry's law was followed, within
the experimental precision (±5%), at 500, 600, and

(X10

10

S 9
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Fig. 2.11. Solubility of C02 in NaF-BeF2 (57-43
mole %).
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700°C. At 800 and 416°C, and zero saturating
pressure, an extrapolated residual of 2 x 10
mole/cc was noted. This might well be experi
mental error.

XENON POISONING CONTROL IN

FUSED-SALT REACTORS13

G. M. Watson

The extremely low solubility of xenon in molten
fluorides led to a proposed design14 in which a
sufficiently large gas space is provided to permit
Xe to decay outside the core, as shown in
Fig. 2.12. Xenon solubility data show that the
concentration ratio for xenon in a gas phase in
equilibrium with xenon in solution in molten
fluorides is about 6000 at 600°C. A gas expansion
tank roughly half the volume of the fuel could
presumably reduce the ratio of xenon in the fuel
to xenon in the tank to about 1/3000. Such a

simple processing scheme, if workable, is indeed
attractive.

V/ith the present concept of breeder reactors in
which the fuel is in contact with an unclad-graphite
core tank, complications may arise from xenon
diffusing into the graphite pores. Even "impervi
ous-grade" graphite has a certain fraction of its
volume consisting of interconnected pores which
gas can penetrate. These pores could serve as
receptacles for xenon gas and cause an increase
in xenon poisoning. The concentration of xenon
in the graphite is limited by burnup and by the

diffusion rate of xenon into the graphite. The
problem can be analyzed by regarding a certain
volume fraction of the graphite as a gas phase
adjacent to the fuel channels in equilibrium with
the gas in the fuel. The xenon profile in a typical
lattice cell was calculated from the diffusion
coefficient and the flux, and, from this, the ratio
of neutron captures where diffusion controls to the
corresponding number of captures where xenon
diffuses, instantaneously. This ratio is shown in
Fig. 2.13. It should be noted that the mechanism
of interest here is diffusion through the free

Joint project with Chemical Technology Division;
see W. D. Burch, G. M. Watson, and H. 0. Weeren,
Xenon Control in Fluid Fueled Reactors, ORNL CF-60-
2-2 (to be published).

14H. G. MacPherson et al., A Preliminary Study of a
Graphite Moderated Molten Salt Power Reactor, ORNL
CF-59-1-26 (Jan. 13, 1959).
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Fig. 2.13. Ratio, /, of Neutron Capture by Xenon in

Graphite if Diffusion Controls to Captures if Xenon

Diffusion Is Instantaneous.

graphite pores and not through the solid graphite
lattice. Diffusion coefficients for the case of

interest are probably in the range of 10~ to
10-6 cm2/sec or possibly lower.

By use of the data of Fig. 2.13,the xenon poison
fraction was calculated as a function of diffusion

15

P 158.
GCR Quar. Prog. Rep. Dec. 31, 1959, ORNL-2888,
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coefficient for a reactor with the following charac
teristics:

Power

Power density

500 Mw (thermal)

230 kw/liter

Fuel total volume 137 ft

Average flux
i a y

2.5X10 neutrons'cm "sec"

Total core volume 480 ft

0.06

0.05

O

I- 0.04

<

li_

o 0.03
(/)

o
a_

o 0.02 -

UJ
X

0.01
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Fig. 2.14. Xenon Poison Fraction as a Function of

Xenon Diffusion Coefficient in Graphite (No Gas

Removal).

38

Fuel volume in core 77 ft

Porosity of graphite 20%

Expansion tank
volume

80 ftJ

The results are plotted in Fig. 2.14.
The alternate scheme of continuous gas phase

removal was also investigated. The significant
feature shown is that gas phase removal is effec
tive even if xenon diffusion rates are quite high.
This is shown in Fig. 2.15, calculated for the
same reactor with an expansion tank of 35 ft
rather than the 80 ft3 assumed in the case of no
gas removal.
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Fig. 2.15. Xenon Poisoning as a Function of Gas

Processing Rate and Diffusion Coefficient of Xenon

in Graphite.
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3. THERMODYNAMIC STUDIES IN MOLTEN-SALT SYSTEMS

THERMODYNAMIC BEHAVIOR OF

STRUCTURAL.METAL CORROSION PRODUCTS

IN FLUORIDE MELTS

C. M. Blood

F. F. Blankenship
G. M. Watson

W. R. Grimes

Due to the influence of solvent composition on
chemical activities, particularly on the change of
activity coefficients with temperature, marked dif
ferences are found in the corrosivity of various
fluoride melts toward structural metals, even when
the oxidation-reduction reaction responsible for
the corrosion is nominally the same. In addition,
the successful exploitation of many processes to
recover or regenerate reactor fuels and breeder
blankets is strongly dependent on a knowledge
of chemical activities of solutes in molten salts.

To supply activity coefficients pertaining to
the molten fluoride corrosion of structural metals,
M , measurements on the heterogeneous equilib
rium

aMF2PH2

applying to the reduction of dissolved NiF2,
FeF2, or CrF2 by H2 have been carried out in a
variety of fluoride fuel solvents since 1952.

Initially, it was hoped that equilibrium gas
concentrations could be found by analyzing the
HF content of H2 which had been bubbled through
a melt containing, for example, a known concen
tration of NiF2, and extrapolating to zero flow
rate. Unfortunately, the lowest feasible flow
rates did not provide a suitable basis for ex
trapolation, and it was necessary to resort to
matching influent and effluent gas compositions,
a very delicate and time-consuming operation.
For example, with an influent gas presumed to
be slightly oxidizing, gas flow was continued for
three or four days, with careful adjustment and
monitoring of influent and effluent gas, by which
time apparent equilibrium might be reached as
indicated by the effluent gas composition. Then
three or four more days were required to ensure
that the apparent equilibrium was not transient;
meanwhile, samples of the melt for analysis are
removed at least daily by means of a filter stick.

And then the process was repeated, approaching
equilibrium with a slightly reducing influent gas.
Thus, a minimum of two weeks of operation was
required to establish a single value for the equi
librium quotient at a given concentration and
temperature. Details of the apparatus and pro
cedure have been presented previously. The
melts were contained in the metal whose reduction

was under study, so that the activity of the solid
phase, a ., was always unity.

M

A summary of the equilibrium quotient experi
ments made so far, with the temperature and con
centration ranges indicated, is presented in Fig.
3.1. Calculated equilibrium constants, assuming
ideal behavior and based on thermodynamic data
from the literature, are included in Fig. 3.1 for
comparison; the reference state for MF2 is super
cooled liquid. The results for NiF2 and FeF2
in NaF-ZrF4 (53-47 mole %) have been presented
previously, and measurements on FeF and CrF2
in LiF-BeF2 (62-38 mole %), the fuel solvent
of current interest, are in progress. The studies
on CrF2 in NaF-ZrF4 (53-47 mole %) and on NiF2
in LiF-BeF2 (62-38 mole %) represent work com
pleted during the past year.

Several points of interest are embraced by the
information in Fig. 3.1. First, it was somewhat
surprising that the measured equilibrium quotients
for FeF2 and CrF2 agree as closely as they do
with those expected for ideal behavior in accord
with Raoult s law. This has been reconciled by
the viewpoint, derived from related work, that the
solvents employed in this experiment match the
acidity, in terms of fluoride affinity or complexing,
of the fluoride ion environment which prevails for
Fe ions, for example, in molten FeFj. Thus,
it is not too surprising that Henry's law is obeyed,
as implied by the constancy of equilibrium quo
tients in Fig. 3.1, to higher concentrations than

]C. M. Blood, W. R. Grimes, and G. M. Watson, "Ac
tivity Coefficients of Ferrous Fluoride and of Nickel
Fluoride in Molten Sodium Fluoride—Zirconium Fluoride
Solutions," presented before the Division of Physical
and Inorganic Chemistry at the 132nd National Meeting
of the American Chemical Society, New York, Sept. 8—
12, 1957.

7
L. Brewer et al., The Chemistry and Metallurgy of

Miscellaneous Materials: Thermodynamics (ed. by L. L.
Quill), p 65, 110, McGraw-Hill, New York, 1950.
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might have been expected for molten salts in
general; that is, only minor negative deviations
from Raoult's law are found, even at low dilutions,
for cations like Fe and Cr in solvents which

have proved to be useful for reactor applications.
A second point of interest is the lack of agree

ment in the case of NiF2 between calculated ideal
behavior and the experimental results. Consider
ations of this point, as discussed below, have
led to the conclusion that the estimates in the

literature, on which the calculated equilibrium
constants for NiF2 were based, are subject to
considerable revision, and that values compatible
with the NiF2 reduction experiment discussed
below are more reliable.

The equilibrium quotients and calculated ac
tivity coefficients for CrF2 in NaF-ZrF4 (53-47
mole %) in Table 3.1 correspond to equilibrium
concentrations of HF as low as 2 x 10" mole/liter
in some cases. Gas concentrations of this order
were very difficult to maintain and measure; conse
quently, melts containing less than about 1 mole %
CrF2 were not amenable to study, and four to
six weeks were required to obtain a single point.
It was of interest, however, that Henry's law
applies to concentrations of CrF2 as high as
10 mole %, as shown in Fig. 3.2. The solubility

PERIOD ENDING JANUARY 31, 1960

limit of CrF2 was not reached in the ranges
represented in Fig. 3.2; there was little incentive
to make measurements in a saturated solution

since the solid phase was known not to be the
simple compound CrF2. A temperature-dependence
plot, as shown in Fig. 3.3, yields a heat of re
action of 42 kcal for the reduction by H2 of
dissolved CrF2. Calculated heats of reaction
based on literature values are included in Fig.
3.3 for comparison.

In the NaF-ZrF4 system structural-metal fluo
rides yield saturating phases of the type NaF-
NiF2-2ZrF4; however, with the LiF-BeF2 system
it is, in principle, possible to make measurements
on solutions that are in equilibrium with solid
NiF2, FeF2, or CrF2. Solubility measurements
on NiF2, plotted in Fig. 3.4, provided activity
coefficients, based on solid as reference state,
which appear in Table 3.2 under the column
heading y , defined as

1

y* =
N (saturation)

Direct measurements on saturated melts proved
not to be as easy as with unsaturated solutions;
an important feature of the usual technique of

Table 3.1. Equilibrium Constants for the Reduction of CrF- by Hydrogen Gas; Activity Coefficients

of CrF2 in NaF-ZrF4 (53-47 mole %)

Temperature

(°C)

850

800

750

Reactions:* CrF2(s) + H2(g) = Cr(s) + 2HF(g) (1)

CrF2(/) +H2(g) = Cr(s) + 2HF(g) (2)

CrF (d) + H2(g) = Cr(s) + 2HF(g)

Equilibrium Constant, K

Reaction (1)

x 10"

4.9

1.61

0.42

Reaction (2) Reaction (3)

x 10" x 10"

7.7 1.45 ±0.17

2.82 0.64 ±0.10

0.86 0.22 ± 0.05

(3)

Activity Coefficients** for CrF2

Yl Yd

0.296 0.188 1.00

0.394 0.225 1.00

0.526 0.257 1.00

*s, g, I, and d refer to crystalline solid, gaseous, supercooled liquid, and dissolved states, respectively. The

K for reactions (1) and (2) are calculated from data in ref 2.

**Y i Yjt a"d Xj are activity coefficients calculated using crystalline solid, supercooled liquid, and solution in
the molten solvent, respectively, as the standard state for CrF-.
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Fig. 3.2. Equilibrium Quotients for the Reduction by H2 of CrF2 in NaF-ZrF4 (53-47 mole %).

reaching equilibrium involved the slow shift of
melt composition in response to the influent gas
composition. With a third phase present, so that
the concentrations in the melt were fixed, the
effluent was much more closely coupled to changes
in influent gas composition. Thus, much ad
ditional laborious adjustment was required to
ensure that equilibrium had really been reached.
Also, the low concentration of H2 in the gas in
equilibrium with high concentrations of NiF2 was
in an unfavorable range from the standpoint of
gas analysis. Consequently, the most abundant
and reproducible results applicable to saturated
solutions could be obtained by extrapolation from
solutions slightly more dilute than corresponding
to saturation.

By combining the activity coefficients, ys, with
experimental equilibrium quotients, K , values for
which are shown graphically in Fig. 3.5, experi
mental values for the equilibrium constants, K ,
are obtained {Ka = K /y ), as listed in Table 3.2.
And from the equilibrium constants the standard
free energy of reaction (AF° „ = -RT In K ) is

3/ react. a

found to have the values listed under the heading
AF°eact in Table 3.3. The calculations outlined
in Table 3.3 lead to revised values of AF° c , ,NiF2(s)
which can be expressed, using Af/2g8 as —158

42

kcal/mole, as

AF°-Atf°298

T

compared with

40.9 at 500° C

= 40.7 at 550°C

= 40.5 at 600° C

AF°-AH°298
-= 34.9 at 550°C

as given in the literature. The reproducibility of
the values of AF°

NiF,
these experiments was

usually about +2 kcal/mole.
Even with the 5-kcal revision of AF°

NiF.
to a

smaller negative value, if 1723°K is taken as the
melting point of NiF2 (ref 3), and 8900 cal/mole
as the heat of fusion (corresponding to about

L. M. Matarrese, thesis. University of Chicago, 1954;
cited by J. W. Stout and E. Catalano, /. Chem. Phys.
23, 2015 (1955).

A. Glasner, The Thermochemical Properties of
Oxides, Fluorides, and Chlorides to 2500°K, ANL-5750
(1957).
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5 e.u. for melting), the calculated activity co
efficients referred to supercooled liquid as the
standard state are well above unity, as shown in
Table 3.2 under the column headed y>. Positive
deviations of this magnitude are not expected in
these fluoride melts. On the other hand, using
10 e.u. as the entropy of fusion, the calculated
activity coefficients for NiF2, based on super
cooled liquid as reference state, are slightly
below unity, as required for consistency with
FeF2 and CrF2, and it may be conjectured that
10 e.u. of fusion is probably a more reliable
estimate than 5 e.u.

The temperature dependence of the equilibrium
quotient of the reduction of NiF2 in LiF-BeF2
(62-38 mole %) is shown in Fig. 3.6.

THEORY OF MOLTEN-SALT SYSTEMS

M. Blander J. Braunstein

D. G. Hill5 R. F. Newton

A theoretical and experimental study of the
thermodynamic properties of molten-salt systems
containing at least two cations and two anions
(reciprocal salt systems) was undertaken to pro
vide a framework for the physical description of
solution behavior in this class of systems and to
attempt to understand the limitations of the con
ventional description of the thermodynamic prop
erties of such systems by use of the mass action
law. Some discussion of this topic has appeared.
The recent work on this class of systems has been
concerned with testing the usefulness of the
quasi-lattice theory in predicting solution behavior
a priori, and also with generalizing the theory so
as to give an insight into the meaning of con
ventional association constants.

A Quasi-Lattice Model for Molten Reciprocal
Salt Systems

The activity coefficients of the component AD,
yAD, have been calculated theoretically using two
different approximations which are based on the

Duke University, Durham, N.C.; consultant to Re
actor Chemistry Division, summer 1959.

University of Maine, Orono; summer research partici
pant. Reactor Chemistry Division, 1958 and 1959.

7M. Blander, /. Phys. Chem. 63, 1262 (1959).
o

M. Blander and J. Braunstein, Ann. N.Y. Acad. Sci.
79, 838 (1960).
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Table 3.2. Equilibrium Constants for the Reduction of NiF- by Hydrogen Gas; Activity Coefficients
of NiF2 in LiF-BeF2 (62-38 mole %)

Reactions:3 Ni F2(s) + H2(g) =Ni(s) +2HF(g) (1)
NiF2(/) +H2(g) = Ni(s)+2HF(g) (2)

NiF2(^) + H2(g) = Ni(s) + 2HF(g) (3)

Temperature

(°C)

Equilibrium Constants Activity Coefficients* (NiF2)

Reaction (1) Reaction (2)c Reaction (2) Reaction (3) y y; y, yt (revised)"2

600 149 1860 19,900

550 61.2 1050 15,100

500 21.3 518 10,400

x 10~J

17.3 ±1.20 120 9.3 1.00

9.90+0.57 160 9.5 1.00

5.04 ±0.46 240 9.7 1.00

0.87

0.66

0.49

st S, I, and d refer to crystalline solid, gaseous, supercooled liquid, and dissolved states respectively.
bK =K /y .

a x 's

K calculated, obtained from b, using refs 3 and 4.

dKa calculated for AS^ ~ 10.0 e.u. using ref 3.
Ys, y^ °nd yd are activity coefficients calculated using crystalline solid, supercooled liquid,and solution in the

lolten solvent, respectively, as the standard state for NiF-.
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Fig. 3.5. Equilibrium Quotients for the Reduction by H2 of NiFj in LiF-BeF2 (62-38 mole %).
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Table 3.3. Revised Standard Free Energy of Formation (Afn._ ) for NiF2(s)*

Temperature

(°C)

600

550

500

NiF2(s) +H2(£) -» Ni° +2HF(g) - Af° aef#
= 2AF°F-AF°eact<
= 2AF°F _(-RTlnKa)

2Af°rHF

-131.34

-131.22

-131.12

AFNiF2(s) =2AF°F-AF°eact<

AF° ,
react.

-8.68

-6.73

-4.70

AFNiF2(s)

-123

-124

-126

Former AF.,.,- , >**NiF2(s)

-127.88

-129.43

-131.02

*s and g refer to crystalline solid and gaseous states respectively; K = K /y

**From ref 2.

600

TEMPERATURE CO
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Vy-CK) x10-4
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500

Fig. 3.6. Effect of Temperature on Equilibrium Quo

tient Kx =P^F/NHiF PH in LiF-BeF2 (62-38 mole %).

lattice model for the molten reciprocal salt system
A , B , C", D~. The first is the asymmetric
approximation in which the groupings AC^1-"'
are included, where n = Z. This leads to the
relation:

Yad

(1-X):

N
D

X

jS(l-X)

Z-l

(1)

where Z is the lattice coordination number,
/3 = e-^E/RTf AE is the relative energy of inter
action of a mole of A -C~ pairs, and X, the
fraction of positions adjacent to an A ion that
are occupied by C ions, can be calculated from
the distribution function for the asymmetric ap
proximation in terms of Z, AE, and the concen
trations of all the ions in solution. The second
or symmetric approximation includes the groupings
A C (m~")+ where m and n are any integers.

m n ' / =

This method leads to the relation:

Yko
1 -N

(2)

where V can be calculated from the distribution

function for the symmetric approximation in terms
of Z, AE, and the concentrations of the ions in
solution.

The activity coefficients of AgN03 in the two
molten solvents KN03 and NaN03, dilute in Ag
and CI- ions, were measured in an electromotive
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force cell at 402°C. The activity coefficients of
AgN03, yA N_ , are much lower in the KN03
solvent than in the NaN03 solvent at the same
temperature and the same concentrations of Ag
and CI ions. The concentration dependence of

y in the KN03 solvent corresponds moreAgN03
closely to the concentration dependence of yAD
as calculated from the asymmetric approximation
(for Z = 6, AE = -5.65) than to the concentration
dependence calculated from the symmetric ap
proximation. In the NaN03 solvent, the concen
tration dependence of yA N_ corresponds more

closely to the calculation based on the symmetric
approximation (for Z = 6, AE =-4.55).

The differences between the behavior in the two

solvents can be correlated with the relative sizes

of the K and Na ions and the relative effects

of the fields of these two solvent cations on the

energy of interaction of an Ag -CI pair.

Electromotive Force Measurements in the System
AgN03-NaCI-NaN03 and Their Comparison

to the Quasi-Lattice Theory

Measurements of the activity coefficients of
AgN03, yAgN0 , in dilute solutions of Ag+ and
C\~ ions in NaN03 were made at 331, 364, 385,
402, 423, 438, and 500°C. The concentration
dependence of log yA NQ was closer to the

symmetric approximation based on the quasi-lattice
model than to the asymmetric approximation.
Average values of the relative energies of A -C~
ion pair formation, AE, as defined in the quasi-
lattice model, were calculated by comparison of
the symmetric approximation with the experimental
results. For Z = 4, 5, and 6 the values of AE
averaged over all seven temperatures are—5.13,
-4.83, and -4.50 kcal/mole respectively. Figure
3.7 is a plot of-log yA N0 vs the concentration
of NaCI (R mole ratio of NaCI) at a concenNaCI

tration of AgN03, RAgN0 = 0.30 x 10-J. The
dashed lines are values of- log yAD as calculated
from the symmetric theory for any one value of Z
and seven values of AE which differed by less
than 0.05 kcal from the average. In the AgN03-
KCI-KN03 system, average values of AE calcu
lated from the comparison of the asymmetric theory
and the experimental results at 370, 385, 402,
423, and 436°C were -6.1g, -5.8g, and -5.65
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Fig. 3.7. Activity Coefficients of AgNOo at Seven

Temperatures in the AgN03-NaCI-NaN03 System at
^AgNO = ^"30 x ^u_ as a Function of the Concentra
tion of NaCI.

kcal/mole for Z = 4, 5, and 6 respectively. '
The values of AE for any one value of Z in each
of the two systems were constant, within experi
mental precision, at all temperatures. The con
ventional association constant for the formation

j, is equal toof the ion pair A -C , K,,

exp
AE

- 1

The constancy of AE at all temperatures studied

M. Blander, R. F. Newton, and F. F. Blankenship,
/. Phys. Chem. 63, 1259 (1959).

J. Braunstein and M. Blander, /. Phys. Chem. 64,
10(1960).



and for all reasonable values of Z means that

from measurements of /(, at one temperature, one
may, in these two systems, correctly predict K,
at all other temperatures by use of the lattice
model.

A Generalized Calculation Based on the Quasi-
Lattice Model

A generalized statistical-mechanical calculation
of the solution thermodynamics of the reciprocal

molten-salt system A+, B+, C~, and D~ dilute in
A ions has been made. The calculation is based

on the quasi-lattice model of reciprocal salt sys
tems and treats the problem as an order-disorder
problem.

In the theory, associations of A and C" ions
and nearest neighbor interactions only are taken
into account. A two-dimensional representation
of the formation of A C~ ion pairs and C~-A -C~
ion triplets is as follows:

B+ D~ B+ D" B+ D~

D" A+ (?) + B+ (?) B+
B+ D" B+ D" B+ D"

B+ D~ B+ D~ B+ D"

@ A+ C" + B+ (?) B+
B+ D" BH B+ D'

If the symbol A represents an A ion having
ZD ions as nearest neighbors, where Z is the
coordination number of the quasi lattice, C~
represents a C ion having no A ions adjacent
to it, and AC represents an A ion which has one
C ion and (Z - 1) D ions as nearest neighbors,
then Eq. (1) can be represented more conven
tionally as

A++C" ^AC (3)

The higher associations may be represented in a
similar manner as

AC + C"

AC,

^AC,

!AC„

(4)

(5)

PERIOD ENDING JANUARY 31, 1960

AC,"" + C"-3 ^ ~ \ -™-4

where AC2 need not be linear.
-AA./kT

e l , where AA. is the specific Helmholtz
free energy change for exchanging a particular
D ion, which is a nearest neighbor of an A ion
having (z —1) C ions and (Z - i + 1) D ions as
nearest neighbors, with a C~ ion which has no
A ions as nearest neighbors. In a sense, —AA.
is a bond strength." The conventional equi
librium constants for associations as (3), (4), (5),
and (6) were some of the quantities derived from
a partition function for the quasi lattice.11 The
results are:

>AC,

K,=Z(0,-1) ,

Z(Z-l)

(6)

Let 0. =

KlK2 =
2!

(0,02-2)3,+ 1) ,

(7)

(8)

B+ D" B+ D~ B+ D"

D" A+ © + B+ © B+
B+ D" B+ D" B+ D"

B+ D" B+ D" B+ D~

>(?) A+ C- + B+ (?) B+
B+ D~ B+ D" B+ D"

(1)

(2)

K, K2K3
Z(Z- l)(Z-2)

3j (£^2/33-

-30,02 + 30,-1) , (9)

Z(Z-l)(Z-2)(Z-3)
K\K2K3K4 = (£,/3203044j <,-\H2H3t

-40,0203 + 60,02-401 + l) , (10)

where K,, K2, K3, and K^ are the conventional
association constants for the equilibria (3), (4),

The calculation was similar in some respects to
that of T. L. Hill, /. Chem. Phys. 14, 263 (1946), for
multilayer adsorption.

1 2 In a real system the K. must be evaluated at infinite
+ - l

dilution of A and C ions.
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(5), and (6), respectively, where the concentration
scale is either the mole fraction or the cationic

or anionic fraction of the species, depending on
whether a species is neutral or charged. Equa
tions (7) through (10) constitute a separation of
configurational factors from the factors containing
the specific "bond strength."

A specific example for illustrative purposes is
the case in which 0, = 02 = 03 = 04, or, in other
words, the case in which the "bond strength" of
each successive A -C interaction is the same.

In this case

K, 2K2 3K3 4k4

Z Z-l Z-2 Z-3

a result first obtained by Bjerrum. This demon
strates that even if the "bond strength" for the
attachment of successive C ions is the same,
the constants K,, K2, K3, and K4 will decrease
in that order.

Equation (8) is for an AC2 ion triplet in which
the tendency for forming the second A -C bond
is nondirectional. If this tendency is directional,
then

K}K2 =
Z{Z-\)(P^2 Z

2! 1
0, + l

where the prime (') denotes the case in which the
AC2 triplet is linear and the second C ion,
which is attached to an A ion, can have a non
zero value of AA2 in only one of the (Z —1)
lattice sites. If 02 = 02, it is easy to see that
K2 < K2. Although "bond" strengths may not
differ, the equilibrium constant for the formation
of AC2 will be smaller if the second A -C~
"bond" tends to be directional than if it is non-

directional.

FREEZING POINT DEPRESSIONS IN SODIUM

FLUORIDE

S. Cantor

Depression of the freezing point of sodium
fluoride by several solute fluorides of univalent
and divalent cations has been examined. Sodium

fluoride was chosen as the solvent for this study
because (1) its heat of fusion is large, (2) its

13 N. Bjerrum, Z. physik. Chem. 106, 222 (1923).
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heat capacity is well known, and (3) crystalline
NaF is the primary phase below the liquidus over
the composition range from 100 to 75 mole % NaF
in many binary systems.

The sodium fluoride was obtained by selecting
clear crystals from slowly cooled melts of chemi
cally pure material. Solute fluorides, other than
BeF2, were of cp quality commercial material,
if available, or were prepared by treatment of cp
chlorides with anhydrous HF at high temperatures.
Commercial BeF2 was given a similar high-
temperature hydrofluorination to minimize oxide
content. Most experiments were conducted in
apparatus of nickel; each experiment used about
2 moles of NaF, which was protected from the
atmosphere and was stirred by a stream of argon.
Temperatures and cooling rates were manually
regulated. Freezing points were established
within ±0.6°C from cooling curves obtained with
calibrated Pt, Pt-Rh thermocouples in a well
which was bathed in the cooling liquid. (For the
few materials for which nickel was unsuitable,
graphite crucibles and copper thermowells and gas
inlet lines were employed.)

The experimentally observed freezing points
were compared with those predicted for ideal
solution behavior (T.) calculated from:

In N
NaF

1

T,

where /V.,p is the mole fraction of NaF, AHi is
the molar heat of fusion (8017 cal) of pure NaF at
its freezing point (T, = 995.0 ± 0.6°C), and C„ -

Cp is the difference in molar heat capacity of
s

pure NaF in liquid and crystalline states.
The freezing point of NaF on addition of KF and

LiF in amounts to 25 mole % has been examined.

Agreement between observed values and those
calculated from the equation was obtained for all

KF solutions studied. Ideal behavior was observed

for LiF solutions containing up to 15 mole %;

14C. J. O'Brien and K. K. Kelly, J. Am. Chem. Soc.
79, 5616 (1957).



Tobs - Ti was -°-9 and -1.7°C at 20 and 25
mole %LiF. Since Li+ has a larger ratio of charge
to radius than K , it would tend to polarize or
distort the surrounding NaF lattice to a greater
extent; deviation from ideal behavior should, ac
cordingly, be expected at lower concentration of
LiF. However, as expected, a simple model in
which cations and anions occupy alternate sites
on a hypothetical lattice and where an M+ ion
substitutes for Na on a cation site without a new

interaction in the lattice is satisfactory for these
simple solutions.

Study of the freezing point of NaF on addition of
up to 20 mole % of each of the alkaline earth
fluorides yielded data shown in Fig. 3.8. It is
apparent that lowering of the freezing point is
inversely proportional to cation size in this series
and that the solutions deviate markedly from
simple ideal behavior. Calculation of freezing
point depressions from a simple lattice model, in
which substitution of M on a cation site creates

an additional vacancy formerly occupied by a
second Na , yields values which are too great for
all cases except the most concentrated solutions
of BeF2. Alternatively, if one assumes the forma
tion of complex ions of the Na2M"F. type it is
possible to calculate freezing point depressions
in agreement with observations with up to 5 mole%
of all solutes and up to 15 mole %of MgF2. Al
though it should be possible to "fit" the experi
mental data by assuming reactions such as

Na2[MF4] ^MF2 + 2NaF

Na2[MF4] + 2NaF ^=iNa4[MF6]

in the complex ion model (or by adding "polariza
tion" corrections to the lattice model), it is clearly
futile to attempt unequivocal structural interpreta
tions from these thermodynamic data.

The cation sizes in the divalent ions of the

transition metals are quite similar; the stability
constants of a variety of complex ions of these
cations, however, decrease in the order Cu++,
Ni++, Co++, Zn++, Fe++, Mn ++. Results obtained
from experiments with the fluorides of these ca
tions as solutes indicate, as shown in Fig. 3.9,
that the magnitudes of freezing point depressions
also follow this order. The behavior of these

solutes is approximately that predicted if undis-
sociated [MF4]~~ ions existed in the solutions.
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Fig. 3.8. Freezing Point Depressions in NaF Caused

by the Alkaline Earth Fluorides.

Moreover, as shown in Fig. 3.10, a plot of T • -
Tr- vs atomic number is qualitatively similar to
that of lattice energy of the fluoride vs atomic
number of its cation and also to curves used to

illustrate crystal field stabilization energies in
complex ion formation. It is hoped that absorp
tion spectra of such solutions in the visible region
will provide supplementary information concerning
structures.

L. E. Orgel, "Some Applications of Crystal-Field
Theory to Problems in Transition-Metal Chemistry,"
in the proceedings of the tenth international congress
of the Solvay Institute, Brussels, 1956.
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Fig. 3.9. Freezing Point Depressions in NaF Caused
by Transition Metal Difluorides.

VAPOR PRESSURES OF SYSTEMS CONTAINING

URANIUM HALIDES

S. Longer16

Uranium Tetrafluoride

The vapor pressure of liquid uranium tetrafluoride
has been measured over the temperature interval
1018 to 1302°C by a boiling point method and by
the quasi-static method of Rodebush and Dixon.
The vapor pressures obtained (4 to 180 mm Hg)
are represented by

16,840 ±44
log p = 7.549 log T +

T

+ 37.09 ± 0.03 ,

16Present address: General Atomic, P.O. Box 608,
San Diego, Calif.

17W. H. Rodebush and A. L. Dixon, Phys. Rev. 26,
851 (1925).
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with P in millimeters of mercury and T in degrees
Kelvin.

Extrapolation of the data to the normal boiling
point of 1729°K, with the assumption of a AC of
vaporization of —15 cal»deg -mole , gives a
heat of vaporization of 51.2 ± 0.2 kcal/mole at
the boiling point. The entropy of vaporization at
the normal boiling temperature is 29.7 e.u., in
reasonable agreement with those of other heavy
metal tetrafluorides. A paper describing this work
has been accepted for publication.

If the data of Ryon and Twichell, who used
an effusion method with solid UF. and implicitly
assumed that the vapor was monomeric, are extra
polated to this temperature region, values in good

18 S. Longer and F. F. Blankenship, ]. Inorg. & Nu
clear Chem. (in press).

19 A. D. Ryon and L. P. Twichell, Vapor Pressure and
Related Physical Constants of Uranium Tetrafluoride,
H-5.385.2 (July 25, 1947).



agreement with those of the present study are ob
tained. This agreement would seem to demonstrate
the virtual absence of associated molecules in the
vapor above pure UF..

Uranium Tetrachloride

A similar study, using the Rodebush and boiling
point methods, was made of the vapor pressure of
UG4 as an initial step in a study of UCL-alkali
chloride binary systems. The data obtained are
represented by

9885 ± 34
lo9 p = ~ - 7-°46 log T +

T

+ 33.28 ±0.04 , (1)

with P in millimeters of mercury and T in degrees
Kelvin. These values are in considerable dis
agreement with those obtained prior to 1947 by
Wagner and Grady, who also made measurements
of total pressure over molten UCL. These data,
when recalculated using -14 cal-deg- ^mole- 1 for
AC of vaporization, yield the equation

log P =
10,200 ±47

T
- 7.046 log r +

+ 33.79 ± 0.05 (2)

Unfortunately, the purity of samples used in the
present investigation is not established, and it is
not possible to resolve the discrepancy. The
vapor pressure of molten UCL seems to require
further investigation.

Vapor Pressures of LiF-UF4 Mixtures

The vapor pressures of mixtures of UF4 with 10
and with 20 mole %of LiF have been examined by
use of the two methods mentioned above. The
data obtained are shown, along with those for UF4,
as Fig. 3.11. The total pressure of all species in
the vapor is given for 90 mole % UF.-10 mole %
LiF by

16,550 ± 150
log p = '. 7.046 log T +

+ 35.22+0.10 ,

and for 80 mole %UF4-20 mole %LiF by

2X10 r^-

or 10

PERIOD ENDING JANUARY 31, 1960
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Fig. 3.11. Vapor Pressures of LiF-UF4 Mixtures.

16,215 ±36
log p = _ 7.046 log T +

T

+ 34.94 ± 0.002 ,

with P in millimeters of mercury, T in degrees
Kelvin, and with AC. of vaporization assumed to

be -14 caUdeg" ^mole- ].
The partial pressure of LiF in these melts

should be about 100-fold less than that of UF4.
However, examination by chemical analysis and
by x-ray diffraction of material condensed from the
vapor phase in these experiments showed LiF-UF4
mole ratios ranging from unity to 113. It seems
obvious that such ratios are the result of a vapor
compound; the measured pressure is, accordingly,
the sum of the partial pressure of UF4, the partial
pressures of LiF-UF4 compounds, and the (negli
gible) partial pressure of LiF. Before activities
of species in the melt can be obtained it will be
necessary to evaluate the partial pressures of the
vapor species by some direct technique.

20 E. L. Wagner end H. F. Grady, The Vapor Pressure
Curves of Tuballoy Tetrachloride, C-2.350.4 (Sept. 18,
1945).
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4. SELF-DIFFUSION OF CHROMIUM IN INCONEL EXPOSED TO MOLTEN SALTS

G. M. Watson

N. V. Smith

OVER-ALL DIFFUSION COEFFICIENTS

Introduction. - The results of recent studies

of the migration of metals (corrosion) resulting
from temperature gradients in a molten-salt en
vironment have indicated that the over-all migration
rate is controlled by the diffusion rates within the
metal. Chromium is of particular interest in this
respect as it is present in alloys suitable for
molten-salt applications. Of all the alloy con
stituents, chromium has the greatest tendency to
migrate. This investigation was performed to
support directly and augment related corrosion
studies.

Initial studies and reviews revealed that several

investigations of solid-state diffusion phenomena
have been reported, but only a portion of the re
ported work covered cases in which molten salts
and chromium alloys were involved.

A large portion of the chromium diffusion coef
ficients available in the literature were applicable
at temperatures above 900°C (ref 3). However,
extrapolation of this information to temperatures
of interest (600 to 900°C) could be misleading if
the diffusion mechanism were to change within

the extrapolated region. Accordingly, an investi
gation was initiated of the over-all transfer rate
of Cr within isothermal systems comprised of
Inconel containers and molten NaF-ZrF . mixtures.

4 _

The first experiments were performed elsewhere
through a subcontract arrangement. These initial
uncorrelated data have been utilized and con

siderably extended. The objective of this inves
tigation was to determine over-all self-diffusion

W. D. Manly et al., "Metallurgical Problems in
Molten Fluoride Systems," Second U.N. International
Conference on Peaceful Uses of Atomic Energy, 1958,
paper A/Conf/15/P/1990.

J. A. Lane, H. G. MacPherson, and F. Maslan,
Fluid Fuel Reactors, chaps. 12 and 13, Addison-Wesley,
Reading, Mass., 1958.

3P. L. Gruzin and G. B. Federov, Doklady Akad.
Nauk S.S.S.R. 105, 264-67 (1955).

4J. S. Fisher, ]. Appl. Phys. 22, 74 (1951).
R. P. Price et al. , Battelle Memorial Institute,

private communication, March 1958.

VV. R. Grimes, private communication, 1956.
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R. B. Evans

W. R. Grimes

coefficients which include the combined effects of

all diffusional processes for chromium that might
occur within the Inconel at various temperatures.

The over-all coefficients were determined by
following the depletion rate of Cr5 (as Cr*+ )
charged to molten salts in Inconel containers; they
were also estimated by comparing the total radio
activity of salt-exposed metal specimens with the
specific radioactivity of the salt at particular
times.

Wall Exchange Reaction

If consideration is given to a semi-infinite iso
thermal system wherein an alloy containing chro
mium is in contact (at one face) with a molten salt
containing a fixed amount of CrF2, it may be seen
that the net rate of transfer of chromium between

the metal and salt is zero at equilibrium, although
a random dynamic exchange of chromium takes
place. If a small amount of the CrF- is removed
and replaced by an equal amount of labeled chro
mous fluoride (Cr*F2), the random dynamic ex
change can be studied by following the exchange
rate of the Cr*F2. The expression which relates
the quantities of interest in terms of the surface
exchange reaction or "wall reaction,"

Cr°+Cr*++ = Cr++ + Cr AF=0 , (1)

wt trac

[Cr*°] [CrF2]

[Cr°] [Cr*F2]

The equilibrium of Eq. (1) is established within
a short time after the Cr*F2 is added. Since

Ka = ] = Kwt frac '

the concentration of Cr at the surface (x = 0) of
the alloy at any time or temperature is given by

[Cr*FJ
(2)

The Cr initially distributed on the wall sur
face diffuses into the metal as time progresses,



which tends to deplete both the Cr*° at the sur
face and the Cr*F2 in the salt unless Cr*F2 is
added to the system at a rate equal to the dif
fusion rate.

Depletion Method

If Cr*F2 is not added to the salt after time zero,
and the subsequent depletion of Cr*F2 activity
in the salt (corrected for time decay) is measured
as a function of time, a diffusion coefficient for
chromium in the metal may be calculated by means
of the following relationship:

whe

'r=0 - °t 2
= 1 - ea l erfc (asft) , (3)

't=0

t = time, sec,

•> 0 = counts-g- -min" at t of a filtered salt
sample taken at t0,

b = counts»g~ -min- at / of a filtered salt

vhere

sample taken at t,

A [Cr°] Pmetal

^[CrF2] PsoU
\rD,

A
• - ratio of the salt-exposed area of Inconel

to the salt volume, cm" ,

= weight-fraction ratio of chromium in
Lt-rt_2J Inconel to chromous fluoride (as Cr )

in the salt,

^ metal
= density ratio of metal to salt,

P.alt
1 /

D = diffusion coefficient, cm /sec.

Equation (3) was used to correlate data from two
types of capsule experiments. Isothermal deple
tions were determined as a function of time in one

experiment, whereas depletions as a function of
temperature (at identical molten-salt exposure
times) were determined in the second type of ex
periment. The ratio ^Cr°]pmeta|/VT.CrF2]psa|t
was held constant in both cases. The corrected

depletions were plotted vs the independent variable
measured, and this curve was compared with a
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plot of the function 1 - e" erfc (u) vs u, where
u was considered to be {a\[t). Values of a and
D were readily calculated by this method.

Constant-Potential Method

Initial experimentation indicated that a depletion
of the Cr*F2 content of a melt by a test specimen
could be prevented and the Cr*F2 maintained at a
constant concentration during a test if, prior to
the test, the molten salt was equilibrated with the
relatively large surface of an Inconel container at
900°C and then the temperature was lowered to
the test temperature, about 700°C By this pro
cedure, the Inconel walls acquired a surface con
centration of Cr*° which, at 700°C, did not diffuse
away into the Inconel. The small amounts of
Cr absorbed by the test-metal specimens (In
conel thermocouple wells, /^-in. OD) that were
subsequently immersed in the salt did not alter
the Cr*F2 concentration of the melt because of
the low ratio of test surface to container surface.

The corresponding Cr* transfer equation is

..*0
2AC

.*0 -)
1/2

(4)

The variable C denotes concentration as g/cm .
Rearranging Eq» (4),

1 [CrF,] 1

\(mt \z [Cr0] rApmeta|/
(5)

where

h = height of the immersed specimen,

r = radius of the immersed specimen,

y = total counts of the entire specimen (without
alteration) per minute at t,

z - counts of the salt per gram-minute at t,
l r- 51m = grams ot Lr

The variable y is a measure of the total amount of
tracer gained by the specimen; z is an indirect
measure of the tracer concentration which is main

tained on the specimen surface during immersion.

R. V. Churchill, Modern Operational Mathematics
in Engineering, 1st ed., p 117, McGraw-Hill, New York,
1944.
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Four series of experiments were performed by
means of the constant-potential method. Three
series involved Inconel specimens which had been
subjected to three types of pretreatment condi
tions, and the fourth series involved INOR-8
specimens. The development and utilization of
this method was partially stimulated by the need
for tracer-containing alloy specimens for subse
quent electropol ishing experiments. Specimens
from a constant-potential experiment were de
sirable in this respect as they were related to a
convenient set of solutions of the diffusion equa
tions.

Results

Over-all coefficients, as a function of tempera
ture and grain size, were obtained from six series
of experiments. The experiments could be con
veniently grouped according to experimental
method, alloy pretreatment, and type of alloy. An
outline of the experiments is shown in Table 4.1.

Experimental points for groups I to IV and re
ported3 high-temperature values for a similar
alloy are plotted on Fig. 4.1. The experimental
points for groups V and VI are not shown, since
the general appearance, scatter, and slope of a

UNCLASSIFIED
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Fig. 4.1. Experimental Results for 1150°C-Annealed Inconel. Over-all coefficients.
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Table 4.1. Summary of Experiments to Determine Over-All Diffusion Coefficients

Chromium

Experiment Type of Content Solvent Alloy Material Alloy Pretreatment
Gr°up Experiment of Alloy Composition and Dimensions or Annealing Conditions Remarks

Number , „. (mole %)
(wt %)

I Isothermal 16.0 NaF-2rF4 Inconel: sides, Welding temperature, then Previously uncorrelated data ob-
capsule (50-50) 'a"'"- tubing; normalized under Hj for tained from ref 5 at 3 tempera-
(depletion) bottom, plate 4 hr at 900°C tures

II Polythermal 14.4 NaF-ZrF4 Inconel: capsules Annealed under H2 for Experiment performed to verify
capsule (53-47) machined from bar 8 hr at 1150^C and augment group I results
(depletion) stock %-in. OD,

/16_in- ID' -04"'
inside length

Ml Constant 15.2 NaF-ZrF4 Inconel: <^-in. Annealed under H2 for Several groups of isothermal ex-
potential (53-47) tubing, 0.035-in. 2 to 4 hr at 1150°C periments performed to verify

Eq. (4) and to evaluate the ex

perimental method

IV Constant 15.1 NaF-ZrF4 Inconel: ^-in. Annealed under He for Single 1-day exposure time; ex-
potential (53-47) tubing, 0.035-in. 2 to 4 hr at 1150°C periments performed to show

effects of H2 vs He annealing

Constant 14.8 NaF-ZrF4 Inconel: ^-in. Annealed under H2 for Single 2-week exposure-time ex- "°
potential (53-47) tubing, 0.035-in. 8 to 12 hr at 800°C periments performed to show To

effects of lower annealing tern- O

5/ ./16-.n. ID, 2*64-in
inside length

NaF-ZrF4 Inconel: V •

(53-47) tubing,

wall

0.035-in.

NaF-ZrF4 Inconel: V •Vln-
(53-47) tubing,

wall

0.035-ln.

NaF-ZrF4 Inconel: V'".
(53-47) tubing

wall

, 0.035-in.

peratures and to provide speci

mens for electropolishing ex- j?j
periments J

m

VI Constant 7.03 NaF-ZrF4 INOR-8: /^-in. Annealed under H2 for Single 2-week exposure-time ex
potential (53-47) tubing, 0.028-in. 8 to 12 hr at 800°C periments performed to obtain

Z.
preliminary INOR-8 over-all co- C

efficients comparable to Inconel JO

coefficients

>o

o\

o
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plot of these points are very similar to those of
Fig. 4.1.

It should be mentioned that an isothermally
determined over-all coefficient depends on the
measurement, control, or knowledge of ten vari
ables. Seven of these variables are squared in
the final equation; also, the coefficient changes
approximately 4%/°C at 700°C. The maximum
error in any single coefficient could be ±0.4 of a
cycle shown on Figs. 4.1 and 4.2. This estimate
excludes the effects of grain-size variations.

In view of the over-all precision involved, the
most realistic summary of the results might con
sist of a comparison of the average curves for all

the available data,

sented in Fig. 4.2.
Such a comparison is pre-

Discussion and Conclusions

A comparison of results obtained with an unan-
nealed Inconel specimen (point A, Fig. 4.2) and
those obtained with three annealed specimens
(point B, Fig. 4.2) presents a pointed illustration
of the effects associated with grain size. Photo
micrographs showing the grain size of the actual
specimens may be found in Fig. 4.3. All these
specimens were exposed to the same pot-salt
system at the same temperature. The same trend
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Fig. 4.3. Photomicrographs of Group III Inconel Specimens After Diffusion Experiments.
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was shown by all the results in that increases in
the time and temperature of the pretreatment in
creased the grain size which, in turn, led to a
decrease in the over-all coefficient. It was con

cluded that grain-size effects had a marked in
fluence on the over-all diffusion coefficient.

The above conclusion formed the basis for

another interpretation; that is, specimens with the
highest number of grains al so contained the highest
number of "grain boundaries." Accordingly, one
might suspect that a certain fraction of the dif
fusion took place along grain boundaries at tem
peratures around 700°C.

Thus one would be tempted to think in terms of
two coefficients, for example, volume and grain
boundary. A treatment of a similar case by
Fisher revealed that the time dependence of the
penetration relationships would be altered when
both mechanisms are combined. Such was not the

case in this investigation. The data appeared to
follow the equations presented. These equations
were based on a single phenomenological coef
ficient which could be used to represent a homo
geneous diffusion process taking place in an
isotropic medium.

An encouraging feature of the results shown on
Fig. 4.2 is the relatively good agreement between
the high- and low-temperature data. A break in
the over-all curves indicating a change in mecha
nism was not found for the Inconel specimens;

however, a marked downward trend was noted for
the INOR-8 values at temperatures below 700°Co
The breaks in other systems (generally obtained
from concentration profiles) result in curves with
relatively low negative slopes in low-temperature
regions.

Coefficients presented in Fig. 4.2 represent
alloys with chromium contents ranging from 0 to
20.4 wt %. In view of the precision of the meas
urements and grain-size effects, it was concluded
that the over-all coefficients above 700°C did not
depend on the chromium concentration in the
alloys. The amount of diffusion did depend on the
concentration in a manner predicted by Eqs. (3)
and (4).

CHROMIUM-51 DIFFUSION COEFFICIENTS

FROM ELECTROPOLISHING EXPERIMENTS

Introduction. — Practically all the solid-state
diffusion data in the literature are based on the

8

8With J. H. DeVan, Metallurgy Division, ORNL.
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experimental determination of tracer concentration
profiles as a function of penetration distance.
The experiments differ as to the boundary condi
tions, tracer placement techniques, and sectioning
procedures employed. However, determination of
the tracer profile is the basic objective common
to all experiments of this type. The profile data
are then converted to diffusion coefficients through
a knowledge of the proper concentration equations.

It was believed that a series of experiments of
this type would constitute an interesting comple
ment to the Inconel experiments discussed in the
preceding section of this report. Two estimates
of the coefficient for a given specimen would be
available. One would be based on the measure

ment of the over-all amount of tracer which dif

fused into the specimen under a known surface
potential; the second would be based on the tracer
concentration profile within the specimen.

Experimental Approach

Three major considerations governed the choice
of a method for sectioning the tracer-containing
specimens. First, very shallow tracer penetra
tions (very steep tracer concentration vs distance
curves) would be involved; second, the operation
should be fast and should not require particular
skills; finally, the specimens would be cylindrical
in shape, as they would originate from capsules,
pots, or loops. It appeared that an electropol ish
ing technique would satisfy all these require
ments.

Based on the first two requirements mentioned,
an integral method was employed to correlate the
data. This avoided the necessity of taking a
large number of minute "cuts" and of then having
to calculate a large number of "average" concen
trations. The experiments were conducted as
follows: after salt exposure, the specimens were
counted, polished, recounted, polished again,
etc., until less than 10% of the original count
was present. The percentage of total counts re
maining after each polishing was plotted as a
function of the cumulative penetration distances
(wall thickness minus the sum of the polishing
increments). The experimental plot was compared
with a generalized plot of an equation applicable
to this procedure (constant potential, semi-infinite

S. D. Gertsricken and I. Y. Dekhtyar, Proc. Intern.
Conf. Peaceful Uses Atomic Energy, Geneva, 1955 15,
101 (1955).



system, initial tracer concentration zero, etc.).
The equation is
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and procedures used to perform the electropol ish
ing operation may be found elsewhere.

Results

Present Investigation. - Electropol ishing ex
periments were performed on duplicate specimens
obtained from 13 separate experiments mentioned
in the preceding section (see group V). Of all
the constant-potential specimens processed, this
series contained the largest amount of tracer at
deepest penetrations. The final results are pre
sented on Fig. 4.4 (open circles) immediately

y(x) = lOO\AFierfc0 , (6)

where

ierfc6>= — e-e2 - 6erfc 6,

y(x) = percentage of original activity remain
ing,

Isful

Values of Eq. (6) are available in the litera
ture. A detailed description of the apparatus

H. S. Cars law and J. C. Jaeger, Conduction of Heat
in Solids, 1st ed., p 373, Oxford University Press, New
York, 1947.

J. H. DeVan, An Evaluation of Electro-Machining
for the Analysis of Metal Surfaces, ORNL CF-59-6-109
(June 25, 1959).
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Fig. 4.4. Chromium-51 Diffusion Coefficients for Inconel, Based on Electropol ishing Data.
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above the average curve, which represents the
over-all coefficient obtained with the same speci
mens. It was interesting to note that the devia
tions exhibited by these data were faithfully
reproduced by the over-all values on the lower
curve.

Battelle Data. - Electropol ishing data submitted
by Price are shown on Fig. 4.5. In addition to
the 800°C data shown, a meager amount of data
was obtained for 700 and 600°C. The capsules

100

UNCLASSIFIED
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MICRONS REMOVED BY ELECTROPOLISHING

Fig. 4.5. Concentration Profiles in 800 C Depletion

Capsules.

used in the over-all depletion experiments served
as the electropolishing specimens which led to
these results. The rigorous profile equation for
a depletion experiment is

C(x,t)

=c (aX/S~5)+a2t erfc /av/7 + (7)
2JD~t

where a is defined in the previous section.
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Since the required relationship would involve
integration of Eq. (7) with respect to x, a decision
was made to approximate the rigorous solution by
means of Eq. (6). Past work had shown that
analogous approximations with respect to the
over-all transfer equations were acceptable. As
it turned out, the approximate equation accurately
described a major portion of the experimental
profiles (see Fig. 4.5). Coefficients based on the
800°C data are shown in Table 4.2. All the

available Battelle data are presented on Fig. 4.4.

Discussion

The 800°C data of Table 4.2 are of considerable

importance, as the results of two independent
series of experiments at this temperature estab
lished the equality of coefficients obtained from
electropolishing experiments and over-all measure
ments. It is presently believed that equality of
coefficients is a necessary condition for a homo
geneous diffusion process.

The values given in Table 4.2 represent the
results of three depletion experiments and six
electropolishing experiments. The two profile
coefficients shown were each obtained from the

average of three similar experiments. The number
of over-all coefficients available corresponded to
the number of capsule experiments (involving
several capsules exposed for various times)
performed, that is, three. It is important to note
that the initial [Cr*F2]/[CrF2l ratio and the A/V
ratio were identical for all experiments in the
800°C series. Thus profiles for capsules with
identical salt-exposure times should be the same
if the over-all diffusion equations previously pre
sented and the assumed constant-potential bound
ary conditions were correct. It appears that these
propositions are verified by the proximity of ex
perimental points to the curves on Fig. 4.5.

As indicated by the curves of Fig. 4.4, the long
anticipated breaks in the log D vs l/T plots were
finally acquired through the profile experiments.
A discussion of the differences between the
profile curves and curves for companion over-all
experiments will be given separately in the next
section of this report.

INTERPRETATION OF THE CHROMIUM-51

DIFFUSION DATA

It is observed from Fig. 4.4 of the preceding
section that, at temperatures less than 800°C, the



"diffusion coefficients" obtained from tracer
concentration profiles are higher than those which
were based on the total amount of tracer trans

ferred. In order to correlate both kinds of coef
ficients, it is useful to visualize a diffusion
specimen wherein the entire diffusion process
occurs in intergranular channels. If it is assumed
that all the channels can be grouped together to
give a certain fraction, /, of the bulk volume, V,,
then fVb will be the "active" volume and (1 -
f)Vh will be the "inactive" or dead volume. The
next step concerns the selection of a reference
coefficient for the active volume.

One of two suitable reference coefficients might
be chosen. They are: a bulk coefficient, D,, re
sulting from steady-state diffusion experiments,
and a grain-boundary (or channel) coefficient, D ,
which is based on studies of single grain bound
aries. To precisely illustrate the meaning of the
two hypothetical coefficients, a numerical example

PERIOD ENDING JANUARY 31, 1960

incorporating both coefficients was prepared. The
example involved steady-state diffusion of tracer
M* through a 1.5-^ thick, 1.025-cm2 cross-sec
tional-area, metallic membrane of 10 g/cm3 den
sity, 10 wt %M, and a 0.1 volume fraction, /. The
membrane contained four active channels with
dimensions given in Table 4.3. Both coefficients
are based on the same driving force, AC, as
indicated by

AM*

At =MSr AC, (8)

since

Cb = Cg • at x = u anc' L i
and

Cb-fCB , 0 <x<L .

Subscript b refers to bulk values; subscript g

Table 4.2. Comparison of Diffusion Coefficients for Cr*° In Inconel at 800°C

Data from Price et al. (ref 5)

According to
r- *0Cr

(See

C

F

oncentrat

g. 4.5)

on Profiles
Accord ng to [Cr* ++] Depletion

[Cr++]Salt Exposure T ime D D

(hr) (cm /sec) (ppm) (cm /sec)

x 10-14 X 10-14

197 3.47 700 4.25

768 4.75 1080

1380

6.22

4.21

Channe

Numbe

Table 4.3. Channel Parameters for Hypothetical Membrane

Length

(rO

3.0

1.5

2.0

5.0

(cm2)

X 10"

2.50

1.25

1.75

0.50

NA = 6.00
8

Volume

(cm3)

X 10-

7.500

1.875

3.500

2.500

NV = 15.735
8

A/L

(cm)

83.3

83.3

87.5

100.0

2,(A/L) = 264.1
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refers to channel or grain-boundary values. For
the example, D and ACM. were assumed to be

2 x 10- 10 cmVsec and (10 g/cc) (0.1) (1.0 - 0.2)
(10-8) respectively. The weight fractions were
1.0 x 10-8 and 2.0 x 10-9 at the surfaces. The
corresponding rate was 4.23 x 10" g/sec. The
bulk coefficient was obtained through the relation
ship

(9)

with the assumed D and membrane dimensions
given in Table 4.3. The Dfe value was 7.73 x
10~12 cmVsec, which is considerably lower than
the D value.

In many instances it will be very difficult to
obtain individual A/L values which are necessary
for the utilization of a true D . However, a model
D or (D ) , , may be estimated by visualizing
a parallel series of channels with equal lengths
and areas. With the example values for NA Ab,
/, and D, and the equations

NA L = fAbLb

ND
DbAb

8 L

(10a)

(10fc)

which describe the model, a (D )mo(je| value of
2.255 x 10 cm /sec was obtained. This value
is in very good agreement with the original value
of 2.0 x 10-10 cmVsec.

The foregoing example demonstrates that utiliza
tion of the model D would require information as
to the average internal geometry of the diffusion
media. This is not required for D,. Nevertheless,
reasonable estimates of channel behavior (D )

can be made through D,, since large errors are
not introduced by the model when reasonable
channel-size distributions are involved. Accord

ingly, D, was selected as the reference coeffi
cient for present interpretations.

The active-volume concept implies that tracer
does not accumulate in the dead volume. Thus

Fick's law, from which equations describing the
experiments are developed, must be modified such
that

d2C* dC*
D,

dx2
I

dt
(ID
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Applicable boundary conditions are

lim C*(x,t) = 0 ,
x-»co

C*(*,0) = 0 ,

C*(0,;) = C* ,

which lead to a solution

C*(x,t) = fCt erfc

!A^/

(12*)

(126)

(12c)

!13)

The corresponding equations for over-all tracer
transfer, AM*, and fraction tracer remaining after
electropolishing, y, are

AM* 2AC*0,
lDbU

(14)

and

y = \fn ierfc (15)

2V^
These equations are compatible with the data, in
that the basic form of the time-dependence curves
corresponding to Eq. (14) and the shape of the
polishing profiles of Eq. (15) are not altered by
the introduction of/. Furthermore, "low ' over-all
coefficients are predicted by Dbf and "high'
polishing coefficients by Db/f. From the data and
based on the present interpretation, values of Dbf
and D,/f were measured during the experiments.
Thus

and

Db =\/D°ver-all Dpolish

D i- kpol i sh

(16)

(17)

The term "grain-boundary diffusion," as it is
generally used, refers to the portion of the elec
tropolishing curves which we have ignored, that
is, the residual 5 to 15% of the total tracer trans
ferred which undergoes comparatively deep pene
tration.
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This interpretation applies to 85 to 95% of the given by fV\. Further, the value of / is unity at
material normally classified as "volume" dif- approximately 800°C for chromium in Inconel and
fusion. We submit that this fraction of the trans- decreases markedly with temperature reductions
ferred tracer follows selective diffusion paths below 800°C.
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5. PURIFICATION AND HANDLING OF MOLTEN SALTS IN QUANTITY

J. E. Eorgan F. A. Doss G. J. Nessle

J. Truitt

PURIFICATION OF LiF-BeF2-UF4
MOLTEN SALTS

As the Molten Salt Reactor concept matured, it
was logical to make use of the equipment and
technical experience gained from the ANP Program
in the processing of molten salts for reactor use.
The MSR, however, required a salt composition
involving LiF and BeF rather than NaF and ZrF4>
Because of this difference, and the greater difficulty
of obtaining these new compounds in the required
state of purity, changes in production processing
were inevitable.

Because of the fact that beryllium was involved
in these operations, extensive facility modifi
cations had to be initiated to meet safety and
industrial hygiene requirements. All facilities
handling BeF. were completely enclosed and
filtered ventilation systems installed. Continuous
monitoring of the atmosphere and working surfaces
was carried out by the Health Physics Group to
detect any abnormal release or spread of beryllium
during operations. During this past year, approxi
mately 1500 kg of BeF -based molten salts have
been processed in these facilities and never has
the beryllium concentration in the atmosphere or
on the working surfaces exceeded or reached the
tolerances set by the Industrial Hygiene Depart
ment.

A schematic diagram of the equipment is shown
as Fig. 5.1. All portions of the equipment which
contacted the molten salt were of nickel or copper,
while gas lines, etc., were of copper. The reaction
vessel, transfer line, and receiver assembly are
shown in Fig. 5.2. For the 250-lb batches of
ZrF. 13-in.-dia vessels were used. The reactors

4

are 72 in. long, while the receivers are 24 in.
long. The reaction vessels are fabricated from
k-in.-thick stainless steel (300 series); they con
tain a loosely fitting cylindrical copper liner
which holds the molten charge. The same con
struction is used for equipment handling 50-lb
batch sizes. However, for the smaller batch sizes
fabrication is accomplished through use of nickel
pipe with no liners. The receiver vessels are
fabricated from "A" nickel in all cases. Transfer
lines are of \- or L-in.-dia tubing of "A" nickel.

8 2
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Connections to and through the reaction vessel
and receiver are made by means of Swagelok fit
tings welded to risers on these vessels or through

bolted flanges gasketed with copper. The filters
and samplers shown in Fig. 5.3 are 3 in. in diameter
and fabricated from nickel. The filter medium was

sintered nickel of 0.0015-in. pore diameter. The
reactor and receiver are heated by commercial
resistance furnaces of 50 and 25 kw, respectively,
which could accommodate 15-in.-dia cylinders.
Furnace liners of stainless steel protected the
furnace elements from the melt in case of acci

dental spills or rupture of the equipment. All
valves, gages, and electrical controls for the
process are combined into a single control panel
as shown in Fig. 5.4.

The raw materials, in batches of proper compo
sition, were blended and charged into the reaction
vessel. Prior to heating, the mixtures were purged
of entrapped air by successive use of vacuum and
helium gas. The salts were then melted under an
atmosphere of anhydrous HF to remove H_0 with
a minimum of hydrolysis. When the mixture melted,
hydrogen was bubbled through the melt. At the
same time the melt temperature was raised to
1500°F. This treatment served to reduce U to

U , sulfur compounds to S , and extraneous
oxidants (Fe , for example) to lower valence

Fig. 5.1.

Diagram.

Fluoride Preparation Apparatus Piping
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Mixtures.

Apparatus for Purification of Fluoride

states. The hydrogen and all subsequent reagent
gases were fed at about 4 liters/min to the reaction
vessel through the molten charge. After 1 hr the
hydrogen was replaced by anhydrous HF which
served, during a 2 to 3 hr period at 1500°F, to
volatilize H.S and HCI and to convert oxides and

oxyfluorides of uranium and beryllium into fluorides
at the expense of the accumulation of considerable
NiF2 or CuF. in the melt through reaction of HF
with the container. A final 24- to 36-hr treatment

at 1500°F with H_ sufficed to reduce these con

taminating metal fluorides and the contained FeF2
to insoluble metals.

The period of final hydrogen stripping varied
with the purity of raw materials charged to the
system. The process was monitored simply by
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Fig. 5.3. Molten-Salt Filters and Samplers.

measuring the HF concentration of the hydrogen
leaving the system. Measured quantities of the
exit hydrogen were bubbled through standard
aqueous solutions of boric acid. Boric and hydro
fluoric acids are "weak" but fluoboric acid is

"strong." Accordingly, measurement of conduc
tivity of the resulting solution served to evaluate
the quantity of HF absorbed. A batch was con
sidered pure when the HF concentration in the exit
hydrogen dropped below 10 moles/liter. Subse
quent chemical analyses were used to check the
product purity before use.

The two most serious problems encountered were
the oxide content of the BeF_ and the sulfur

content of both BeF. and LiF. The BeO impurity
rapidly formed U0„ from the UF.; hydrofluorination
of this U0. took place at a very slow pace. Since
the uranium was a minor constituent of the fuel

composition (^6% by weight), losses of nearly
50% of the added uranium often occurred during
the processing. This problem was ultimately
resolved by hydrofluorination of the binary LiF-
BeF, prior to addition of the UF..
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Fig. 5.4. Molten-Salt Purification Control Panel.

The large amounts of sulfur present (mostly as
SO. ) required extended hydrogen reduction and
hydrofluorination for complete removal. As a
result, processing time for this type of salts is
nearly double that required for ZrF.-based salts.

At the conclusion of the purification treatment
a pressure of helium above the salt in the reactor
vessel forced the melt through the transfer line,
with its filter and sampler, into the receiver
vessel. The metallic Fe and Ni were left in

the reactor vessel or on the sintered nickel filter.

The purified melt was permitted to freeze under
an atmosphere of helium in the receiver vessel.
By appropriate manipulation of connections and
valves, the cold receiver was detached and re
moved to storage while the helium atmosphere was
maintained over the contents.

The melts were stored in the nickel receiver

vessels on a manifold containing helium at 10 psig
to ensure that no air or water vapor could contami
nate the purified salt during storage.
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The molten-salt compositions which were proc
essed ranged from 0.5 to 120 kg in batch size;
processing of salts for in-pile testing, containing
Li and U , was included.

After the fuel has been processed and stored,
the next problem is to be able to charge a nuclear
reactor or some testing equipment without lowering
the quality of the fuel. Of main concern in this
regard is the protection of the fuel from exposure
to air at all times. It has been demonstrated that

molten salts, when serving as a flux for the cor
rosion of structural metals (such as Inconel,
nickel, and stainless steel) by air at high temper
atures, can cause penetration of a /-in. plate in
a few hours.

Actually all manipulations necessary for trans
ferring the molten salt into a test rig have been
employed in the processing of the fuel. Molten
salt at about 300°F above its melting point can
be transferred with unheated 7o-in.-0D transfer

o

lines several feet long as shown in Fig. 5.5.
Where transfer lines are necessarily longer than
10 ft, heated lines are used as in Fig. 5.6.

Fig. 5.5. Molten-Salt Transfer Lines.



Fig. 5.6. Molten-Salt Heated Transfer Lines.

Precautions must be taken to prevent freezing
of the salt in transfer lines or small diameter

portions of test systems, since the thermal ex
pansion on remelting of the salt will often result
in ruptures. There seems to be some dependency
on the size and shape of the apparatus as to
whether remelting of the salt in a frozen section
will cause a rupture. The large storage cans, for
instance, have been subjected to melting and
freezing cycles several times with no apparent
damage, while pipes or tubing sections sometimes
burst in spite of extreme care in remelting.

Due to the fact that large amounts of HF are
evolved when this type fuel is exposed to moist
air, good ventilation is necessary where large
spi lis can occur.

Handling techniques are somewhat restricted
because the use of valves in molten-salt flow

lines is cumbersome. Simple valves for these
temperatures and conditions are not yet available.
Therefore, moving the molten salt from one con
tainer to another is accomplished by careful ad
justment of differential pressures. Techniques
have been perfected, in this regard, which permit
filling the test rigs accurately to desired levels.
Each time a salt batch is transferred from a

storage container to a test unit, or to another con
tainer, "thief" samples of the molten salt are
taken to allow continual monitoring of the salt
purity. Whenever an engineering test unit is
terminated, either permanently or temporarily,
samples of the contained salt batch are taken for
chemical analysis.

In several cases special sampling devices have
been installed on test units to allow sampling

PERIOD ENDING JANUARY 31, 1960

under operating conditions at specified time
intervals. The graph shown in Fig. 5.7 is a plot
of the chromium content of a salt batch being
circulated in a forced flow corrosion test loop
operating with a large temperature gradient. The
loop is fabricated from INOR-8 and the salt compo
sition is LiF-BeF2-ThF4-UF4 (62.0-36.5-1.0-0.5
mole %). After the steady-state equilibrium con
centration of chromium is attained, any drastic
change in concentration would indicate trouble.
Thus, chemical control is added to the mechanical
control of a loop operation.
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Fig. 5.7. Chromium Content of Molten Salt in Forced

Flow with Large Temperature Gradient.

Techniques for Sampling and Enriching
Molten-Salt Compositions

A device was designed to allow sampling of
reactor fuel during operation and addition of U235
at periodic intervals to compensate for uranium
burnup. A simple test unit incorporating the main
features of this device was constructed and tested.
An original proposal called for addition of the
uranium as a binary salt of high uranium concen
tration. However, it later appeared probable that
UF4 could be melted and cast in acceptable shapes
to allow much easier handling and storage, and
that the dissolution of UF, in the molten salt

4

would be rapid enough to satisfy operating con
ditions. To test this belief, UF. was melted and
cast into graphite molds in slugs weighing 20 to
40 g. These slugs were found to be very stable,
easily weighed, and could be handled in the open
atmosphere. The test unit was designed so that
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the uranium could be added at one end and the

salt sampled at the other. Fifteen slug additions
were made to a nonuranium LiF-BeF, (50-50
mole %). It was concluded that the entire slug
dissolved in the molten salt in a matter of minutes,

and it was found that the calculated uranium con

centration of the salt agreed very well with the
results of chemical analyses of the samples taken
after each addition.

SERVICE WORK FOR OTHER PROGRAMS

Considerable amounts of ZrF.-based fluoride
4

salts are required by the Chemical Technology
Division for use in their development and testing
programs. Because the Reactor Chemistry Divi
sion "inherited" the capabilities for processing
and handling large amounts of these salts from
previous experience, it was found practical to
continue this service. During the past year
approximately 2000 kg of various salt compositions
involving NaF, ZrF4, UF4, and LiF have been
dispensed to the Chemical Technology Division
for use in their experiments. At the present some
1500 kg of similar compositions are on order and
are being processed as time permits.

Most of the service work performed for the GCR
Program involves specialized handling of liquid
metals in cooperation with the Experimental
Engineering Group of the Reactor Projects Division.
There have been a few instances of bulk usage
of molten salts for special heat-transfer and heat-
capacity studies. Because of experience in
handling liquid metals, the Reactor Chemistry
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Division was asked to develop a procedure for
filling in-pile test capsules with NaK, where the
quantities involved ranged from 30 to 100 cc and
the accuracy of loading was set at ±1 cc. The
operation was unique in that the fill line to the
capsule was k-in.-ID metal tubing approximately
20 ft in length which had to empty at the com
pletion of the fill, and the operation was a "one-
shot" procedure, since no provision was made
for removing any excess NaK in case of an over
fill. By special adaptation of an x-ray unit with
a closed-circuit television system, which allowed
viewing of the filling operation, and a specially
designed filling unit, a standard filling procedure
was developed which has permitted some 30
successful filling operations during this past
year. Other tests involving instrumentation de
velopment and physical property studies pertinent
to the GCR have required larger quantities of NaK
and Na. These operations are more nearly standard
in requirements and are easily handled. General
service work of this nature will undoubtedly be
maintained for the GCR as long as such services
are necessary.

Relatively small amounts of various types of
molten-salt compositions are supplied to the
Metallurgy Division for use in alloy development
testing programs and graphite—molten-salt com
patibility studies in connection with the MSR
Program.

Because of experience in handling liquid metals
the Reactor Chemistry Division has been called
on by other divisions for advice and actual assist
ance on problems involving the handling and dis
posal of these metals.
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6. GRAPHITE COMPATIBILITY

PERMEATION OF GRAPHITE BY MOLTEN SALTS

R. J. Sheil G. J. Nessle

R. B. Evans C. R. Croft

G. M. Watson F. F. Blankenship

The molten-salt reactor is presently designed
to be graphite moderated. Although graphite is
inert to fluoride fuel mixtures, the permeation of
graphite is a matter of concern.

Reactor-grade AGOT graphite was known to be
quite porous and susceptible to penetration by the
molten salts. Experiments were initiated to
determine whether this graphite could be pre-
impregnated with a high-melting, inert salt
[LiF-MgF2 (67.5-32.5 mole %)] to such an extent
as to prevent penetration by reactor fuel salt
components. The impregnation was accomplished
by degassing the graphite at 900°C under 100 ft
(or less) pressure and while holding the graphite
samples at these conditions submerging them in
the molten salt. With the graphite completely
submerged, a helium pressure of 15 psig was
applied. The pressure was then relieved and the
graphite removed from the salt and cooled at 2
psig of helium. By weighing the graphite rods
before and after this treatment it was determined

that impregnation of the graphite was complete
or nearly complete in every case. Analysis of
machine cuttings of these rods showed that the
LiF-MgF, salt had penetrated uniformly to the
center of the rods. However, on soaking these
impregnated rods with various proposed fuel
mixtures containing LiF-BeF2-ThF4-UF4, it was
found that the fuel components penetrated deeper
and in greater quantities than in rods receiving no
prior impregnation.

Consequently, the compatibility studies shifted
to testing the penetration of AGOT-grade graphite
in proposed molten-salt fuels at varying conditions
of time, temperature, and pressures. Pressure
was recognized as the most important factor and
a lower limit of 50 psig was set as a possible
reactor operating pressure. An extensive series
of recent tests was carried out under 60 psig.
At this pressure and at an upper limit temperature
of 130CPF, AGOT-type graphite was nearly com
pletely impregnated by the proposed molten salts.

By using AGOT graphite as a reference material,
with the above pressure and temperature, an

extended testing program of various high-density,
low-permeability graphite is being carried out to
determine which graphites would be suitable for
reactor use in a molten-salt environment. A

listing of several graphites tested in this manner
is given in Table 6.1. Preliminary calculations
indicate that 1% (by weight) pickup of the fuel by
the graphite might be tolerated. If this is so,
several types of graphite are now available. The
remaining problems are determination of radiation
damage and fabrication ofa selected graphite into
the desired shapes.

Table 6.1. Permeation of Various Grades of Graphite

with Typical Molten Fluoride Fuel Salts

Type Weight Pickup

Graphite (%)

AGOT 21

TSF 20

R-0013 10

ATL-82 6.2

S-4 4.6

CEY (special) 1.0

RLM-24-CEY 0.2

21-CT-158 -0.1

18-CT-158 - 0.1

GT-123 ±0.1

In addition to the static tests, the absence of
deleterious effects in flowing systems was estab
lished by an experiment which involved exposing
31 samples of GT-123-82 National Carbon Co.
impervious graphite rod to molten LiF-BeF,-UF4
(62-37-1 mole %) in a pumped corrosion test loop
at 1300°F for a period of one year.1

The J^-in. and 3/{,-in. by 11 -in. graphite rods
were inserted in an INOR-8 box into a pump loop2
operated by the Metallurgy Division and the
Experimental Engineering Section. After sealing

]R. J. Sheil, R. B. Evans III, and G. M. Watson,
Molten Salt Compatibility Test Results of Physical
and Chemical Measurements, ORNL CF-59-8-133
(Aug. 31, 1959).

2J. L. Crowley, MSR Quar. Prog. Rep. Jan. 31,
1958, ORNL-2474, p 27.
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the box and degassing the graphite under vacuum
for 24 hr at 1100°F, argon was admitted to the
system before charging it with molten salt. A
helium pressure of 3 psig was maintained and the
salt was circulated at a rate of 1.1 gpm, resulting
in a total pressure of 13 psig at the graphite.
After a one-year period, the salt was drained and
the samples removed for physical testing and
chemical analyses. Possible changes in dimen
sions, weight, and chemical composition were
sought.

The samples for chemical analyses were ob
tained by machining off successive k,-in. layers
from the cylinders until a core of less than \. in.
in diameter was left. After grinding to —100 mesh,
the samples were analyzed for uranium and beryl
lium. As indicated in Table 6.2 the samples showed
only a slight migration of the salt into the graphite.
The uranium and beryllium concentrations in the
graphite were between 0 and 170 ppm. The aver
age uranium concentration in the samples was
about 15 ppm. The average beryllium content of
the samples was about 93 ppm. The uranium con
tents were fairly constant along the radius with
higher values in the center and on the surface,
while the beryllium concentrations exhibited more
fluctuation still indicating the same trend. No
macroscopic changes were detected on the graphite
rods and the weight losses, averaging about
0.02%, can be attributed to the desorption of
residual gases. The average cross-sectional
shrinkage of about V- mil was within the probable
error of the measurements. The salt did not adhere

to the graphite on any of the specimens.

INTERCALATION OF FISSION PRODUCTS

WITH GRAPHITE

B. J. Sturm F. F. Blankenship

Nuclear reactors are being considered in which
the molten fuel is to be in direct contact with

graphite moderator, therefore, the possible effect
of fission products on the graphite is of concern.
Some molten salts decrepitate graphite by forming
intercalate compounds.3

Most of the fission elements form stable fluorides

which have been included in melts in graphite

W. Rudorff, in Advances in Inorganic Chemistry and
Radiochemistry (ed. by H. J. Emeleus and A. G.
Sharpe), p 223—66, vol I, Academic Press, New York,
1959.
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crucibles in the course of other investigations in
the Reactor Chemistry Division. There have been
no indications of intercalation with, or other
damaging effects on, the graphite. In the reactor
the more noble metals would be expected to
exist as free elements and, therefore, should not
intercalate.

When treated with liquid MoF. or MoF,, the
graphite swelled to form intercalate compounds;
however, molybdenum fluorides are not likely to
exist in the reactor.4 Graphite was treated with
commercial K2NbF7 at about 800°C, Lil at about
700°C, and Lil with 10% Li Br at about 550°C
without any indication of intercalation.

Intercalate compounds of salts with graphite
tend to decompose at high temperatures; therefore,
the high temperature of the fuel during operation of
the reactor may also discourage the formation of
intercalate compounds with the fission products.
Consistent with this idea, a high-melting NaCI-
FeCL (70:30) mixture did not attack graphite at
750°C, even though pure FeCI3 at 300°C readily
intercalated.

ADSORPTION OF XENON ON GRAPHITE

M. C. Cannon5 W. T. Ward

The adsorption of xenon from xenon-helium
mixtures on bulk reactor-grade graphite was deter
mined. The volume of xenon adsorbed was meas

ured at xenon partial pressures between 1 and
100 mm Hg at -79, 0, 20, 30, and 80°C.

The apparatus used for the xenon adsorption
experiments is shown in Fig. 6.1. The method
used to measure the adsorption of xenon on
graphite was to circulate a xenon-helium gas
mixture through a graphite cylinder enclosed in an
Inconel pot. The gas mixture was circulated
through the periphery of the graphite cylinder.
The pressure drop on the outside of the cylinder
walls was to about 2 cm above the static pressure,
and inside the wall the drop was to 1 cm below.
Adsorption pressure was assumed to be equal to
the static pressure. The gas was circulated for
15 min and equilibrated for 45 min, repeating the
cycle 4 to 5 times before sampling the gas mixture
for analysis. The gas samples were analyzed by

*MSR Quar. Prog. Rep. Oct. 31, 1959, ORNL-2890,
p 66.

Summer participant, 1959.
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Table 6.2. Analyses of Machine Cuttings from Graphite Rods

Rod Cutting PPM
Theoretical* Actual

No. No. U Be U/Be U/Be

8 1 30 125 0.573 0.240

2 9 175 0.051
** 10 <1

11 1 22 125 0.176

2 10 110 0.091

14 1 24 75 0.320

2 28 105 0.267

23 1 17 125 0.136

2 <1 60 0.017
** 5 <1

18 ** 8 <1

1 50 170 0.294

2 15 130 0.115

3 15 125 0.120

4 12 100 0.120

5 10 65 0.154

6 13 105 0.124

7 <1 50 0.020

8 13 140 0.093

9 5 165 0.030

10 <1 <1 1.000

11 6 105 0.057

12** <1 < 1

Center 100 125 0.800

31 ** 5 <1

1 20 165 0.121

2 18 140 0.129

3 24 120 0.199

4 20 85 0.235

5 20 75 0.267

6 20 80 0.250

7 17 55 0.310

8 <1 80 0.013

9 <1 95 0.011

10 <1 <1 1.000

11 <1 90 0.011

Center 70 170 0.411

** <1 <1

*Based on chemical analysis of original salt batch, nominally LiF-BeF,-UF. (62-37-1 mole %),

**Samples machined from "as received" material.
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Fig. 6.1. Adsorption Apparatus.

the Mass Spectrograph Laboratory. Any residual
gas on the graphite surface was eliminated by
evacuating the system and heating the graphite
cylinder to 800°C between runs.

As Fig. 6.2 indicates the volume of xenon
adsorbed on graphite is a function of the temp
erature and the partial pressure of the gas. A
comparison of the points obtained for the adsorp
tion of pure xenon with those for xenon-helium
mixtures shows no composition dependence for
the adsorption. The amount of xenon adsorbed on
graphite decreases substantially with increasing
temperature; hence only a small volume of gas
should be adsorbed in the graphite at the operating
temperature of the molten-salt thermal breeder
reactor. At 50 mm Hg xenon partial pressure the
volume of xenon gas adsorbed on graphite is
1.5 x 10-3 cc (STP) per gram of graphite at 80°C.
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This indicates that only a small poisoning effect
can be attributed to the xenon adsorbed on graphite
at the operating temperature of the molten-salt
thermal breeder reactor. The adsorption is physical
and is not a function of the mixture composition.

Extrapolation to Reactor Temperatures

If the experimental data obtained at 0 and 80°C
is plotted in the form of isosteres (log P vs l/T)
and extrapolated to higher temperatures, isotherms
at 500 and 750°C may be constructed from the
extrapolated values as shown in Fig. 6.3.

It would appear from these curves that at temp
eratures of 500 to 750°C the adsorption of xenon
on AGOT graphite would be less than 1 x 10"5
cc (STP) per gram at a xenon partial pressure of
1 mm Hg and approximately 3 x 10-5 cc/g at 10
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Fig. 6.3. Xenon Isotherms on AGOT Graphite.

mm Hg. The length of the extrapolation should be
kept in mind when considering the validity of
these values.

Heat of Adsorption

The heat of adsorption of xenon on graphite
calculated from the isosteres ranged from 3500 to
3700 cal/mole, compared with a heat of vapor
ization as given by Peters and Weil6 of 3270
cal/mole. This close agreement indicates that
the adsorption is physical.

6K. Peters and K. Weil, Z. physik. Chem. AI48, 1
(1930).
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7. EFFECT OF RADIATION ON STATIC CORROSION OF STRUCTURAL MATERIALS

BY FUSED-SALT FUELS

W. E. Browning

TESTS OF GRAPHITE COMPATIBILITY

WITH FUSED SALTS UNDER IRRADIATION

Two fuel-filled graphite capsules were irradiated
in the MTR at 1250°F for 1610 and 1492 hr,
respectively, at integrated power densities of 1520
and 1375 kwhr/cm3. These graphite capsules,

H. L. Hemphill

illustrated in Fig. 7.1, were enclosed in Inconel
containers and filled with the fuel mixture LiF-

BeF,-UF4 (62-37-1 mole %). Examinations have
indicated that the graphite was unaffected by
irradiation while exposed to the fuel mixture. The
graphite was wetted by fuel in the irradiated
capsules, but was not wetted in similar unirradiated
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Fig. 7.1. Graphite—Fused-Salt Capsules for Irradiation in the MTR.



control capsules. A section through one of the
irradiated capsules is shown in Fig. 7.2, and
Fig. 7.3 shows a similar view of an unirradiated
control capsule that had been held for 3389 hr at
1250°F. The irradiated fuel dissolved more rapidly
in water used in cleaning than did the unirradiated
fuel.

These results suggest that use of a fuel-cooled
graphite moderator might not be limited by short-
term damage to the graphite.

IN-PILE STATIC CORROSION TESTS

Two fused-salt capsules were exposed in the
MTR for 5500 hr, the longest fused-salt in-pi le
exposure to date. The two capsules are made of
INOR-8 and contain the fused salt Li7F-BeF3-
U235F4 (62-37-1 mole %). The capsules were
exposed at 1250°F and at an initial power density
of 1200 w/cc. It is estimated, based on flux
and duration of exposure, that approximately 75%
of the U was consumed by fission. The
capsules were removed when one of them released

fr
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radioactive gas. These capsules will be subjected
to metallographic examination to determine the
extent of corrosion.

Forty-seven fused-salt capsules have been
tested in the MTR with a combined exposure time
of 32,200 hr, or 3.67 years. The average irradiation
time for these capsules was 685 hr. Most of them
were made of Inconel, contained zirconium-based
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fluoride fuel, and were exposed at 1500 or 1600°F.
The amount of corrosion observed by metallographic
examination was considered negligible and was
the same as that observed for control experiments
operated under the same conditions but in the
absence of radiation. Four of these capsules
contained beryllium-based fused salt and were
exposed at 1250°F for an average duration of
3500 hr.
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8. REACTIONS IN MOLTEN SALTS

RARE-EARTH FLUORIDE SOLUBILITIES

AND EXCHANGE REACTIONS

R. A. Strehlow
W. T. Ward

G. M. Watson

W. R. Grimes

Measurements were made of some rare-earth

fluoride solubilities in compositions containing
BeF2 as part of a continued series of investiga
tions on the solubility relations of selected fission
product compounds in potentially useful molten-
salt fuel compositions. Information derived from
this work is of use in determining the potential
value of precipitation techniques for processing
molten fuels to decrease the concentration level

of certain neutron absorbing elements such as
samarium and europium as well as to provide
assurance that precipitation will not occur in a
fuel stream. A discussion of the methods em

ployed and the earlier results may be obtained by
referring to the published accounts of earlier
work.

The solubility of CeF3 was determined in a
mixture composed of NaF-LiF eutectic (40-60
mole %) to which had been added varying amounts
of BeF2. The solubility at 600°C as a function
of solvent composition is shown in Fig. 8.1, where
it may be compared with those reported previously
for the LiF-BeF2 and the NaF-BeF2 systems. It
is interesting to note that the minimum solubility
for all these systems occurred at compositions of
the solvent which contain about 63 mole % alkali

fluoride. Data at several temperatures are shown
in Fig. 8.2.

The solubilities of CeF,, LaF3, and SmF, were
determined both singly and in pairs in a solvent
composed of LiF-BeF2-UF4 (62.8-36.4-0.8 mole %).
Their behavior in this solvent was similar to that

V T. Ward, R. A. Strehlow, and G. M. Watson,
Chem. Ann. Prog. Rep. June 20, 1958, ORNL-2584,
P 82.

2
W. T. Ward et al., Solubility Relations Among Some

Fission-Product Fluorides in NaF-ZrF .-UF . (50-46-4
mole %), ORNL-2421 (Jan. 15, 1958). 4 4

3

W. T. Ward et al., Solubility Relations Among Rare-
Earth Fluorides in Selected Molten Fluoride Solvents.
ORNL-2749 (Oct. 13, 1959).

W. R. Grimes et al., Chem. Eng. Progr., Symposium
Ser. 55(27), 65(1959).

encountered in the NaF-ZrF4-UF4 solvent reported
previously.2 Plots of solubility as a function of
temperature in both solvents are shown in Fig. 8.3.
One of the points of similarity is the fact that
when two rare-earth fluorides are present the pre
cipitating phase is a solid solution of the rare-
earth fluorides, and the total solubility lies
between the solubility curves found when only
one rare-earth fluoride is present. Examples of
this are shown in Figs. 8.4 and 8.5. Small
amounts of UF4 in the LiF-BeF2 solvents were
found to have very little effect on the solubility
of CeF3 (see Fig. 8.6).

The work was extended to compositions with
greater thorium and uranium contents. The solu
bility of CeF3 was determined in two solvents
relatively rich in ThF4 and/or UF4. In the
thorium-containing solvent two independent series
of determinations involving different total amounts
of CeF3 were made (one series of determinations
was performed by J. Truitt), the results indicating

2.0

u 0.4

0.2

UNCLASSIFIED

ORNL-LR-DWG 39660

30 40 50

BeF2 IN SOLVENT (mole %)

Fig. 8.1. Comparison of CeF3 Solubility (mole %) in
LiF-BeF2, in LiF-NaF-BeF2, and in NaF-BeF2 at
600°C.
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BeF2 IN SOLVENT (mole%)

Fig. 8.2. Solubility (mole %) of CeFj in NaF-LiF-
BeF2 Solvents.

that the solubility of CeF3 is independent of the
amount present. Solubility data for both solvents
is summarized in Table 8.1 and is shown graphi
cally in Fig. 8.7. It may be seen that the solu
bility in both of these solvents is higher than in
LiF-BeF2 (63-37 mole %). This would be expected
on the basis of the higher LiF/BeF2 ratio.

The fact that the rare-earth fluorides form solid
solutions in the molten fluoride mixtures studied
suggests the reprocessing scheme of precipitating
out the high cross-section rare-earth fission
products (SmF3, GdF3, and EuF3) by replacing
them with CeF3. The equation representing a
single equilibrium stage for the extraction of a
poison (e.g., SmF3) from the solvent by a solid
(e.g., CeF3) is

CeF3(ss) +SmF3(<*) ^CeF3U) +SmF3(ss) ,

where (d) indicates that the rare-earth fluoride

78
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Fig. 8.3. Solubility of Some Fission Product Tri-

fluorides in Molten Fluoride Fuels.

is dissolved in the solvent and (ss) that it is in
solid solution. With suitable restrictive conditions

the equilibrium constant for this reaction can be
shown to be approximately equal to a simple solu
bility ratio:

NCeF3(d) NSmF3(ss) 5CeF3

N NSmF3(d) nCeF3(ss) SmF3

where N is the mole fraction of the given species
in the specified phase and S is the mole fraction
of the given species in a saturated solution in the
absence of the other rare-earth fluoride, all at the
same temperature.

To demonstrate the feasibility of this exchange
an experiment was performed in which a few parts
per million of radioactive labeled SmF3 was dis
solved in LiF-BeF2-UF4 (62.8-36.4-0.8 mole %).
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Fig. 8.4. Solubility of CeF-j and of LaF3 (Separately
and Mixed) in LiF-BeF2-UF4 (62.8-36.4-0.8 mole %).

Fig. 8.5. Solubility of CeF-j and of SmF3 (Separately
and Mixed) in LiF-BeF2-UF4 (62.8-36.4-0.8 mole %).

Temperature

(°C)

700

600

500

Table 8.1. Solubility of CeFg in LiF-BeF2-UF4 (73-6-21 mole %) and in
LiF-BeF2-ThF4-UF4 (72-15.5-11.5-1 mole %)

CeF3 Solubility in LiF-BeF2-UF4 CeF3 Solubility in LiF-BeF2-ThF4-UF4

Weight % Mole %

7.8 3.6

3.9 1.8

1.9] 0.86

Weight %

9.0

4.4

2.05

Mole %

3.1

1.5

0.68
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Fig. 8.6. Effect of UF4 on Solubility of CeF3 in LiF-
BeF2 (62-38 mole %). Solvent composition calculated
from filtrate analyses (average values).
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Fig. 8.7. Solubility of CeF3 in LiF-BeF2-UF4 (73-6-
21 mole %) and in LiF-BeF2-ThF4-UF4 (72-15.5-11.5-1
mole %).
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Cerous fluoride was then added and the SmF3 in
solution was determined by counting the activity
in filtrates obtained at several temperatures.
These experimental values are shown in Table 8.2
and compared with those predicted as indicated
above.

A short study was also made to determine
whether AIF3 might be used in place of CeF3 as
an extractant. It was found, however, that the
solubilities of the rare earths in LiF-BeF2-UF4
(62.8-36.4-0.8 mole %) increased with additions
of AIF3 (presumably due to the change in the
nature of the solvent).

EXCHANGE RATE STUDIES WITH

RARE EARTHS

J. Truitt R. B. Evans

Previous studies have shown that the total

rare-earth solubilities are a function of temperature
and solvent composition and are nearly independ
ent of the type of rare earth present. The results
of this study indicated that a process based on
the exchange

Ce*F3(<i) + LaF3(ss) f=^ LaF3(«0 + Ce*F3(ss)

might be feasible for fission product removal.
Radioactive tracer experiments were performed

to establish the time required for the exchange to
obtain equilibrium under isothermal conditions and
at low Ce*F3(<f) concentrations. A ThF4-contain-
ing solvent, LiF-BeF2-ThF4-UF4 (72.0-15.5-11.5-
1.0 mole %), was utilized for these studies.
Powdered LaF, was utilized as the exchange'owdere

material in the first group of experiments
Preliminary calculations based on available

data5-8 were performed to ensure that the experi
mental conditions would be similar to those which

might be encountered under reactor operating

W. R. Grimes et al., Chem. Eng. Progr., Symposium
Ser. 55(27), 65 (1959).

W. T. Ward et al., Solubility Relations Among Rare-
Earth Fluorides in Selected Molten Fluoride Solvents,
ORNL-2749 (Oct. 13, 1959).

W. T. Ward el al.. Solubility Relations Among Some
Fission-Product Fluorides in NaF-ZrF .-UF, (50-46-4
mole %), ORNL-2421 (Jan. 15, 1958). 4 4

8W. T. Ward el al., "Solubility Relations of Rare-
Earth Fluorides and Yttrium Fluoride in Various Molten

NaF-ZrF4 and NaF-ZrF4-UF Solvents," J. Chem.
Eng. Data (in press).
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Table 8.2. Removal of Traces of SmFj by Addition of CeFj to LiF-BeF2-UF4 (62.8-36.4*0.8 mole %)

Total Rare-Earth

Fluoride (wt %) in

System (calc)

CeF3 SmF3

Filtrate

Temperature

(°C)

Rare-Earth Fluoride (wt %) in Filtrates

CeF/
SmF,

Observed Predicted

Before CeF3 Addition

First CeF3 Addition

0 0.0795

2.12 0.0778

2.12 0.0780

2.12 0.0781

Second CeF3 Addition 10.1 0.0731
10.2 0.0735

10.7 0.0757

749

695

580

487

736

587

492

2.T

2.1C

0.90

8.34

2.57

0.96

0.0795

0.0750

0.0757

0.0542

0.0662

0.0397

0.0262

0.0471

0.0662

0.0300

0.0131

Determined in a separate experiment; disregards effect of small amount of SmF- in systen

Calculated from relationship Nc _ . ,. =bmrjW)

cUnsaturated.

~S° N
Sm F, Sm F~(s.s)

5U NCeF3 CeF„(ss)
'CeF.(rf) •

conditions. The results of the calculations are
shown in Fig. 8.8. It was found that the family
of curves shown in Fig. 8.8 would be valid for
mixtures with initial CeF3 concentrations ranging
from 50 to 1000 ppm CeFg. The curves demon
strate that small additions of LaF3(s) result in
efficient removal, but large additions are very
inefficient.

Individual tests were then performed to deter
mine the time required to attain equilibrium at

100
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o
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20
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VALID FOR INITIAL CeF3
CONCENTRATION FROM

50 TO 1000 ppm ~~T

0 5 10 15 20 25 30 UIO"^)

moles LaF3 REQUIRED PER mole OF FUEL

Fig. 8.8. Calculated Removal of CeF3(a') by Addi
tion of LaF3(s).

point A in Fig. 8.8. The tests were conducted in
small copper containers, which were charged with
100 g of solvent containing saturation amounts
(at 580°C) of rare-earth fluorides (3.83 wt %LaF3
and 0.1 wt %CeF3). These mixtures were heated
to 600°C for 1 hr, sampled, and the amount of
LaF3(s) required to produce an ultimate 50% CeF3
concentration reduction was added to each mix

ture. After a preset interval the solutions were
sampled to determine the amount of exchange at
tained. The results of eight tests utilizing pow
dered LaF3 are shown in Fig. 8.9. Based on the

UNCLASSIFIED
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Fig. 8.9. Removal of CeF3(rf) by LaF3(s) as a Func
tion of Time.
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average curve it can be concluded that 60% of
ultimate removal was attained in 5 min, 85% in

20 min, and 95% in 1 hr.

Similar experiments were conducted with coarse
ground (-8 +20 US sieve) 900°C sintered LaF3
immersed via 30 mesh nickel screen baskets. The

data summarized in Table 8.3 indicate that the

sintered material is not suitable for the ThF4
solvent even though the results were encouraging
with the NaF-ZrF4 solvent.

It was concluded that a fine-ground exchange
reagent would be required for the proposed removal
process.

EXCHANGE REACTIONS WITH OXIDES AND

CARBIDES IN MOLTEN FLUORIDES

J. H. Shaffer G. M. Watson

The removal of radioactivity from fused-salt
solutions is being investigated by exchange reac
tions for possible application in reprocessing
molten-salt reactor fuels. Reactions of this type
which would cause the radioactive cations to be

held on a solid material by isotopic exchange,
adsorption, or by other similar processes are of
interest in this program. To be applicable for re
processing molten-salt reactor fuels, solid ex
change reactants must be relatively insoluble in
molten fluorides and chemically inert toward
reactor fuel constituents. Accordingly, the ex
change properties of various possible materials
are being studied in the presence of the proposed
reactor fuel constituents (i.e., LiF, BeF,, ThF4,
and UF,).

Studies of oxide reactions in molten fluorides

have shown that the rare-earth oxides are suf

ficiently insoluble to be of interest in this inves
tigation. The exchange of Ce02 with cerium
activity in the solvent LiF-NaF (60-40 mole %)
and the subsequent effect of added CeF3 on the
equilibrium

Ce*F,(/) + CeO,(s) Ce*02+CeF3

are shown in Fig. 8.10. Similarly, the removal of
lanthanum activity with La,03 in the same solvent
together with the effect of added CeF3 is shown
in Fig. 8.11. These experiments, while not con
clusive, illustrate the effectiveness of an exchange
process in molten fluorides. The exchange of
lanthanum with cerium is interesting in that
nuclear poisons such as samarium, gadolinium, and

12 16

ADDED COMPOUND (g)
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Fig. 8.10. Exchange of Cerium Activity with CeOy

and CeF3 in LiF-NaF (60-40 mole %) at 750°C.

Table 8.3. Test Conditions and Results of the Basket Experiment

Test
., Solvent

Rare-Earth-

Saturated

Solvent

Charged

(Ce*F3 + LaF3)
(g)

LaF3
Charged

Weight of

LaFjand
Basket

Weight of

Basket

After

Maximum

Calculated

CeFj

Experimental

Removal

(%)

Maximum

Experimenta 1

Removal

(%)

Total

Contact

Time

(hr)(g) Charging

(g)

Removal

(g)

Removal

(%)

After After

8 hr 24 hr

1 C-4S (53-47) 2000 150 445 590 67 23 30 41 97.5

2 C-45 (53-47) 1855 150 417 a 69 23 a 46 a

3 LiF-BeFj- 2000 160 367 500 76 4.5 7.5 8.5 55

ThF4-UF4
(72.0-15.5-

11.5.1.0)

"Basket failed.
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Fig. 8.11. Exchange of Lanthanum Activity with

La203 and CeF3 in LiF-NaF (60-40 mole %) at 750°C.

europium might be replaced with rare earths such
as cerium and lanthanum which have lower neutron

absorption cross sections. However, as shown in
Fig. 8.12, Ce02 reacts readily with UF4 in the
solvent LiF-NaF (60-40 mole %). These results
indicate that a rare-earth oxide reprocessing
scheme would be limited to reactor fuels which

have had uranium removed. Figure 8.13 illustrates
the effect of ThF4 and BeF, on the removal of
cerium activity from solution by exchange with
Ce02.

Experiments to investigate the exchange prop
erties of carbides are in progress. The results of
two experiments to study the removal of hafnium
activity with HfC are shown in Fig. 8.14. These
results illustrate the effect of UF4 on the exchange
reaction in the solvent LiF-BeF, (63-37 mole %).

Attempts to remove barium activity with Cr,03
and BeO in the solvent LiF-BeF2-ThF4 (67-18-15
mole %) were not successful. Similarly an attempt
to remove cerium activity from the same solvent
with BeO was unsuccessful. The addition of

Al203 to LiF-BeF2-ThF4 (67-18-15 mole %) con
taining cerium activity caused the precipitation

400

300

PERIOD ENDING JANUARY 31, 1960
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•
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URANIUM
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Fig. 8.12. Reaction of UF4 with Ce02 in LiF-NaF
(60-40 mole %) at 750°C.
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Fig. 8.13. Removal of Cerium Activity by Exchange
with CeOj in Molten-Fluoride Systems.

of ThF4 without any detectable removal ot cerium
activity from solution.

It may be concluded from these data that the
merit of an exchange reaction concept for reproc
essing molten-salt reactor fuels will depend on
the compatibility of the solid exchange reactant
with the reactor fuel constituents. The presence
of thorium and beryllium has been shown to affect
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at 600°C.

the efficiency of exchange reactions with Ce02
and HfC. Further experiments will be conducted
to study the exchange properties of the rare-earth
carbides as well as other materials of interest in

this investigation.

CHEMICAL REPROCESSING OF REACTOR

FUELS BY OXIDE PRECIPITATIONS

J. H. Shaffer G. M. Watson

W. R. Grimes

Extraction of Uranium by Surface Precipitation
on Beryllium Oxide

The chemical reactions of oxides with com
pounds associated with nuclear reactor fuels are
being investigated to determine the feasibility of
reactor fuel reprocessing by oxide precipitations
from molten fluoride solutions. Of the various

oxide reactions studied during this investigation,
the extraction of uranium from solution as UF4
in LiF-BeF2-ThF4 (67-18-15 mole %) by the sur
face precipitation of U02 on BeO appears to be
directly applicable to a reprocessing scheme for
the breeder blanket fuel of a fused-salt nuclear

reactor.

The precipitation of U02 by the reaction

UF, + 2BeO-^ UO, + 2BeF,

84

has been noted in several separate experiments. '
The stoichiometry of this reaction by using pow
dered BeO is shown in Fig. 8.15 for the solvents
LiF-BeF2 (63-37 mole %), LiF-KF (50-50 mole %),
and LiF-NaF (60-40 mole %). The relative reac
tion rate of UF4 with a one-fold excess BeO as a
function of the particle size (see Fig. 8.16)
indicates that the surface area of the BeO should

prove to be an important variable for this extrac
tion process.

Observations of an experiment designed to in
vestigate the reaction of UF4 with BeO in an
extraction column show two interesting charac
teristics. First, the U02 precipitated by BeO
appeared to be tenaciously held on the surface of
the BeO packing in the extraction column. Second,
in reacting 16% of the BeO, the retention of 82%
of the BeF2 produced by the reaction with UF4
was sufficient to plug the extraction column.
This second characteristic will probably limit the
use of BeO extraction columns to dilute solutions

of UF4 in molten fluorides.
With the advent of the molten-salt nuclear reac

tor as a thermal breeder, the process of removing
trace quantities of uranium, and possibly pro
tactinium, from the breeder blanket fuel by ex
traction with BeO appeared to be unique. Previous
attempts to extract uranium from fused-fluoride
solution were successful in reducing the apparent
uranium concentration to approximately 150 ppm.

However, in renewed observations of the reaction
of BeO with UF4 in the solvent LiF-BeF2-ThF4
(67-18-15 mole %) a fluorometric method for deter
mining the uranium concentration in the molten
fluoride solution was employed. In two experi
ments, the addition of 30 g of BeO per kilogram
of a molten mixture containing 1800 ppm uranium
as UF4 in LiF-BeF2-ThF4 (67-18-15 mole %)
reduced the soluble uranium concentration to less

than 1 ppm (see Fig. 8.17). This behavior may
provide the basis for a processing scheme to
recover uranium from the breeder blanket of a

J. H. Shaffer, MSR Quar. Prog. Rep. Oct. 31, 1958,
ORNL-2626, p 92.

^°MSR Quar. Prog. Rep. Jan. 31, 1959. ORNL-2684,
p 101.

UMSR Quar. Prog. Rep. Apr. 30, 1959, ORNL-2723,
P 82.

1 2 C. J. Rodden (ed.). Analytical Chemistry of the
Manhattan Project, p 122, McGraw-Hill, New York,
1950.
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Fig. 8.15. Reaction of BeO (>325 mesh) with UF4 in Molten Fluorides.
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Fig. 8.16. Rate of Reaction of BeO (100% Excess)

with UF4 in LiF-BeF2 (63-37 mole %) at600°C.

fused-salt reactor. Further experiments are

scheduled to study the extraction of trace quan
tities of protactinium from similar molten fluoride
solutions by this process.

The Reactions of Beryllium Oxide in Molten
Fluorides

The use of BeO has been noted as a possible
means for reprocessing nuclear reactor fuels by
oxide precipitations from molten fluoride solutions.
In addition to the reaction of BeO with UF4 to
remove uranium from solution as U02, the behavior
of BeO toward other compounds associated with
nuclear reactor fuels would be important to the
development of this fuel reprocessing scheme.
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Fig. 8.17. Reaction of BeO with Trace Quantities of

UF4 in LiF-BeF2-ThF4 (67-18-15 mole %) at 650°C.

The behavior of BeO toward rare earth fluorides

has been described previously. In these ex
periments the rare earths were represented as
cerium in studying the equilibrium

2CeF3 + 3BeOF=^Ce203 + 3BeF2 . (1)

In one experiment CaO was added to an approxi
mately equimolar concentration mixture of CeF3
and BeF2 in the solvent LiF-KF (50-50 mole %)
at 600°C. The results, by illustrating the co-
precipitation of cerium and beryllium, indicated
that the equilibrium shown in Eq. (1) might occur.
In a second experiment, BeO was added to a
mixture containing CeF3 in the solvent LiF-KF

13J. H. Shaffer, MSR Quar. Prog. Rep. June 30, 1958,
ORNL-2551, p 90.



(50-50 mole %) at 600°C, further illustrating the
equilibrium as shown in Fig. 8.18. An additional
experiment in which BeO was added to a 5 wt %
mixture of CeF3 in the solvent LiF-BeF2 (63-37
mole %) failed to indicate any detectable pre
cipitation of cerium. These results illustrate that
in processing a molten-salt reactor fuel containing
appreciable concentrations of BeF2, the use of
BeO will not cause any detectable precipitation
of the trivalent rare earths.
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Fig. 8.18. Results of Reaction of CeF3 with BeO in
LiF-KF (50-50 mole %) at 600°C.

As shown in Fig. 8.19, the addition of BeO to
a mixture ZrF4 in the solvent LiF-KF (50-50
mole %) yielded results typical of those obtained
for the precipitation of uranium. However, the
addition of a large excess of BeO to a mixture of
UF4 and ThF4 in the solvent LiF-BeF2 (63-37
mole %) caused the precipitation of uranium, but
failed to indicate the precipitation of thorium (see
Fig. 8.20).
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Fig. 8.19. Results of Reaction of ZrF4 (Hf181F4)
with BeO in LiF-KF (50-50 mole %).

Extraction of Uranium by Reaction with Water
Vapor

In addition to the reprocessing of molten-salt
reactor fuels by extracting uranium with BeO, the
precipitation of U02 by reaction with water vapor
is of current interest. The primary advantage of
this reaction used as a steam stripping process
is that relatively large quantities of uranium can
be removed from solution in molten fluorides

without composition alteration or contamination
of the reactor fuel solvent.

The results of several experiments have in
dicated that this steam stripping process would
provide for the selective removal of uranium from
mixtures of LiF-BeF2 and LiF-BeF2-ThF4 mix
tures without contamination by fission products.
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Fig. 8.20. Reaction of BeO with UF4 and ThF4 in
LiF-BeF2 (63-37 mole %) at 600°C.

The results of previously reported experiments,
as illustrated by Fig. 8.21, show that in the
presence of 1.25 wt % CeF3 in LiF-BeF2 (63-37
mole %) containing 1 mole % UF4, the uranium
was quantitatively precipitated from solution as
U02 without any detectable precipitation of
cerium. In an additional experiment, the passage
of water vapor through a mixture of ThF4 (7.25
wt %) in LiF-BeF2 (63-37 mole %) was found not
to cause a reaction with thorium. Similarly, water
vapor was found not to precipitate cerium from a
mixture of 2.25 wt % CeF3 in LiF-BeF2 (63-37
mole %). However, in these two experiments the
constant evolution of HF indicated the precipi
tation of BeO. Subsequent experiments verified

these findings.
Although the study of the reaction of water vapor

with UF4 as a fuel reprocessing scheme is in
complete, several interesting conclusions by
analogy can be made. First, recent studies of
the crystal properties and precipitation techniques

14

P83'.
MSR Quar. Prog. Rep. Apr. 30, 1959, ORNL-2723,
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Fig. 8.21. Reaction of H20 with UF4 in LiF-BeF2
(63-37 mole %) at 600°C.

of U02 by this method suggest that the recovery
of U02 for subsequent refueling of a molten-salt
reactor is feasible. Further, any oxidation prod
ucts introduced by this process can be removed
by HF-H2 treatment of the fuel solvent. Second,
the selectivity of the reaction of water vapor with
the proposed molten salt reactor fuels has been
shown to be in the order

U02 >BeO >ThF4 ^ Ce203 .

This order of reactivity indicates that by allowing
the steam stripping reaction to proceed beyond
the stoichiometric end point for U02 precipitation,
the complete removal of uranium from the molten
fluoride system can be insured. This operation
would not be detrimental to solvent recovery or
to uranium reclamation. Further refinement in the

experimental techniques for this steam stripping
process are in progress.



Reactions of the Alkaline Earth Oxides
in Molten Fluorides

The reactions of the alkaline earth oxides with

the proposed reactor fuel constituents are of
interest in characterizing the stability of various
oxides in molten fluoride solutions. The use of
these alkaline earth oxides in reprocessing
schemes for molten-salt reactor fuels is of dubious
importance in that their use as precipitating
agents would introduce extraneous ions into the
solvent. However, the reactions of the oxides
with CeF3 indicate that their use may be of
some merit in fission product recovery.

The reactions of CaO with UF4 and CeF3 in
the solvent LiF-KF (50-50 mole %) have illus
trated that uranium is preferentially precipitated
prior to the precipitation of cerium. Typical
results of these reactions are shown in Fig. 8.22.
Similarly, CaO reacts stoichiometrically with ZrF4
to form Zr02 prior to the precipitation of cerium.
These results illustrate that U02 and Zr02 are
more stable than Ce203.
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Fig. 8.22. Titration of CeFj and UF4 with CaO in
LiF-KF (50-50 mole %).

As mentioned previously in this report, the
reaction of CaO with CeF3 and BeF2 in approxi
mately equal concentrations in LiF-KF (50-50
mole %) causes the coprecipitation of Ce203 and
BeO. A subsequent experiment in which BeO was
reacted with CeF3 illustrated that BeO was
slightly more stable than Ce203.
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The reactions of CaO with thorium have been
studied in two experiments. First, the reaction
of CaO with ThF4 (11.5 wt %) and CeF3 (3.25
wt %) in the solvent LiF-NaF (60-40 mole %) at
750°C illustrated (see Fig. 8.23) that thorium was
selectively precipitated prior to the precipitation
of cerium. In the second experiment, CaO was
added to a mixture containing UF4 (9.7 wt %),
ThF4 (10.3 wt %), and CeF3 (2.5 wt %) in the
solvent LiF-NaF (60-40 mole %) at 750°C. These
results, shown in Fig. 8.24, illustrate the selec
tive precipitation of U02, Th02, and Ce203.
Correlations from experiments with the reaction of
water vapor with ThF4 in LiF-BeF2 (63-37 mole
%) indicate that BeO is more stable than Th02-
By use of this analogy, it might be suggested that
the order of stability of the oxides of interest in
this investigation is

U02 %Zr02 > BeO > Th02 > Ce203 .

However, the study of the reactions of CaO with
ThF4 and BeF2 and with ZrF4 and BeF2 is
suggested to confirm these results.
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Fig. 8.23. Reaction of CaO with ThF4 and CeF3 in
LiF-NaF (60-40 mole %) at 750°C.
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Fig. 8.24. Reaction of CaO with UF4, ThF4, and
CeF3 in LiF-NaF (60-40 mole %) at 750°C.

The reactions of BaO, SrO, and MgO with UF4
and CeF3 in the solvent LiF-NaF (60-40 mole %)
were studied during this investigation. Without
exception, these reactions were typical of similar
reactions with CaO. Figure 8.25 illustrates the
precipitation of uranium and cerium by reaction
of UF4 and CeF3 in LiF-NaF (60-40 mole %) with
SrO.

The apparent stability of the oxides of elements
associated with nuclear reactor fuels provides a
basis for a separations scheme for these com
pounds. Further research efforts with these re
actions will be primarily aimed at the development
of a suitable method for fission product recovery
from nuclear reactor fuels.

COLD-ZONE DEPOSITION OF SOLUTES

R. B. Evans

G. M. Watson

W. T. Ward

W. R. Grimes

The possibility of removing slightly soluble
contaminants or constituents from fuel melts by
cooling to produce a precipitate leads to an
interest in the nucleation and growth of crystals
on removable cold surfaces. While ideal equi
librium freezing on a cold finger is extremely

15Expenmental work performed by R. St. James,
DCMA, CEN Saclay, while with the Reactor Chemistry
Division, ORNL, June 1959.
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Fig. 8.25. Reaction of SrO with UF4 and CeF3 in
LiF-NaF (60-40 mole %) at 750°C.

difficult to achieve, primarily because of the
delicate heat balances involved, an inefficient
version of the process might be very useful if it
were simple enough to be easily executed re
peatedly on a reprocessing side stream.

A cold finger was used to precipitate tracer
labeled CeF3 from LiF-BeF2 (63-37 mole %,
melting point 450°C) in a 2-in.-dia nickel pot
17 in. deep. Both hydrogen and water were used
as coolants in a series of trials. Solutions con
taining about 5 wt % CeF3, corresponding to
saturation at about 600°C, furnished deposits
which, on removal from the melt, were found to
contain occluded and adherent solvent to the
extent that the CeF3 content generally ranged from
20 to 40%. On the basis of this performance with
a relatively crude control of heat flow, as obtained
in these experiments, the process appeared to
have a definite promise of feasibility.
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9. PHASE EQUILIBRIA IN AQUEOUS SYSTEMS AT ELEVATED TEMPERATURE

W. L. Marshall

E. V. JonesC. J. Barton

J. S. Gill

G. M. Hebert

Dilute solutions of uranyl sulfate and sulfuric
acid in water (or heavy water) at temperatures
above 250°C and under relatively high pressures
serve as fuels for aqueous homogeneous reactors.
Copper sulfate is incorporated to catalyze the
recombination of H2 (or D2) and 02 from radiolysis
of the water, and nickel sulfate appears in solution
as a consequence of corrosion of the stainless
steel reactor system. A detailed knowledge of the
phase behavior of the five-component system
U03-CuO-NiO-S03-H20 (ref 1) and of its D20
counterpart at elevated temperatures is, accord
ingly, clearly necessary.

Investigations of this system carried out in the
Reactor Chemistry Division are described in this
chapter. In addition, investigations of alternate
homogeneous reactor fuels, some current attempts
to find a suitable thorium breeder blanket, and
development of phase-study apparatus for use at
elevated temperature are described. Detailed
information on these various topics is given in
recent Homogeneous Reactor Project Progress
Reports2-4 and other ORNL reports.5-12

SOLID-LIQUID EQUILIBRIA IN THE SYSTEM

U03-CuO-NIO-S03-H20 AND ITS D20
ANALOG AT 300°C

During the past year portions of the system
U03-CuO-NiO-S03-H20 and its D20 counterpart
at 300°C were investigated in order to have a
general insight into solubility equilibria, the
knowledge of which is of considerable importance

These designations (e.g., UO.,) are used throughout
this chapter to indicate the system components and are
not intended to define the species in solution. SOj, for
example, is used to designate total sulfate in the sys
tem.

2HRP Quar. Prog. Rep. Jan. 31, 1959. ORNL-2696,
p 205-14.

3lbid., Apr. 30, 1959, ORNL-2743, o 227-38.

Albid., Oct. 31, 1959, ORNL-2879, P99-125.
5W. L. Marshall, J. S. Gill, and R. E. Moore, Two-

Liquid-Phase Temperature Limits in the Homogeneous
Reactor Fuel Solution and Its Concentrates; Comments
on Solid-Liquid Equilibria, ORNL CF-59-8-41 (1959).

R. E. Moore

R. Slusher

and use in the selection of fuel compositions for
aqueous homogeneous reactors. A temperature of
300°C was selected for the investigation, since
the design of the HRE-2 specified that its fuel be
held at or below this temperature, and since
solubilities for the solids investigated showed
or were expected to show negative temperature
coefficients of solubility.

Detailed definition of phase behavior in a five-
component system is a difficult experimental feat
at best. Study of this system is further complicated
by the high vapor pressure (ca. 83 atm) of the
system at 300°C, by the occurrence of a second
liquid phase over a wide range of compositions,
and by the need to avoid reduction of uranyl ion
and consequent oxidation of the container metal.
Accordingly, the following experimental program
was conducted to obtain a general description of
the relevant portions of this system. Solubility
relationships were determined after equilibration
of solution-solid mixtures of chosen composition

in the presence of saturated vapor at 300°C in
pressure vessels of titanium. Compositions of

6R. E. Moore and W. L. Marshall, Effect of Excess
Acid on Two-Liquid-Phase Temperature Limits for the
Homogeneous Reactor Fuel Solution and Its Concen
trates, ORNL CF-59-11-27 (1959).

7C. J. Barton el al., Phase Stability of Homogeneous
Reactor Hot Fuel Solutions, ORNL CF-59-8-72 (1959).

8J. S. Gill and W. L. Marshall, The Compound
CuO-3UOy ORNL CF-59-8-95 (1959).

W. L. Marshall and J. S. Gill, Investigation of the
System UO?-CuO-NiO-SO,-H90 at 300°C, ORNL CF-59-
12-60, rev V( 1959). i Z

10C. J. Barton, G. M. Hebert, and W. L. Marshall,
Liquid-Liquid Immiscibilily above 300°C in the Sys
tem U03-S03-N205-H20, ORNL CF-59-11-64 (1959).

nW. L. Marshall, Consideration of U02(NO})2-HNOy
H?0(D?0) as a High Temperature Homogeneous Reactor
Fuel, ORNL CF-59-5-100 (1959).

12W. L. Marshall, Further Consideration of UOyHNOy
H,0 as a Homogeneous Reactor Fuel; Investigation of
Solution Stability of Solutions Suitable for HRT Opera

tion, ORNL CF-59-8-27 (1959).
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the solutions were obtained by chemical analysis
for S03, U03, CuO, and NiO of samples drawn at
equilibrium; solids were examined at the con
clusion of each experiment to ascertain the number
and identity of the solid phases. By proper choice
of materials loaded into the pressure vessels, the
compositions of solutions in equilibrium at 300°C
with one, two, or three solid phases of known
identity were obtained. In separate experiments,
concentrations of metallic species in solution at
equilibrium with each solid phase or phases were
also examined as functions of SO. concentration

from approximately 0.04 to 0.2 m. From the
resulting data a general description of solubility
equilibria at 300°C was obtained for the five-
component system and its included quaternary
and ternary aqueous systems.

A cubic representation of solubilities, shown
in Fig. 9.1, indicates the saturation concentrations
of metal oxide components in solutions which are
0.06 m in S03. Saturation concentrations are
shown on the edges of the cube for the separate
three-component systems, on the external planes
for the four-component systems, and within the
cube for the five-component system. The solid-
phase compositions at the solution saturation
boundaries cannot be expressed using this repre
sentation, but their identities and the saturation
surfaces over which they are stable are designated
on the figure. A complete diagram shows saturation
surfaces defined by skeletal boundary points
at constant S03 concentration. These boundary
points are determined from reference curves

for the solubilities of solids of known identity as
a function of S03 concentration. As a first
approximation this skeletal approach gives a
description of the solubility surfaces, specifying
the stable phases and their regions of stability.

Figure 9.2 shows a projection on the U03-CuO
face of the cube shown in Fig. 9.1. Saturation
concentrations of the component NiO are indicated
in parentheses. The outer curve, A-RA-RU-U, is
described on the external UO -CuO plane, where
the NiO concentration = 0, whereas the inner
curves, NA-ZAN, ZN-ZAN, ZU-ZUR, and RA-ZAR,
originate on the CuO-NiO, U03-NiO, and U03-CuO
external planes and project into the cube to
ternary points. The letters refer to saturating
solid phases which are stable at the various
designated points and along the curves in Fig. 9.2
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Fig. 9.1. System U03-CuO-NiO-S03-H20 at 300°C
(S03 = 0.06 m).
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and are defined as follows:

U= U03.«H20

A= 3CuO-S03.2H20 (antlerite)
N= NiS04.H20

Z = U03.U02S04.5H20 (zippeite)
R = Cu0-3U0,



Examples of interpretation are: (1) at point ZAN,
there are three solid phases, U03.U02S04-5H20,
3Cu0-S03.2H20, and NiS04-H20, at equilibrium
with saturated solution phase, (2) along the binary
curve NA-ZAN, there are two solid phases,
NiS04-H20 and 3CuO.S03-2H20, present at equi
librium, and (3) the solid which is stable at the
saturation surface bounded by points A, NA, ZAN,
ZAR, and RA is 3CuO.S03-2H20. The ternary
points, ZUR and ZAR, however, are speculative
at this time with regard to both position and all
equilibrium solid phases.

New Solids of Special Interest:
Laboratory Preparation of Solids

During the course of this investigation, the
compound CuO-3U03 was discovered and char
acterized. A detailed discussion of this work is

given in an ORNL report.8 A picture of crystals
of the solid is shown in Fig. 9.3; its x-ray dif
fraction pattern is presented in Fig. 9.4. A large
amount of the compound was made in the laboratory
by reaction in a high-pressure vessel at 300°C of
a mixture of CuO and UOynH20 solids which
were slurried in a 0.05 m H2S04 solution. A
similar procedure was used for the synthesis of
a new mixed oxide of nickel and uranium which
appears to be isomorphous with CuO-3U03 and
which may be a stable solid phase at 300°C in the
multicomponent system.

A known compound, 3CuO-S03-2H20, was not
available for use in these studies but was prepared
by refluxing solid CuC03 (readily available) at
100°C with an H2S04-H20 solution at a mole
ratio, H2S04/CuC03 = /3- The solid after re-
fluxing the mixture for 24 hr was found to be

3Cu0-S03-2H20. Preparational methods of this
type are being used for the synthesis at 300°C
of new uranium-containing solids of special
interest to the aqueous homogeneous reactor
program.

Solubilities in D20 Media

Solubilities in D20 media along a ternary curve
where U03.U02S04-5D20, 3Cu0.S03-2D20, and
NiS04-D20 are the stable solids (Fig. 9.5) indicate
little difference from similar solubilities in H20
(Fig. 9.6). In a similar manner, the solubility of
U03-H20 in H2S04-H20 solutions was found to be
nearly the same as that of its DjO analog in

PERIOD ENDING JANUARY 31, 1960

D2S04-D20 solutions (Fig. 9.7). Therefore, as a
first approximation, the solubility data obtained for
H20 systems can be applied to systems containing
D20 and be used for the selection of compositions
for homogeneous reactor fuels as discussed below.

Application of Multicomponent Solubility Data
to Aqueous Homogeneous Reactors

In order to apply the solubility data to the
selection of homogeneous reactor fuel compositions,
the appropriate S03 concentration of the fuel is
established. A volume model, like that shown in
Fig. 9.1, is constructed from the basic solubility
data and shows the solubility relationships of the
various solids at the specified S03 concentration.

Nickel oxide as a soluble corrosion product is
not present in the initial fuel. However, corrosion
of the container material occurs during reactor

operation, nickel dissolves into the solution, and
the over-all composition point moves away from
the side representing the four-component system
U03-CuO-S03-H20 and into the cube volume
representing the five-component system. Depending
upon the initial composition, any one of several
solids may be the first one to appear at the sat
uration point. It might prove very desirable to
select a fuel composition such that a potential
saturating solid phase, however unlikely, would
not contain uranium. Upon consideration of Fig.
9.2, this procedure would involve selecting a fuel
containing CuO and UO., components not exceed
ing concentrations delineated by lines A-RA,
RA-ZAR, ZAR-ZAN, and ZAN-ZN.

After an over-all examination of solubility data
at constant S03 concentration, an empirical rule
was formulated to define approximate solution
saturation limits for use in the rapid estimation
of phase stability of proposed reactor fuel com
positions (Fig. 9.1). In addition to being based
on the experimental data, this relationship in
volves a concept that the HSO~ species is the
predominant anionic species in solution and that
uranium behaves as a dimer at 300°C. The em

pirical rule follows: If

ra(l/2)U03 + raCuO 'NiO

R =

'SO.

is less than approximately 0.5 for a specific
composition, this composition will represent a
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phase-stable solution at least to 300°C for sulfate-
based aqueous homogeneous reactor fuels in the
0.04 to 0.2 m S03 range. The experimental data
show that this rule is violated at excessively

high values of

NiO

= R

7?2(1/2)U03 + mCuO
NiO '

'NiO
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Fig. 9.6. Mutual Solubilities at 300°C of U03-
U02S04-5H20, 3CuO-S03-2H20, and NiS04-H20 in
H2S04-H20 Solutions.

In all conditions which have been applied so far
to ORNL aqueous reactor fuels, /?.,.„ has not

~ ' N iU

been excessively high; it has been <0.5.

Boundary Curves Between Liquid-Solids and
Liquid-Liquid-Solids Equilibria

A major objective of this investigation is the
ultimate determination of the boundary curves
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between liquid-solids and liquid-liquid-solids
equilibria. Considerable experimental data above
300°C in the two-liquid-phase regions of the
systems U03-S03-H20(D20), U03-Cu0-S03-H20,
and U03-Ni0-S03-H20 have been13'14 and are
being obtained as described in this chapter, but as
yet the over-all connection with solid-liquid
boundaries is incomplete. On the basis of the
observed behavior of two-liquid-phase regions
above 300°C in the systems U03-S03-H20(D20)
and U03-CuO-S03-H20 as a function of concen
tration and temperature, it is anticipated that
liquid-liquid immiscibility regions for the five-
component system U03-CuO-NiO-S03-H20 and its
D20 analog may ultimately engulf the liquid-solid
regions in the 0.04 to 0.2 mS03 range as tempera
tures extend higher than 300°C.

13
H. F. McDuffie (compiler), section entitled "Proper

ties of Aqueous Fuels," p 85-129 in Fluid Fuel Re
actors, Addison-V/esley, Reading, Mass., 1959.

14F. E. Clark et al., J. Chem. Eng. Data 4, 12
(1959).
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LIQUID-LIQUID EQUILIBRIA IN THE

SYSTEM U03-S03-H20, ITS D20 ANALOG,
AND SIMILAR SYSTEMS CONTAINING

CuO AND NIO COMPONENTS

The system U03-S03-H20 at high temperature
is characterized by a range of compositions in
which liquid-liquid immiscibility occurs. This
observation was first made by Secoy in his study
of the system U02S04-H20 above 175°C.15 Tem
peratures at which a second liquid phase appears
constitute an upper limit for the use ofU02S04-H20
or U02S04-D20 solutions as aqueous homogeneous
reactor fuels. The comprehensive investigation
of regions of liquid-liquid immiscibility in the
three-component system U03-S03-H20 as well as
in the related four- and five-component systems
U03-CuO-S03-H20 and U03-CuO-NiO-S03-H20 is
therefore of considerable interest.

Phase equilibrium information on the liquid-
liquid immiscibility temperature-composition
boundaries is being obtained. In addition, it is
necessary to know the compositions of the two
phases at equilibrium with each other as described
by "tie lines." Details of the investigations of
(1) the compositions of two coexisting liquid
phases in these systems and (2) the liquid-liquid
boundary limits follow.

The Compositions of the Two Liquid Phases
of the Systems

Briefly, the experimental method for the deter
mination of compositions of two immiscible liquid
phases consists of the following steps: Aqueous
solutions of stoichiometric U0_S0, or of U0oS0,

iii , 24containing a dissolved excess of H2S0, or U03
are sealed in Pyrex tubes. A set of sealed tubes
containing solutions of varying composition is
placed in a stainless steel autoclave to which
some water is added to counterbalance the vapor
pressure generated within the various tubes at

temperature. The autoclave is then rocked at

300, 325, or 350°C until equilibrium is established
between the two liquid phases which coexist at
these temperatures. The autoclave is set in an
upright position, thus allowing the liquid phases
of higher density to flow to the bottom of the
tubes. The autoclave containing the tubes is

15
C. H. Secoy, J. Am. Chem. Soc. 72, 3343 (1950).



cooled rapidly by immersion in an ice-water mix
ture, the tubes are removed, and the heavy and
light phases are separated by cutting the tubes
at appropriate positions, in order to recover for
analysis only the central portion of each liquid
phase. At ice-water temperature the heavy-liquid
phase behaves as a gel for most concentrations,
thereby reducing the probability of mutual con
tamination of the phases during the cooling and
separation procedure. Both phases are analyzed
for uranium by control led-potential coulometric
titration and for sulfate by removal of U02 by a
cation exchange resin and subsequent titration
of H2S04.

Experimental data are presented graphically in
Fig. 9.8. This method of representation is con
venient for displaying data covering a wide range

.5 .6 .7 .8 .9 1.0 1.1 .5 .6 .7 .8 .9 1.0 1.1

SATURATION MOLE RATIO U0./S0,

Fig. 9.8. Two-Liquid-Phase Regions in the System

U03-S03-H20(D20).

of concentration. It is evident that, as the tem
perature rises from 300 to 350°C, the heavy-liquid
phase becomes very concentrated and the light-
liquid phase becomes very dilute. Under these
conditions, the heavy phase at the highest con
centration approaches a mole ratio, U03/S03, of
1.0, contains very little H20, and perhaps may
approach a "liquid-salt hydrate" composition,
such as U02S04-3H20 or U02S04-4H20. The
composition of the light phase in equilibrium with
the heavy phase, as indicated by the connecting
lines, is in the range of0.01 to 0.1 mS03< Since
the HRE-2 fuel solution is in this same concen

tration range, the heavy-liquid phase formed
initially upon reaching the immiscibility boundary

PERIOD ENDING JANUARY 31, 1960

must probably be stoichiometric U02S04-XH20
which also contains CuS04 and NiS04 (vide infra).

Comparison of the U03-S03-H20 and U03-S03-
D20 systems (Fig. 9.8) shows relatively little
difference in solubility behavior at high concen
trations of S03> However, at low concentrations
of S03, the saturation mole ratios, U03/S03, are
somewhat lower for the D20 than for the H20
system.

Since the homogeneous reactor fuel contains
copper and nickel, preliminary investigations
were made of the relative distribution of these

two components between the light- and heavy-
liquid phases of the system UO -S03-H20. Some
of the experimental data for the multicomponent
system U03-CuO-NiO-S03-H20 are shown in Fig.
9.9. The initial solutions contained 1.25 mU02S04.
0.23 m CuS04, and 0.24 m NiS04, plus 10 to 40
mole % excess H2S04. The concentrations of
U02S04, CuS04, and NiS04 were kept constant in
order to attempt to approximately represent the
data on three correlating curves, one for each
cationic component. Experimental data for the
quaternary systems U03-Cu0-S03-H20 at 350°C
and U03-NiO-S03-H20 at 325 and 350°C are shown
in Figs. 9.10 and 9.11. The initial concentrations
of components are designated on the figures.

If the saturation mole ratios,CuO/S03, NiO/S03,
and UO /S03, either for the light or heavy phase
at constant mS03 are added together, the resulting
summation ratio appears to fall on an immiscibility
curve for the system U03-S03-H20 (Fig. 9.8).
This observation leads to the belief that violation
of the immiscibility boundary curve by solution
compositions near that of the HRE-2 fuel will
result in the separation of a heavy-liquid phase
which corresponds approximately to stoichiometric
U02S04, CuS04, and NiS04 plus H20; that is,
there will be little or no excess H2S04 or metal
oxides in the heavy-liquid phase. In actual
reactor operation, this condition does not preclude
the reasonable probability that the temperatures
of any heavy-liquid phase formed initially will
rise rapidly, due to the higher internal fission
density, and dehydrate to produce solids. These
solids may be sulfates or oxy-sulfates which,
upon attainment of temperatures in excess of
approximately 800°C, should convert to oxides.

Further investigations of the distribution of
cationic species between light- and heavy-liquid
layers in the system U03-S03-H20 and its D20
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counterpart may lead to methods for using the
phase-separation phenomenon in chemical proc
essing, purification, or separations involving
U02S04 or other uranium compounds.

Effect of the Mole Ratio, U03/S03, on
Immiscibility Temperatures of 0.02, 0.05, 0.10,

and 0.20 m Sulfate Solutions

During the past year increasing use, for the
prediction of immiscibility boundaries, was made
of a previously unpublished, although frequently
discussed, relationship between solution com
position and liquid-l iquid-immi scibi Iity tem
perature. It appears that this temperature is an
approximately linear function of the mole ratio,
U03/S03, for a constant S03 concentration as
shown by Figs. 9.12 and 9.13. These are revised
plots of information previously presented 6 for the

H. W. Wright and W. L. Marshall, HRP Quar. Prog.
Rep. Oct. 1, 1952, 0RNL-1424, p 108.
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system U03-S03-H20. Extrapolation of the data
to low mole ratios, U03/S03, suggests that the
lines intersect the critical curve for the S03-H20
system and that, accordingly, there must be
solubility of U03 in the supercritical fluid of this
system, confirming an observation which was
experimentally established by Secoy in 1949.

By analogy, it appears that the mole ratio,
(UO, + CuO + Ni0)/S0,, or mole ratio function,

/

(U03 + CuO + NiO)

SO,

might also show a relationship with temperature
which would be sufficiently close to linearity
to be useful; preliminary evaluation of available
data indicates that this may be the case. The

C. H. Secoy, Chem. Quar. Prog. Rep., Dec. 31,
1949, ORNL-607, p 33-38.

ultimate goal of this investigation is to attempt to
define this relationship.

Immiscibility temperatures obtained during the
past year for systems containing 0.02, 0.05, 0.10,
and 0.20 m S03 having a varying mole ratio,
U03/S03, are shown in Fig. 9.14. Upon consid
ering the 0.10 m S03 solutions it is apparent that
the immiscibility temperature increased from
309°C for the 0.10 m U02S04 solution, for which
mUQ /mSQ = 1, to 377.5°C for the 0.02 mU02S04
solution, 0.08 min H2S04, for which m Q /m^Q =

0.2. The critical temperature of the light-liquid
phase portion of the latter solution was approx
imately 2°C above the immiscibility temperature.
No phase separation was observed in the 0.01 m
U02S04 solution, 0.09 m in H2S04, for which
mUO /'"so = ®'^> UP *° tne cr't'ca' temperature
(386°C). Similar observations were made for the
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0.02, 0.05, and 0.20 m S03 solutions. These
observations, in addition to showing the approx
imate linearity of relationships when plotted as
shown in Fig. 9.14, indicate that when the mole
ratio, UO /S03, is relatively low, U03 is soluble
in supercritical sulfuric acid fluid.

AQUEOUS HOMOGENEOUS REACTOR

FUEL STUDIES

Phase Stability of Synthetic HRE-2 Fuel
Solutions and their Concentrates

One of the primary requirements of an aqueous
homogeneous reactor fuel solution is that it be
stable toward both separation into two liquid
phases and precipitation of hydrolytic solid phases
at the operating temperature of the reactor. A
knowledge of how the tendency toward the formation
of a second liquid phase, or of a hydrolytic solid,
changes as the fuel solution is concentrated by
evaporation of D20 or diluted by D20 is important,
since both of these processes may occur during
reactor operation. It has been suggested that
localized boiling is a mechanism for concen
tration either within the core solution or at certain

limited locations on surfaces in the reactor core.

Dilution of the fuel solution by D.O occurs at
the connection to the pressurizer which contains

both D20 and fuel solution under operating con
ditions of the HRE-2. During the past year studies
of the phase-stability boundaries, particularly the
Iiquid-liquid-immiscibi lity boundaries, of homoge
neous-reactor fuel solutions have provided con
siderable insight concerning the peculiarities of
HRE-2 operation.

In recent months several additions of deuterated

sulfuric acid have been made to the HRE-2 fuel

solution. Before these additions the HRE-2 fuel

solution was of approximately the following com
position:

Compound Molarity at 25°C

uo2so4

CuS04

NiS04

MnSO.

D2S04

0.0258

0.0126

0.0058

0.0004

0.0166

The temperature for the formation of a second
liquid phase for a synthetic solution of this com
position was determined to be 332 C.5 This

PERIOD ENDING JANUARY 31, 1960

temperature is well above the average core tem
peratures (240-280°C) during power operation of
the HRE-2. The results of several different

experiments carried out in silica tubes have shown
that solid phases will not precipitate from the
homogeneous solution, from the two liquid phases,
or from the subsequent supercritical fluid and
heavy-liquid phase as the temperature is raised
to 500°C. In one experiment 3 ml of the synthetic
fuel solution, sealed in a large-diameter tube
(8-mm ID, 2-mm wall), was held for 17 hr at 329°C
with no indication of solid precipitation. Other
experiments have been carried out in which
solutions of approximately the composition of the
HRE-2 fuel were observed while being heated
from 200 to 500°C under an oxygen overpressure
of about 200 psi.2 Oxygen overpressure is a
design condition of the HRE-2. The heavy phase
remained a clear yellow liquid. No solid phases
were seen even after holding the temperature at
500°C for 16 hr.

Laboratory experiments have shown that when
the synthetic HRE-2 fuel solution is concentrated
by evaporation of DO, the temperature for the
appearance of a second liquid phase falls to a
minimum value of about 305°C at an eightfold
concentration and rises slowly as the concentration
is further increased. Dilution of the fuel by a
factor of two with D20 causes a rise in the second-
liquid-phase temperature from 332 to 342°C. The
higher acidity of solutions more concentrated than
the HRE-2 fuel should place these solutions even
further from a hydrolytic solid-liquid solubility
boundary than the HRE-2 fuel. Therefore, the
precipitation of a hydrolytic solid while the fuel
solution is undergoing concentration would be
less likely. On the other hand, if the fuel solution
is diluted, it will become less acidic, and the
precipitation of hydrolytic solid products would
be more likely. Indeed, D. M. Richardson18,19
has reported finding crystals of a material, with
an analysis and x-ray diffraction pattern which
correspond to the newly discovered compound
CuO-3U03 (ref 8), in the pressurizer lines of both
the HRE-2 mockup and the HRE-2 after a run with

18 D. M. Richardson, Composition of Solids from the
HRT Mockup Pressurizer, ORNL CF-56-6-56 (1956).

D. M. Richardson, Composition of Solids from the
HRT Pressurizer Line, ORNL CF-57-5-36 (1957).

103



REACTOR CHEMISTRY PROGRESS REPORT

depleted fuel solution. Both the increased tem
perature and the dilution of the fuel at the pres
surizer would favor hydrolytic-solid precipitation.

During the past year the operation of the HRE-2
revealed that the power-dependent loss of circu
lating-uranium inventory was aggravated by raising
the reactor pressure (by raising the pressurizer
temperature) but substantially eliminated by
reducing the reactor pressure. It was suggested
that the minimum two-liquid-phase temperature
(305°C) obtained on concentrating the fuel solution
was of significance for reactor operation in that,
when the reactor pressurizer temperature was
higher than this, the temperature of local boiling
would also be higher and the resulting concen
trated solution could reach the two-liquid-phase
boundary. At this point, the hundredfold increase
in uranium concentration in the heavy-liquid
phase and the concomitant hundredfold increase
in fission power density would tend to aggravate
the situation further until the second liquid phase
was heated to the decomposition point and perhaps
converted into metal oxides. If, on the other hand,
the pressurizer temperature were maintained below
305°C, then local boiling would maintain the tem
perature of the fuel solution near this value and
boiling concentration could not cause the ap
pearance of the concentrated second liquid phase.
Of course, HRE-2 fuel solutions which continued
to concentrate at temperatures below 305°C would
ultimately form a solid phase or phases instead of
a second liquid phase. This would, however, re
quire concentration by a factor of 150 or greater
in molar units and the solid phases would be
stoichiometric salts or acid salts rather than

hydrolytic solids.
The second-liquid-phase temperatures were known

to be elevated by addition of acid to uranyl sulfate
solutions. The minimum second-liquid-phase tem
perature, which might be obtained on concentrating
such solutions, should likewise be raised upon
addition of acid. Consequently, the possibility of
adding more acid to the fuel solution to achieve
greater reactor operational stability was con
sidered. The Iiquid-1iquid-immi scibility boundary
limits for synthetic HRE-2 fuel solutions contain
ing several different amounts of excess acid and
for a number of concentrates of these solutions

were determined and are shown in Fig. 9.15.
The minimum values are 305, 322, 330, and 342°C
for excess acid concentrations of 0.0166, 0.0234,
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0.0308, and 0.0413 Al. From a series of plots of
two-liquid-phase temperature vs excess acid at
various concentration factors chosen from Fig. 9.15
a curve of two-liquid-phase temperature vs con
centration factor may be constructed for any chosen
quantity of excess acid between 0.0166 and 0.0413
Al.

From the information obtained in these laboratory
tests it was expected that:

1. The HRE-2 fuel containing 0.0166 A1 excess
acid would become unstable in the presence of
local hot spots if the pressurizer temperature were
maintained at or above 305°C (1353.4 psia reactor
total pressure).

2. A fuel containing 0.0234 Al excess acid would
become unstable with a pressurizer temperature
maintained at or above 322°C (1706 psia total
pressure).

3. A fuel containing 0.0308 Al excess acid would
become unstable with a pressurizer temperature
maintained at or above 330°C (1895 psia total
pressure).

Several quantities of deuterated sulfuric acid
have been added to the HRE-2 solution in recent

months in an attempt to achieve operational sta
bility at higher pressurizer temperatures. Reactor
experiments in which the pressure was held con
stant at various values while the reactor power
was increased until instability was noted by a
drop in the nuclear average temperature indicated



semiquantitative agreement with the theory dis
cussed above. In another series of reactor experi
ments the reactor power was held constant and
the pressure was increased until instability was
noted. The results were also in approximate
agreement with the theory.

Phase Stability of Radioactive HRE-2
Fuel Solutions

Liquid-liquid-immiscibility temperatures of two
samples of HRE-2 fuel solution were determined
by visual observation of phase separation in
sealed silica tubes approximately three weeks
after the samples were removed from the reactor
during power operation. These tests were per
formed to check the validity of the assumption
that the phase behavior of a radioactive fuel solu
tion is the same as that of a non-radioactive solu

tion having the same composition. Details of this
investigation were presented. The immiscibility
temperatures were determined to be 325 + 1°C
for one sample and 326 ± 0.5°C for the other.
These values were slightly lower than the values
predicted by experiments with similar synthetic
fuel solutions (329 ± 0.5°C), but the discrep
ancies were small enough so that they could
be accounted for by minor differences in com
position between the synthetic and the reactor

fuel solutions. There appeared to be little reason
to believe that the high radiation level to which
the fuel solution was exposed in the reactor had
a significant effect on its phase behavior, at least
after it had cooled to 2 r/ml. Neither dilution of

fuel solution with 8 vol % of 30% H-,0., (which
decomposed to produce a small, desired oxygen
overpressure) nor with the amount of H,0 equiva
lent to that produced by the decomposed H202
increased the immiscibility temperature more than
2°C. However, increasing the free D2S04 con
centration from about 0.017 to 0.04 m raised the

immiscibility temperature from 326 to 345°C.

Effect of Increased Temperature on the
Heavy-Liquid Phase

If the heavy-liquid phase is produced in the
reactor core as a result of localized boiling or a
temporary overheating at some limited location on
the surface of the core vessel, its temperature
would be expected to increase due to the higher
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fission density within its volume. The resulting
higher vapor pressure should produce a vapor
space around the heavy-phase droplet when its
temperature approximates that of the reactor pres
surizer. If the temperature of the droplet increases
further, a transfer of vapor from the heavy phase
through the vapor space and into the bulk solution
should occur.

Laboratory experiments attempting to simulate
this situation were carried out with a At between

two legs of an inverted U tube. One leg con
tained H20 at 270°C in order to approximate the
vapor pressure of a bulk solution; the other leg
contained a concentrated U02S04 solution at a
higher temperature. It was found that a solid
phase was produced in the U02S0, solution when
its temperature was held at 290 to 300°C. Al
though the investigation was carried out at tem
peratures below those expected in the HRE-2
pressurizer, as a first approximation, it may be
that if the temperature of the heavy-liquid phase
becomes greater than 20 to 30°C above that of the
pressurizer, the heavy-liquid phase in the reactor
will lose water, and a solid phase or phases will
be formed. Other experiments showed that if the
temperature of solid U02S04 produced in this
process went above approximately 800 to 900°C,
the solid U02S04 would decompose to oxides,
liberating S03 to the bulk solution.

Observations on Rate of Solution of Heavy Phase

When the temperature of a synthetic HRE-2 fuel
solution contained in a silica tube becomes just
greater than the two-liquid-phase boundary tem
perature, the heavy phase is immediately produced
throughout the bulk of the solution in the form of
very small droplets. No delay in the formation
process has ever been observed once the immisci
bility temperature has been reached. After forma
tion, the small droplets of heavy phase coalesce
to produce larger drops which settle to the bottom.

On cooling of the system, the heavy phase does
not redissolve quickly at temperatures just below
the immiscibility temperature unless good mixing
is provided. Qualitative laboratory experiments
have shown that as the temperature is decreased
the heavy phase dissolves faster into the light
phase. This effect was noted both when the solu
tion was agitated and when it was not; the rate at
which the heavy phase dissolved was, of course,
much greater under agitation.

105



REACTOR CHEMISTRY PROGRESS REPORT

By cooling the synthetic fuel solution without
agitation, it was possible to maintain a consider
able quantity of the heavy phase in contact with
the light phase down to a temperature of about
270°C. However, at this temperature a qualitative
change took place; the interface between the
phases disappeared, leaving only a concentration
gradient where the interface had been. Experi
ments with U02S04-H20 solutions of various
concentrations of U02S04 showed the same ef
fect, but the temperature of disappearance of the
interface was not so easily observed as in the
case of the synthetic homogeneous reactor fuel
solution. This phenomenon has aspects which
may be relevant to reactor operation and insta
bility. If droplets of heavy phase have been
formed and are suspended in the fuel solution but
have moved to a position of low fission power
density (so that they are not undergoing thermal
decomposition or surface boiling) they will be re-
dissolved by the continuous phase only as rapidly
as material can be transferred across a definite

liquid-liquid interface. There will, of course, be
a concentration gradient on each side of the
boundary but the boundary is still there. However,
if their temperature becomes lowered to a point
below the minimum temperature at which the heavy
phase can maintain its identity as a separate
phase, then the interracial barrier to mass transfer
disappears and there remain only local regions of
higher concentration which have become part of
the continuous phase; their dispersal is, obvi

ously, much easier than the attack on discrete
droplets.

The minimum immiscibility temperature for the
system U02S04-D20 is 274°C at 1 m U02S04.
The minimum temperature for two-liquid-phase
formation in the system formed from CuS04,
U02S04, and H20 is slightly below 285°C at
18 wt %U02S04 and 3 wt %CuS04. Lower tem
peratures should occur in acid-deficient portions
of the five-component system U03-CuO-NiO-S03-
D20.

LIQUID-LIQUID EQUILIBRIA IN THE SYSTEM

U03-S03-N205-H20

During the past year a fairly comprehensive
study of liquid-liquid-immiscibility boundary tem
peratures in the system U03-S03-N205-H20 was
completed with 0.04-, 0.08-, and 0.16-w uranyl
solutions. This work is discussed in detail in a
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recent report. The twofold purpose of this in
vestigation was to determine whether U02S04-
HN03-H20 solutions have significantly higher
immiscibility temperatures than U02S04-H2S04-
HjO solutions and to furnish data which may help
to provide a better understanding of the nature of
the immiscibility phenomenon in uranyl sulfate
solutions. The appearance and disappearance of
a second liquid phase was observed in small
samples of solutions sealed in silica tubes sus
pended in a liquid nitrate bath. The metal con
tainer, equipped with glass windows, used to con
tain the nitrate bath is described in "Liquid-Salt
Bath for High-Temperature Aqueous Studies,"
thi s chapter.

Comparison of the effects of nitric and sulfuric
acids can be made either on the basis of the total

H , which in sulfuric acid is twice the H in
equimolar nitric acid, or on the basis of the
probable free H in the system. Since the second
ionization constant of sulfuric acid is very low at
the elevated temperatures of interest, it may be
assumed that the HS04~ ions do not dissociate
appreciably. Thus, one mole of H2S04 may be
compared with one mole of HNO,.

The data plotted in Fig. 9.16 reveal that sulfuric
acid is initially more effective than nitric acid in
raising the two-liquid-phase temperature if it is
considered a monobasic acid, but less if it is
considered a dibasic acid. The nitric acid and

sulfuric acid curves for all three UO, concentra
tions show "crossover' points at temperatures

0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40
ADDED H+ ION CONCENTRATION ( m )

Fig. 9.16. Effect of HN03 and H2S04 on Liquid-
Liquid Immiscibility Temperatures of U02S04 Solu-



ranging from 353°C for 0.04 mU02 ++solutions to
347°C for 0.16 772 U02++ solutions. The mole
ratios, U02 ++/(added H+), at the "crossover"
points were found to be relatively constant (0.455,
0.426, and 0.470 for 0.04-, 0.08-, and 0.16-m
UO, solutions, respectively). The significance
of this constancy has not been established.

Data from Fig. 9.16, with additional data obtained
by using mixtures of uranyl sulfate and uranyl ni
trate as well as uranyl sulfate-sulfuric acid—nitric
acid solutions, are plotted in Figs. 9.17—9.19 vs

0.20 0.40 0.60 0.80

MOLAR RATIO NO'/NOZtSO'

Fig. 9.17. Temperature of Separation of Heavy-Liquid

Phase from 0.04 m U02 Solutions as a Function of
Acidity and Mole Ratio N03~/(N03~ + S04 ).
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Fig. 9.18. Temperature of Separation of Heavy-Liquid

Phase from 0.08 m U02 Solutions as a Function of
Acidity and Mole Ratio N03~/(N03~ + S04 ).
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Fig. 9.19. Temperature of Separation of Heavy-Liquid

Phase from 0.16 m U02 Solutions as a Function of
Acidity and Mole Ratio N03"7(N03- + S04~~).

the mole ratio, N03-/(N03- + SO.--), in order
to show the effect of substituting N03- for S04
ions at different levels of added acid. It is ap
parent that, for solutions containing a low con
centration of added acid, substitution of nitrate
for sulfate raises the two-liquid-phase tempera
ture but, for solutions of higher acid concentra
tions, the substitution of nitrate for sulfate lowers
the immiscibility temperature through a minimum
as the mole ratio, N03-/(N03- + S04--), is in
creased. Since the immiscibility temperature in
creases with increasing acid concentration, it was
first thought that this decrease might be due to
increased transfer of nitrate from liquid to vapor
phase with increasing temperatures. In order to
determine the magnitude of this effect, immisci
bility temperatures were determined for several
0.04 m uranyl solutions as a function of the frac
tional filling of the sample container at the sepa
ration temperature. The data plotted in Fig. 9.20
show that there is an approximately linear relation
ship between immiscibility temperature and vol
ume fraction of liquid in the tube. Extrapolation
of the lines to zero vapor volume gave the immis-
cibi lity-temperature values marked "full tube" in
Fig. 9.17. The data show that the dip in the
curves at higher acidities is reduced but not com
pletely removed by eliminating the vapor phase.

An interesting observation, made during the
course of the volume-filling experiments, was that
a solution containing 0.04 m U02S04, 0.02 m
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Fig. 9.20. Variation of Immiscibility Temperature

with Volume Per Cent of Liquid in Sample Container.

H2S04, and 0.06 m HN03 ("full tube" immisci
bility temperature = 352.6°C) did not show a phase
separation at temperatures up to 360°C, the maxi
mum temperature to which it was heated, in a tube
that was completely full at 351.5°C. This indi
cates that the immiscibility temperature may be
raised significantly by the application of high
pressures.

From the standpoint of possible application to
homogeneous reactors, the data obtained indicate
that there is some advantage in using mixed
nitrate-sulfate anions in uranyl solutions, as
compared to U02S04-H2S04-H20 solutions, for
the purpose of raising liquid-liquid-immiscibility
temperatures of aqueous homogeneous reactor
fuels. The theoretical significance of the data
is not clear at this time, but in this system an
interdependent relationship between acidity and
complexing of the uranyl ion seems to be indicated.

SOLID-LIQUID EQUILIBRIA IN THE SYSTEMS

U03-N205-H20, 25 TO 350°C, AND
U03-CuO-NiO-N205-H20, 300°C

The System U03-N205-H20

During the past year two memoranda were written
to emphasize potential advantages of nitrate-
compared to sulfate-based aqueous fuel sys
tems. ' Briefly, these pointed to absence of a
liquid-liquid-immiscibility region, oxides instead
of salts as the stable solid phases, possible low

or no radiolytic production of free N2 gas, pos
sible corrosion benefits, and potential economies
in fuel processing. It was recalled that earlier
experimental investigations at high temperatures
had been undertaken on concentrated nitrate solu

tions and that these current phase studies were
the first to be undertaken in the low-concentration

range. With these facts in mind, the system U03-
N205-H20 was investigated from 25 to 350°C.
Details concerning past data and experimental
procedure were presented in past HRP quarterly
reports. In addition to an insight into the
over-all phase behavior of uranyl nitrate solu
tions for use as homogeneous reactor fuels, precise
and accurate measurements were obtained to glean
further information on the general behavior of
hexavalent uranium salts at elevated temperature
in aqueous media. Information of this general
type can be applied to the further understanding
of the behavior of sulfate systems.

The best experimental data to date are shown in
Fig. 9.21. The solubility curves are extended
down to 5 x 10 m total N03- and up to 5 m
total N03-. The apparent reversal of curvature
in the 10- to 10 m N03- range at high tem
perature may be real, as evidenced by repeated
agreement of data and by the reverse slope
at 25°C. In fact, as the N03- concentration
approaches zero, the saturation mole ratio,
U03/N03-, must approach infinity, since there is
a finite solubility of U03 in pure H20.

The data from 10 and 10~ m NO,- were ob

tained by a new method. When the pH values at
25°C for pure HN03-H20 solutions and for several
HN03-H20 solutions containing dissolved U03
were plotted against the logarithm of the calcu
lated "free" acid concentration, [total otno _] -
2 TOjjq .j^q . , for each solution, then all values
fell approximately on the same curve (Fig. 9.22).
Therefore, the pH at 25°C of an experimental
sample, saturated at high temperature with U03,
was measured; reference to the curve of Fig. 9.22
gave the "free acid" concentration required for
this pH. Uranium was analyzed by the controlled-
potential coulometric-titration method. From
these two values the mole ratio, U03/N03-, was
obtained at very low concentration, where the

UW. D. Shults and P. F. Thomason, Anal. Chem. 31,
492 (1959).
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direct titration of HN03 is very difficult due to
the low concentration of HN03 and the small
volume of the sample (5 ml).

The solubility data obtained to date give further
evidence of the thermal phase stability of the
nitrate system. There is, however, some un
certainty concerning N02-HN03-N205 equilibria
in the vapor and liquid phases and the effect of
oxygen overpressure on this system.

The System U03-CuO-NiO-N205-H20 and Its
Relation to Homogeneous Reactors

The encouraging results of the preliminary in
vestigation of the system U03-N20c-H20 sup
ported further consideration of nitrate-based
homogeneous reactor fuels ' in order to learn
whether stability difficulties might arise with
fuels containing copper and nickel in addition to
uranium. In particular, it was considered im
portant to establish the general nature of the
solid phases and to ascertain whether there would
be any regions of composition showing very low
solubility of the metallic-oxide components.

The preliminary experimental approach was the
same as that used for the over-all study of solid-
liquid equilibrium in the multicomponent sulfate
system. Briefly, excess amounts of particular
solids were added to HN03-H20 solutions of 0.02,
0.06, 0.2, and 0.6 m HN03 in pressure vessels.
The solution-solid mixtures were equilibrated
successively at 200 and 300°C; at each tempera
ture liquid samples were withdrawn for analysis.

After a run the vessels were cooled rapidly to
low temperature, and the solids were removed and
submitted for x-ray diffraction analysis. The
starting compositions were so chosen as to give
the maximum permissible number of solid phases
at constant temperature, saturation pressure, and

variable N205 concentration, thus producing
ternary, binary, and monary curves for the five-com
ponent system and its included four- and three-
component systems as a function of N20s con
centration.

The results showed no apparent significant de
creases in solubility in the region from 0.02 to
0.6 m total N03-. From these preliminary data,
compositions having mole ratios, (U03 + CuO +
NiO)/N03-, of less than 0.3 to 0.4 appear to be
phase-stable at 300°C for this system. The solid
phases identified were all oxides, such as CuO,
NiO, and U03-?zH20, as had been expected for the
nitrate system. One unidentified oxide, presumably
a double oxide of nickel and uranium, was found.
The oxide, CuO-3U02, found in the analogous
sulfate system,8 was also identified. Based on
this preliminary evaluation, the system U03-CuO-
NiO-N2Os-H20 appears to present no thermal-
phase-stabi lity problem in the concentration ranges
of specific homogeneous reactor interest at least
to 300°C. It is anticipated that the analogous
D20 system will show no marked deviation in
behavior from the H20 system.

INVESTIGATION OF THORIUM-CONTAINING

NITRATE AND FLUORIDE SOLUTIONS FOR

BREEDER-BLANKET USE

Efforts to find a thorium-containing solution
suitable for a breeder-blanket operation at
300°C were unsuccessful. Solutions containing
Th(N03)4, LiN03, and H20 in the mole ratios
6:71:23 and 7:62:31 were observed to precipitate
a solid phase at 290°C which did not redissolve
until the mixtures had cooled to 240°C. Solutions

containing Th(N03)4, Be(N03)2,and H20 in the
mole ratios 15:6:79, 8:15:77, 11:11:78 were ob
served to precipitate a solid phase at 290, 280,
and 280°C, respectively. The precipitated solids
either did not redissolve on cooling or redissolved
only when the temperature had dropped below
250°C. The addition of just enough water to dis
solve the latter two mixtures at room temperature
raised the precipitation temperature to 300 and
290°C, respectively, but the solids formed did



not redissolve above 250°C on cooling. Several
attempts to dissolve ThF4 in moderately con
centrated aqueous solutions of BeF2 at 300°C
were unsuccessful. All the work described above

was done by sealing mixtures into small-diameter
quartz tubes, agitating the tubes in an aluminum
block furnace, and observing visually while the
tubes were being heated and cooled.

LIQUID-SALT BATH FOR HIGH-TEMPERATURE

AQUEOUS STUDIES

In the synthetic method for the determination of
phase equilibria, known mixtures of components
are placed in containers and are heated or cooled.
The temperature at which a phase transition oc
curs is noted by some means; this defines a
saturation limit for the particular synthetic mix
ture. The usual procedure for aqueous systems
at high temperature involves sealing a known
mixture in a glass tube and visually observing
the phase-transition temperature. The semi-
micro equipment used for this purpose at ORNL
consisted of cylindrical aluminum blocks heated

with spiral-wound resistance wire and containing
slits for observation. A Vibro-Tool was used for
vibrating the glass tube, thus mixing the solu
tion, and a short-range telescope was used for

2'c C ASee papers ot A.
others.

W. C. Menzies, A. Benrath, and

PERIOD ENDING JANUARY 31, 1960

observing phase transitions. Later, stirred
liquid salt baths in glass containers were used in
order to minimize the effects of temperature gradi
ents. These baths, however, constituted a
potential hazard since, upon the explosion of a
tube, liquid salt was sprayed up and out of the
bath and, usually, the all-glass container would
break.

In order to remedy these difficulties metal units
were developed to contain the liquid salt, and
these are now in use. Figure 9.23 shows such a
unit. The container units have heavy-duty glass
windows on the back and front faces. The top
is covered with a metal plate and the whole unit
is placed in a wooden box with front and back
windows. A light is placed behind the back
window and a small telescope is used for observa
tion of phase transitions. A constant amount of
heat is supplied by a hot plate beneath the unit
and a variable amount is furnished byanlnconel-
covered Calrod loop heater immersed in the bath
and controlled by a variable transformer. The
capillary tubes containing the compositions being
tested are agitated periodically, while they are
heated or cooled in the bath, by means of a Vibro-
Tool controlled by an interval timer. This
equipment was used for the determination of liquid-
liquid-immiscibility boundaries by the synthetic
method for the systems U03-S03-N2Os-H20, U03-
CuO-NiO-S03-D20, and U03-S03-H20 discussed
in this chapter.

22W. L. Marshall, H. W. Wright, and C. H. Secoy, /.
Chem. Educ. 31, 34 (1954).
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10. REACTIONS IN AQUEOUS SOLUTIONS

RECOMBINATION OF HYDROGEN AND OXYGEN

Disposal of the 2:1 mixture of hydrogen (or
deuterium) and oxygen created by the radiolytic
decomposition of water in fissioning aqueous
solutions presents a substantial technical and
engineering problem in connection with the de
velopment of aqueous homogeneous reactors.

The fact that dissolved hydrogen (or deuterium)
and oxygen will react smoothly at elevated temper
atures to form water if a suitable catalyst is
present in solution makes recombination of the
radiolytic gases in situ possible.

Elucidation of the kinetics and mechanisms of

recombination catalysis is therefore of both
practical and fundamental significance.

Cupric Ion as a Homogeneous Catalyst in Nitrate
Solutions

M.J.Kelly H.H.Stone
M. D. Silverman

The system U03-HN03-H20(D20) has been
suggested as an alternate fuel for homogeneous
reactor operations.

Since dissolved cupric sulfate has proved ex
tremely successful in suppressing gas evolution in
the sulfate system used in HRE-2 under actual
reactor operations, a series of experiments was
carried out to determine the effectiveness of cupric
nitrate as a recombination catalyst in the proposed
nitrate system.

Light-Water-Hydrogen System. - For this system
k was determined by the technique described by
Peters and Halpern2 using Cr207~~ as the oxidant
instead of oxygen gas,3 since the two methods
had been shown to give the same value for the
rate constant and since the results, at constant
hydrogen pressure, would be useful for other
studies.

The stoichiometry of the reaction is considered
to be

Cr207" +3H2 +8H +- 2Cr ++ 7H00

'W. L. Marshall, Consideration of UO2(NOyl2-HNOy
H20(D20) as a High Temperature Homogeneous Reactor
Fuel, ORNL CF-59-6-100 (May 26, 1959).

2E. Peters and J. Halpern, ;. Phys. Chem. 59, 793
(1955).

3H. F. McDuffie et al., J. Phys. Chem. 62, 1030 (1958).

and the rate expression for the consumption of
hydrogen is

rate=V [Cu++] [H, ] [0 1° .
Cu £ X

The disappearance of the Cr207~~ with time
was followed with a spectrophotometer using
samples drawn from the reaction vessel. The
hydrogen pressure within the reaction vessel was
maintained constant and, therefore, the hydrogen
concentration in the liquid phase remained
constant as did the Cu concentration. Therefore,
at any two times t. and t2 will be

3|[Cr207—1, - tCr207_-]2!

[Cu++][H,](r, -*.)
Cu

The 3 appears in the numerator because of the
stoichiometry of the reaction. The values for the
concentration of H2 in solution were calculated
from values of its solubility in water at temper
atures as had been done previously (and are
subject to substantial recognized uncertainties).
The results obtained for this system are shown on
Fig. 10.1 and can be represented by the expression

k

Cu

-1 k,-l= (6.56 x 1014) e-27,000/RT Ijters.mole-Ur

Since some question might arise concerning the
use of an oxidant other than oxygen, several k-
values at various temperatures were determined for
simulated sulfate-based reactor fuel solutions
using dichromate as the oxidant. These values
were found to agree very well with values previ
ously determined by the hydrogen-oxygen recombi
nation method. These data are also plotted on
Fig. 10.1.

Figure 10.1 shows the activation energy to be
approximately the same for both sulfate and nitrate
systems. The catalytic effect of the cupric ion in
the nitrate system is not so great as it is in the
sulfate system. The value of k ++ in the sulfate

Cu

system is some 2.2 to 2.5 times greater than the
value at the same temperature in the nitrate system.

HeavyWater-Deuterium System. - Since the
moderating properties of heavy water are required
in the present breeder concept of homogeneous
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reactors, data on the deuterium-oxygen recombi
nation in heavy water with cupric ion as the
catalyst became desirable. A series of experiments
using D20 as the solvent and D2 as the reductant
was instituted. Initial experiments carried out,
using Cr207 as the oxidant as previously
described, resulted in anomalous results at high
temperatures, with the observed rate being both
slower than expected from data obtained in the
sulfate solutions in heavy water by McDuffie and
Stone and definitely not appearing as zero order
with respect to the concentration of oxidant.
Cursory investigation of these difficulties showed
that decomposition of the nitric acid in the D20
solutions formed soluble nitrogen oxides which
interfered with the spectrophotometric determination
of the Cr207 present in the solutions. This
decomposition, while of interest, was not studied
further, but the techniques described by McDuffie
et al. were used for the balance of the experi
mental work.

The catalyst was cupric ion and the system
0.03 mU02(N03)2, 0.08 mDN03 with D20 as the
solvent. Experiments were performed over a
temperature range of 200 to 300°C. The results
are shown in Fig. 10.2 compared with results ob-

io:
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tained by McDuffie and Stone in the sulfate system
by similar methods. It can be seen that the
activity of the copper was considerably lower in
the nitrate system, as had been observed in the
light-water system. The activation energy calcu
lated from this data is 26.0 kcal/mole. This

compares with 27.0 kcal/mole for the light-water
system. The apparent difference in temperature
coefficients between the nitrate and sulfate sys
tems, as shown in Fig. 10.2, may be due to in
sufficient experimental data for the sulfate system.
It is not inconceivable that the decomposition of
the nitrates at the higher temperatures results in
enough lowering of the acidity to cause the ap
parent increase in temperature coefficient in the
nitrate system.

In a homogeneous reactor with a total pressure of
2000 psia, including 100 psi of excess oxygen, the
maximum power densities which could be achieved
without radiolytic gas evolution with 0.02 Al
Cu(N03)2 as the catalyst were calculated to be
36 and 18 w/cc at 300 and 275°C respectively.

Rate of Oxidation of Dissolved

Hydrogen or Deuterium Catalyzed by
Cu(CI04)2 in Light and Heavy Water

H.H.Stone M.J.Kelly G.M.Watson
H. F. McDuffie

A mechanism for the homogeneous catalysis of
the oxidation of dissolved hydrogen by dissolved
cupric salts was proposed by Halpern as follows:

H2+Cu ++.

CuH+ + Cu'

2Cu+ - 2e

CuH+ + H+

•^ 2Cu+ + H+

rapid ++
-> 2Cu

oxidation

This mechanism was based on the interpretation
of the effects of changes in acidity and copper
concentration in the cupric perchlorate—perchloric
acid system at 110°C.

The interest of this Laboratory in the mechanism
of recombination reactions initiated a thorough

4H. F. McDuffie and H. H. Stone, HRP Quar. Prog.
Rep. Jan. 31, 1958, ORNL-2493, p 181-83.

J. Halpern, E. R. Macgregor, and E. Peters, J. Phys.
Chem. 60, 1455 (1956).

115



REACTOR CHEMISTRY PROGRESS REPORT

survey of this reaction to determine the mechanism
unequivocally if possible.

It was suggested by P. H. Emmett that this
mechanism would give rise to isotope exchange if
deuterium gas were used in connection with a
light-water solution of the catalyst; any D formed
in the first step would immediately exchange with
the H20 to form H which in the k . reaction
would regenerate HD instead of DD. If no isotope
exchange were observed, or if it were substantially
less than calculated, the adequacy of this mecha
nism would be challenged. For accurate calcu
lations of the expected amount of exchange, it is
necessary to have estimates of the rates of the
various component reactions. To entirely delineate
the conditions imposed by the postulated mecha
nism, the rates of reaction of hydrogen and deu
terium in light-water solutions with varying acidity,
and the rates of reaction of hydrogen and deuterium
in heavy-water solutions with varying acidities and
copper concentrations, as well as the solubility of
hydrogen and deuterium in these various solutions
at several temperatures must be known.

A program to obtain these data has been in
progress during the past year.

The reaction rate constants for the homogeneously
catalyzed activation of molecular hydrogen and
deuterium by cupric ion were determined at 100,
110, 120, 130, and 140°C for the following
systems:

20 atm H2, H20, 0.1 MCu(CI04)2, 0.01 and 1.0 Al HCI04

20 atm D2, H20, 0.1 Al Cu(CI04)2, 0.01 and 1.0 MHCI04

20 atm H2, DjO, 0.1 Al Cu(CI04)2, 0.01 and 1.0 Al DCI04

20 atm D2, D20, 0.1 Al Cu(CI04)2, 0.01 and 1.0 Al DCI04

These experimental data are presented in Figs. 10.3
and 10.4.

The rate constants are calculated on the basis of

r=£Cu[Cu][H2J

in order that the data may be internally consistent.
No interpretation of mechanism can be attempted
until the solubilities of hydrogen and deuterium
become available. The activation energy for each
system was calculated and found to be independent

H. F. McDuffie and H. H. Stone, HRP Guar. Prog.
Rep. Jan. 31, 1957, ORNL-2272, p 170-71. "
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of the choice of solute gas (hydrogen or deuterium)
or solvent (DjOorHjO). However, as the hydrogen
(or deuterium) ion concentration, that is, the
acidity, was increased from 0.01 to 1.0 Af the
energy of activation decreased from 27.0 + 0.5
to 24.0 ± 0.5 kcal/mole. The observed reaction

rate constants were lower at higher acidities for
each system. The reaction rate constants were
lower for D2 than for H, in similar systems.

The rate constants for the systems previously
mentioned, but with cupric perch lorate concen
trations of 0.190, 0.325, and 1.0 Af, were determined
to check the effect of variations of copper concen
tration. These data are plotted in Figs. 10.5 and
10.6. At the low acid concentration (0.01 Al) the
effect of copper is consistent with the rate equation
used for calculations. At high acid concentrations
variations appear as the copper concentration
changes. At high copper concentrations the rate
constant again becomes consistent with first-order
copper behavior. This same system was also in
vestigated at constant 0.1 Al copper perch lorate
with variations in acid concentration of 0.2575,
0.505, and 0.7525 Al. These data combined with
data from previous experiments at 0.01 and 1.0 Al
acid are plotted in Fig. 10.7. An increase in acid
concentration effectively lowers the observed rate
of reaction.

All the results reported here are based on the
assumption that the solubilities of H2 and D2 are
equal and do not change over the temperature range
studied. They are subject to correction when
solubility information for these solutions becomes
available. Experimental work is in progress to
determine these solubilities.

PEROXIDE STUDIES

The Concentration of Peroxide in Uranyl Sulfate
Solutions at Incipient Precipitation

L. 0. Gilpatrick M. J. Kelly
H. R. Jolley7 M. D. Silverman

G. M. Watson

The allowable power level of an aqueous homo
geneous reactor could be limited by the concen
tration of peroxide produced by fission fragments
acting on the solution; uranium peroxide, formed by
the reaction of peroxide with uranyl ion, has a

Summer participant from Loyola University of the
South.
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quite low solubility, and its precipitation in a
circulating homogeneous reactor system would
pose serious problems.

Precipitation of uranium peroxide from uranyl
sulfate solutions occurs when the concentration of
total peroxide exceeds an allowable equilibrium
peroxide concentration for saturation. This equi
librium concentration is a function of the environ
mental conditions. This investigation examined
the effects on the magnitude of the total peroxide
concentration at saturation resulting from changing
the concentrations of acid or uranium and altering
the temperature. The results of the experimental
observations were used in an attempt to arrive at a
self-consistent set of numerical parameters related
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to the equilibrium involving hydrogen peroxide,
uranium peroxide, uranyl ion, and hydrogen ion.

The chemical reactions in this system involve
some reversible processes, and some unidirectional
decomposition reactions, which are all intimately
related. While the mechanisms of the reactions in

this system are not completely understood, the
following set of equations is presented for purposes
of the discussion: *

U04(s) U04(«D (1)

UO, W) + 2H + U02 +H,0, (2)
'2W2

-2

H202 -» H20+ V202 (3)

U04 (d) > U03 (d) + \o2 (4)

U0,(rf) + 2H +-
fast

» U02++ +H20

The notations (s) and (d) signify solid or dissolved
species, and the symbols r^ and r_1 represent the
forward and reverse rates of the indicated process.
In the present discussion, solid uranium peroxide
existing under the experimental conditions is
denoted as U04 (s) without attempting to express
explicitly the number of molecules of water of
hydration involved and ignoring the question as to
whether the solid phase is U04«(H20)x or
U03.H202.(H20)x_1 (ref 10).

Equations (1) and (2) represent reversible
processes, while (3) and (4) show possible modes
of decomposition which are not necessarily unique;
they probably occur simultaneously and to a varying
degree, depending on the experimental conditions
of concentrations, catalysis, and temperature. The
modes of decomposition of peroxide, and the
interactions caused by (2), have a common factor -
the net production of uranyl ions and consumption
of acid. The changes in concentrations brought

M. D. Silverman, G. M. Watson, and H. F. McDuffie,
lnd. Eng. Chem. 48, 1238 (1956).

9G. M. Watson, M. D. Silverman, and H. F. McDuffie,
Anal. Chem. 28, 1107 (1956).

10C. Duval, Anal. Chim. Acta 3, 337 (1949).
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about by the decomposition reactions affect the
equilibrium processes, which, in turn, are sources
of reactants for the decomposition steps, etc.
Unfortunately, in this system, it is not possible to
isolate for purposes of study any one of the
reactions listed above, but the entire set of
reactions must be studied simultaneously. It is
obvious that this condition adds very substantially
to the complexity of the system, and, at least at the
beginning, the investigation must be carried out on
a phenomenological basis.

Simplification can be attained in the numerical
treatment of the system involving solid uranium
peroxide in contact with a solution of uranyl ions
if the reversible processes (1) and (2) can be made
to approach equilibrium through the proper choice
of experimental conditions; this can be achieved if
the rates r., r ., r2, and r_2 are considerably
greater than r_ and r. combined. Explicitly this is
equivalent to stating that steps (3) and (4) are
rate determining, or much slower than the initial
rate of solution r. of the solid phase, and that both
equilibria are mobile. If these conditions are
attained, a nearly saturated solution of uranium
peroxide will prevail in the system in spite of the
decomposition reactions. This, to a first approxi
mation, will fix the concentration of dissolved
uranium peroxide and effect considerable simplifi
cation in the numerical treatment. The total

concentration of H202 in solution can then be
stated in terms of the concentration of H and

U02 , the solubility of U04, and an equilibrium
quotient K (if it is assumed that for the prevailing
conditions K remains sensibly constant during the
measurements). If equilibrium conditions prevail,
the experimental measurements provide the basis
for arriving at an order of magnitude for the ratio
l)04(d)/Kc where U04U) is the solubility in moles
per liter of uranium peroxide.

Experimentally, two methods are suited for the
study of the system. The first method consists in
adding excess H202 to a solution of uranyl ion
of known acidity held in a stirred autoclave at
constant temperature and obtaining, through a filter,
serial samples of solution at definite times. The
filtrates are then analyzed for total uranium, total
peroxide, and changes in hydrogen ion concentra
tion. The uranium concentration is observed to go
through a minimum after the addition of H_02 and
then to increase with time until it returns approxi
mately to its original value. The total peroxide



gradually decreases with time, while the acidity
goes through a maximum and then returns gradually
to the neighborhood of its initial value. The ex
perimental data are values of concentrations in the
filtrates of total uranium, total peroxide, and total
acid, all of which are determined as functions of
time.

A plot of the logarithm of the total peroxide
concentration vs time reveals that a rather abrupt
change in the observed rate of the process takes
place at the same time that the total uranium
attains its final concentration in the experiment.
Since the rate of decomposition of peroxide in
unsaturated uranyl sulfate solutions is first order
with respect to total peroxide,8,9,11 it appears
logical to assume that the total peroxide concen
tration at the time when the discontinuity occurs in
both curves is the amount of peroxide remaining
when the last traces of solid phase dissolve.
Conversely, if equilibrium has prevailed through
out the experiment for processes (1) and (2), the
peroxide concentration thus determined should
approximate the peroxide concentration at the point
of incipient precipitation from conditions corre
sponding to those of the liquid phase present at the
observed point of discontinuity. As the concen
tration of uranium increases and the peroxide
decreases with time, a value is reached where the
two concentrations are equal. This point will be
later denoted as the "crossover" point.

The second experimental approach to the study
of this system is to release suddenly solid
uranium peroxide into a stirred solution held at a
constant temperature and to analyze serial filtrates
in the same manner as in the precipitation studies.
The concentration of total uranium increases

rapidly at first until it reaches the value of the
"crossover point of a simi lar precipitation study.
After the "crossover" point the experiments are
identical. The peroxide concentration is subject
to the same treatment previously described at the
point where the uranium attains its final concen
tration. This type of experimental approach gives
evidence that the rate of dissolution of solid

uranium peroxide is much faster than the rate of
decomposition for the experimental conditions used
and that the dissolution step is not rate deter
mining. Accordingly, the approach to equilibrium

L. 0. Gilpatrick and H. F. McDuffie, HRP Quar
Prog. Rep. April 30, 1958, ORNL-2561, p 313-16.
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is probably effective throughout the experiment.
The sudden decrease in rate of appearance of
uranium in solution can be interpreted as attain
ment of equilibrium in steps (1) and (2).

In order to show that the equilibrium of Eq. (2)
is approached under experimental conditions, it is
necessary that the rate of solution of solid U04 be
fast compared with any decomposition process.
Figure 10.8 shows the rate of solution when solid
U04 is added to an acid solution in a rapidly
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/TOTAL URANIUM

| Peroxide points lost due to
experimental difficulties.

Intercept assumed.

UO4capsule exploded
at zero time.

RUN NO. 37

1 I 1 I
12 16

TIME (min)

20 24 28

Fig. 10.8. Rate of Solution of Solid U04 in Acid
Solution.

stirred autoclave; the rate of increase in the
uranium concentration in solution is extremely
rapid initially. This rate then decreases, probably
controlled by one or more of the possible decompo
sition processes previously discussed. Since the
rate of solution is much greater than the decompo
sition rate, it is probable that equilibrium is

attained if r2 and r_, are fast compared with the
decomposition rate. To investigate the reverse
rate of the equilibrium, H is added to solution
saturated with U04(a'). |f \J04(d) remains constant
the addition of H to the solution will cause an

equilibrium shift to the right in (2) with an equiva
lent gain in both U02 and H202. Figure 10.9
shows the results of such an experiment; it is seen
that the equilibrium shift was quite rapid and
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Fig. 10.9. Equilibration Shift upon Acid Addition,

++ r-
H202 -i U02 —

2 +-=—>• U04 + 2H .

indicates a large value for r2. Figure 10.10 shows
the experimental results when UO, is added to
shift the equilibrium to the left. Equilibrium is
again established quickly, indicating that it is
extremely mobile.

From this experimental evidence it seems likely
that the system is indeed near equilibrium and that
for our calculations we may assume

+ 12U04[H +]
at constant T . (5)

:uo. I[H,02W2

The general pattern of a typical experiment is
shown in Fig. 10.11. Excess H202 was added to
the solution and samples were withdrawn at times
indicated on the graph. Total peroxide and total
uranium concentrations were determined until all

the uranium again appeared in solution as uranyl
ion. The rate of peroxide disappearance in the
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Total Uranium vs Time in a Typical Experiment.



presence of U04 (s) is slower than its rate of dis
appearance in the unsaturated solution. This
discontinuity may be located graphically and taken
as the point of peroxide saturation. Experimental ly,
however, it is somewhat easier to determine the
time at which the uranium concentration ceases to

increase in solution; the concentration of peroxide
at this time is the total peroxide at saturation.
Experiments similar to that shown in Fig. 10.11
were carried out at several temperatures. The
experimental data have been reported elsewhere.

In order to treat the data numerically, it was
assumed that equilibrium existed. As the activities
of the ionic species were unknown under experi
mental conditions, stoichiometric concentrations
were used for calculation.

Since

P(sa,Uration)=U04(^) + [H202] ,

[H202] =
U04(*0 [H +]2

[uo2++]

th«

uo4(«o [H+]2
(s atu ration ) = U0.(^) +

[U02++]
, (6)

where [H ] and [U02 +] concentrations are
measured parameters for a given solution. The
solubility of uranium peroxide was unknown in the
experimental solutions. Experiments showed it was
about 1 x 10 M in a solution of uranyl sulfate
with no excess acid at 78°C. The same magnitude
was assumed in the calculations.

The value of the ratio \JO.(d)/K was calcu
lated from the experimental data and the equilibrium
expression.12 An average value of 3.6 x 10"2 was
obtained for the ratio UO, (d)/Kc over the range
investigated, including changes in uranium concen
tration from 0.03 to 0.07 M, in stoichiometric H
from 0.025 to 0.10 M, and in temperature from 79 to
114°C. The calculated values of P

agreed satisfactorily with those observed
(s atu rated)

12 L. 0. Gilpatrick et al., The Concentration of Per
oxide in Uranyl Sulfate Solutions at Incipient Precipita
tion, ORNL CF-59-10-12 (Oct. 22, 1959).
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The results of the present investigation can be
represented by the following relation:

^soturotion)-!1'̂ 360-^-) ^"^ i?)1 [U02++J,
as a function of the stoichiometric acid concen

tration.

An equation to calculate the maximum power
density (W ) of a homogeneous reactor allowable
before precipitation of uranium peroxide occurs is
given elsewhere. If Eq. (7) is introduced into
this expression and a value of Gu of 1.6 is used,

2
the maximum power density is given by

[H +] 2
W_ = | 1.05 + 378 1 k b , (8)

[U02++]

where W is given in watts per cm and k , is
the observed first-order rate constant8,9,11 of the
decomposition of peroxide expressed in min .

The most obvious limitation of Eq. (7) is the
assumption that the ratio (U04)/Kc is independent
of temperature. Within the narrow temperature range
investigated this ratio appears to be independent
of temperature within experimental variations.

Peroxide Decomposition in Homogeneous
Reactor Fuels — Nitrate System

M. D. Silverman G. M. Watson M. J. Kelly

Reconsideration of an aqueous reactor fuel based
on the nitrate ion as the anion has been suggested
by Marshall.14

The power level at which this fuel can be used
will be limited at low temperatures by the concen
tration of peroxide produced by fission fragments
acting on the solution and the rate of decomposition
of the peroxide in the aqueous solution. The rate
of formation of peroxide in the reactor is dependent
on the power density. However, the rate of
decomposition is known to depend on several
factors - for example, temperature, acid concen
tration, and the concentration of metal ions which

13J. A. Lane, H. G. MacPherson, and F. Maslan,
Fluid Fuel Reactors, Addison-Wesley, Reading, Mass.,
1958.

14W. L. Marshall, Consideration of U02(NO,)2-HNOy
H20(D20) as a High Temperature Homogeneous Reactor
Fuel, ORNL CF-59-6-100 (May 26, 1959).
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act as catalysts. Kinetic studies of the effects of
these factors on the decomposition process have
been made in uranyl sulfate solutions by Silverman
et al. and Gilpatrick. The present work
represents a similar study of those factors found
to affect the rate of peroxide decomposition in
reactor fuel solutions based on the nitrate anion.

The rate of disappearance of the peroxide was
observed to be first order with respect to peroxide
in all the experiments. This rate was followed by
withdrawing samples from the reaction volume and
determining the remaining peroxide by the method
described by Silverman.

Figure 10.12 shows the effect of temperature on
the rate of decomposition of the peroxide. The
most significant observations are that the addition
of acid decreases the rate at constant temperature
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Fig. 10.12. Effect of Temperature on the Rate of De

composition of Peroxide (Nitrate System).
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but does not change the temperature dependence,
and the addition of a small amount of iron to the

solution increases the rate markedly but this
addition also does not appear to influence the
temperature dependence as indicated by the slope
of the curve. The calculated energy of activation
is 25 kcal/mole, which is in agreement with results
in the sulfate system. ' The energy of activation
appears independent of solvent as shown by the
parallel curves in Fig. 10.12.

The effect of acid on the rate of decomposition
is plotted in Fig. 10.13. The acid variation has an
inverse effect on the rate over the range studied.
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Fig. 10.13. The Effect of Acid Concentration on the

Rate of Peroxide Decomposition (Nitrate System).

An increase of 0.02 to 0.2 m in acid resulted in a

tenfold decrease in the rate of decomposition. The
data at both high and low acid concentrations must
be checked and extended before valid conclusions

may be drawn.
Preliminary data are available on the effect of

adding iron, copper, chromium, and nickel to the
solution in the form of dissolved salts. The iron

acts as a very effective homogeneous catalyst as
shown in Fig. 10.14. The rate of decomposition is
found to increase a factor of 20 for each ppm of
iron in solution.

The presentation of data in this form, eliminating
temperature as a variable, is possible since the
temperature dependence is the same for all the
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Fig. 10.14. The Effect of Iron on the Decomposition

of Peroxide.

processes; that is, for a given catalyst concen
tration, the observed k is given as a function of
temperature by the Arrhenius equation

kQ = ^0 e'
• E/RT

At any catalyst concentration, the rate constant is
similarly expressed by

• E/RT
A e-

cat

where the constant E is the same in both equations.
At any fixed temperature, therefore,

A^cat "" k0 •cat - ^0

and the catalyst concentration effect may be
expressed as being independent of temperature if
k. is known.

The effects of copper, nickel, and chromium have
been determined in a preliminary survey and found
to be very small in comparison with iron. All three
ions catalyze the system some one-thousandth as
effectively as iron. Further experiments will be
made to determine how nearly alike these ions are
in total effect.

As has been shown in the sulfate system, the
addition of copper to an iron-containing solution
enhances the observed catalysis. The addition of
a large excess of copper to a fixed iron concen
tration does not cause this enhancement to increase

without limit, but rather a saturation effect is
observed at some iron-copper ratio. Further studies
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of this phenomenon may result in a better under
standing of the basic mechanism involved.

Uranium Peroxide Precipitation and
Structure

L. 0. Gilpatrick H. F. McDuffie

Questions concerning the composition and struc
ture of uranium peroxide were raised when approxi
mately 6 g of lemon-yellow solid was recovered
from the fuel system of the North Carolina State
Reactor following a gradual loss of reactivity. 5
A disagreement was brought to light when the
x-ray diffraction pattern of this material was
independently compared with reference patterns
for U04«2H20 in the files of two Laboratory
Divisions; the two reference patterns were found to
be different. This situation was resolved by the
discovery that two different crystalline forms of
uranium peroxide can be prepared by precipitation
from the same aqueous solutions, with the
occurrence of either form dependent primarily on
the temperature of the precipitation.

Repeated laboratory precipitations in which 1 M
hydrogen peroxide was added to 0.04 M uranyl
sulfate solutions with stirring established that a
low-temperature form was consistently produced
below 63.5°C, while a high-temperature form was
invariably produced above 64.5°C, with a mixture
of both being obtained in the 63.5 to 64.5°C
interval. Figure 10.15 illustrates the effect of
precipitation temperature on the x-ray diffraction
pattern and shows the actual x-ray data obtained.

The low-temperature form appears to be non-
hygroscopic and relatively stable in air at room
temperature. Ignition to U30g established the
composition of the air-dried low-temperature form

Letter from M. T. Kelley to H. A. Lamonds, April 3,
1959, reporting analytical results on samples received
Feb. 18, 1959.

Reference pattern in Analytical Chemistry Division

taken from H. W. Dunn, X-Ray Diffraction Data for Some

Uranium Compounds, ORNL-2092 (Aug. 2, 1956). This

report incorrectly attributes the formula UO.-2H20 to a
pattern corresponding to the tetrahydrate. Reference

pattern in Chemistry Division courtesy of R. D. Ellison

based on material prepared in 1952 by H. W. Wright and

identified as U04-2H20.

The x-ray diffraction patterns were obtained through
the cooperation of R. E. Thoma and his group.
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Fig. 10.15. Effect of Preparation Temperature upon

Crystal Structure of Uranium Peroxide.

as corresponding very closely to U04 '4H20; when
the sample was exposed to a mild dessicant,
sulfuric acid of density 1.50 at 24.5°C for 36 hr in
a vacuum dessicator, exhausted initially to the
onset of boiling in the acid, the loss of weight was
0.5% (from 0.4% over that calculated for the
tetrahydrate to 0.1% under the calculated weight).
However, when exposed to magnesium perch lorate
overnight in an initially evacuated (25 p.) desic
cator, the material was converted into the high-
temperature form and lost weight equivalent to two
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molecules of water. When heated at 50°C in the

air for 1 hr the low-temperature form lost 80% of the
two molecules of water which are easily removed;
the loss of weight to the dihydrate was complete
after 18 hr at 50 to 45°C. An unexpected stability
of the tetrahydrate was noted when an attempt was
made to convert it to the dihydrate by stirring in an
aqueous solution of hydrogen peroxide at 70°C
(above the temperature at which tetrahydrate is
formed on precipitation). Stirring for 5 hr failed to
convert the x-ray pattern from that of the tetra
hydrate to that of the dihydrate.

The high-temperature form appears to be quite
stable in the air even to temperatures as high as
90°C, at which it may be held overnight without
weight change. Upon ignition to U308 the loss in
weight corresponds to an original formula of
U04.2H20.

Attempts have been made to convert the dihydrate
into the tetrahydrate by stirring an aqueous slurry
of the dihydrate for extended periods of time at
various temperatures. Dihydrate, which has been
prepared by dehydration of the tetrahydrate over
magnesium perch lorate in a vacuum desiccator, was
stirred for 20 hr in distilled water at room temper
ature; x-ray diffraction did not reveal any reversion
of the dihydrate to the tetrahydrate.

In agreement with the literature discussed be
low, the dihydrate was decomposed partially by
heating at 150"C for 20 hr in air; the loss of
weight corresponded to that required for a final
formula of U20,, and subsequent heating at 150°C
for an additional 50 hr failed to produce further
decomposition. The material was orange and
liberated gas (oxygen) on contact with water as
expected. Its x-ray diffraction pattern was so
indistinct as to make it impossible to assert that
the material is crystalline.

The literature concerning the chemistry of the
oxides and hydrated oxides of uranium has been
summarized and reviewed by Katz and Rabino-
witch. 8 Apparently U04 has never been produced
in an anhydrous form. Hydrates containing from

about four and one-half molecules of water"

down to 1.5 molecules of water, with many inter
mediate values, have been reported by various
investigators, but our information is quite con
sistent with that of the earliest investigator,

18 J. J. Katz and E. I. Rabinowitch, Natl. Nuclear En
ergy Ser. Dtv. VII 5, 244-330 (1951).



Fairley, who in 1877 reported that the air-dried
form of uranium peroxide corresponded to the
tetrahydrate but the material dried at 100°C cor
responded to the dihydrate formula. No hydrates
other than these appear to have been characterized
sufficiently to merit serious consideration. Vari
ous project reports cited by Katz and Rabinowitch,
and a recent paper by Boggs and El-Chehabi,
have established the thermal decomposition of the
dihydrate to a material of the formula UjO,. This
was also confirmed by our work.

Thus the tetrahydrate and the dihydrate of ura
nium peroxide have now been differentiated and
characterized in the same laboratory on the basis
of temperature of preparation, x-ray diffraction
pattern, gravimetric analysis upon heating at
various temperatures, and conversion of the tetra
hydrate into the dihydrate by a number of proce
dures. The material originally recovered from the
North Carolina State Reactor was the tetrahydrate;
subsequent storage in a desiccator for "safety"
while the various tests were performed had con
verted it into dihydrate. The preparation and re
actions of uranium peroxide compounds are being
studied further in connection with its occurrence

and decomposition in homogeneous reactor fuel
solutions at elevated temperatures.

THE USE OF CATION EXCHANGE RESINS IN

THE DETERMINATION OF FREE ACID

L. 0. Gilpatrick H. F. McDuffie

A simple ion exchange method was developed for
the determination of free acid in aqueous homo
geneous reactor fuel solutions which contain
easily hydrolyzable cations such as Cu and
U02 . These ions, which interfere with the titra
tion of the free acid to a neutral end point, are,
in the new method, adsorbed on a cation exchange
resin and replaced with Li from the resin. The
eluate solution, containing free acid (H2S0.) and
neutral salt (LijSOJ, may be titrated to a neutral
end point by conventional methods without com
plications due to hydrolysis.

The objective of accurate and precise determina
tion of the free acid content of reactor fuel solu

tions had previously been only approached. Two
general procedures had been used: in one, a
complexing agent, such as potassium oxalate, was
added to prevent hydrolysis of the interfering

19

20

T. Fairley, J. Chem. Soc. 31, 127-33 (1877).
J. E. Boggs and M. El-Chehabi, /. Am. Chem. Soc.

79, 4258-60 (1957).
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ions, while in the other, the interfering ions
were physically separated from the solution by
precipitation, as illustrated by the use of potas
sium ferrocyanide with uranyl solutions. The
present approach is similar to the second of these
methods in that a physical separation of the inter
fering ions from the bulk of the solution is
achieved — by deposition of them on the ion ex
change resin. The method possesses additional
advantages in that the analytical technique is
simple and adaptable for remote operation, much
of the radioactivity of the original solution is re
tained on the column, and a wide variety of inter
fering ions can be removed in one step.

An outline of the technique as applied to solu
tions containing U02S04, CuS04, and H2S04 is
as follows:

The ion exchange column is loaded with a cation
exchange resin initially in the lithium form or con
verted to that form after loading. The test solu
tion is then passed through the column; Cu ,
U02 ++, and H+ are deposited at the top of the
column and replaced with Li ions. Elution of the
column with dilute Li2S04 solution displaces the
H+ ions but not the divalent ions. The combined
eluates, containing H2S04 and Li2S04, are titrated
by any convenient method to a neutral end point.

The results of several experiments are shown in
Table 10.1 and a typical elution curve is seen in
Fig. 10.16, illustrating the sharp separation which
it is possible to obtain. When attempts were made
to utilize resin columns in the potassium form with
K2S04 as the eluting solute the separation was
not nearly so sharp between the H and the hydro
lyzable cations as when lithium was used; uranyl
ions did appear in the eluate before all the H had
been displaced from the column. This behavior is,
of course, consistent with the qualitative sequence
of affinities of these ions for the resin.

This method of analysis has been successfully
applied to the determination of free acid in HRE-2
fuel solutions. It appears to merit wider use
fulness as a general method for the determination
of free acid in solutions containing ions which
interfere with conventional methods.

21 ORNL Master Analytical Manual, Procedure No.
9-012205 (Feb. 17, 1953).

22

23r

Ibid., No. 9-05500 (July 1, 1953).

F. J. Miller, Evaluation of the Free Acid Determina
tion in Uranyl Sulfate Solutions by the Dowex-50 Resin
Separation Procedure, ORNL CF-59-10-112 (Oct. 27,
1959).
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Table 10.1. Free-Acid Determination in Reactor Fuel Solutions by Ion Exchange

Experiment

No.

9

10

11

13

16

17

24*

25

Solution*

*Test solution composition:

Eluant Rate
Volume of 0.02 Al NaOH (ml)

(Al Li2SO.) (ml-cm -min ) Calculated Observed

0.035

0.035

0.050

0.035

0.050

0.050

0.050

0.050

0.050

5.3

7.5

6.3

6.7

6.7

4.3

4.2

1.0

3.2

24.5 24.8"^

24.5 24.4

24.5 24.7

24.5 24.2

24.5 24.0.,

40.0 40.1 )

40.0 39.8 j

24.5 24.2 '

24.5 24.9

ol ut ion uo2so4 CuS04 NiS04 Li2S04 H2S04

a (38) 0.025 Al 0.0125 M 0.003 M 0.0245 M

b (42) 0.025 Al 0.0175 M 0.003 Al 0.100 Al 0.100 Al

0.3

0.2

0.5

Column: Glass, 1-cm dia, 7-cm length of bed.

Resin: 5 ml Dowex 50, X8 cross linkage, 50-100 mesh.

Sample: Diluted to -0.1 N acid and =0.5 meq total cations. Flow rate =1 ml/min.

Eluant: 200 ml X0.035-0.05 A1 Li2S04 (pH 7.1). Flow rate, =5 ml-cm^-min" '.
**Later work shows Dowex 50W, 100-200 mesh, to be more convenient since colored ions can be seen visually on

the Iighter resin.
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CONDITIONS:

Solution volume (10 ml),
0.025 M U02S04
0.0125 ZtfCuS04
0.003 /tf NiS04
0.200/WLi2S04
0.100 M H2S04

Resin column , Dowex 50
50-100 mesh

6 ml in 10 mm I.D.

Rate, 4.2 ml/cm2/min

ml BASE

END
POINT

39.80 ml

/ Theory \
140.00 mU

33 COLUMN VOLUMES

NOTE:

Diluted sample 4 to 1
prior to placing on column.

A ml BASE

i i/rr i l j 1 1 ^y.-mwa- _i 1—XJ-

100 200 300

ELUTRIANT (Q.05M Li2S04 ), ml

Fig. 10.16. Resin Separation for Free Acid.
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11. THERMODYNAMIC STUDIES IN AQUEOUS SYSTEMS

A HIGH-TEMPERATURE EMF CELL FOR

ACIDITY MEASUREMENTS;

THE HYDROLYSIS OF URANIUM(VI) AT 94°C

C. F. Baes, Jr.

During the past year an experimental program
was initiated to measure acidity in aqueous solu
tions at elevated temperatures. The primary ob
jectives are to investigate the hydrolysis of
uranium(VI) and sulfate ion. Subsequently, investi
gation of the hydrolysis and complexing of other
metal ions of interest may be included.

The general procedure adopted has already been
applied widely in such studies at ordinary temper
atures. It consists of potentiometric titrations
using hydrogen-ion-responding electrodes in con
centration cells with transference. A relatively
high and nearly constant ionic strength is maintained
in both half cells, primarily to reduce the variation
of activity coefficients. In the absence of a salt
bridge, this also serves to minimize the liquid
junction potential. The cell presently being used
is

glass

electrode solution A 11 solution B
glass
electrode

in which silver—silver chloride internal electrodes

are used in each glass electrode. The acidity of
the solution being measured (A) is compared to
that of a solution (B) containing a known concen
tration of a strong acid. With proper control of
ionic strength and composition, and with control
titrations in which the acidities of both solutions

A and B are known, it is possible to relate fairly
reliably the measured emf of such a cell to the
acid concentration ratio of its two half cells.

To the author's knowledge, this is the first use
of a cell containing only glass electrodes. Such
an arrangement has the obvious advantage that
the solutions measured are in contact only with
the relatively inert glass electrodes and the con
taining vessel. It is thus relatively free of chemi
cal interferences often encountered in high-
temperature emf studies due to the increased

For example: S. Ahrland, Acta Chem. Scand. 3, 374
(1949) and 5, 1151 (1951); E. Eichler and S. Rabideau,
/. Am. Chem. Soc. 77, 5501 (1955).
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solubility of electrode materials and/or the
increased importance of unwanted electrode re
actions.

As with all cells involving glass electrodes, the
resulting high electrical resistance requires the
use of a sensitive potentiometer circuit, careful
insulation, and shielding for precise emf measure
ments. It has been found that precision emf
measurements are possible in the present case
using a vibrating-reed electrometer arrangement
described by Kraus, Holmberg, and Borkowski2
for use with a glass electrode-low-resistance
reference electrode combination. The presence of
two high-resistance electrodes requires merely that
the cell be well insulated from ground.

A cell designed for potentiometric titrations has
been constructed, and measurements of the hydrol
ysis of uranium(VI) at 94°C have been made. The
precision of emf measurement is of the order of

0.1 mv. The upper temperature limit of the cell
has not yet been determined, but promising pre
liminary measurements have been made at 150°C.

The Cell. - Figure 11.1 shows the cell arrange
ment. The titration vessel C is of Teflon, con
taining a Teflon-encased stirring magnet A/I. It
fits snugly into a pressure bomb, directly beneath
which is an air-cooled magnetic stirrer unit. The
reference solution B is contained in a quartz tube
T with a sealed-in, fine-porosity quartz frit F to
provide the liquid junction. The glass electrodes
G (Beckman general purpose glass electrode
bodies) contain excess silver chloride to assure
saturation of the dilute HCI internal solutions at

elevated temperatures. The quartz tube, the
electrodes, and the main body of the cell are all
fitted with Teflon covers, vented so that gas
pressure equilization is obtained throughout. An
overpressure of inert gas is maintained to minimize
diffusion of water vapor from the cell. A Teflon
thermocouple well (not shown) is also provided.
It receives a thermocouple encased in a steel
pressure tube carried by the bomb head. The
platinum supporting wires of the silver-silver
chloride electrodes are connected to platinum lead
wires in the bomb head by platinum sleeves. These

K. A. Kraus, R. W. Holmberg, and C. J. Borkowski,
Anal. Chem. 22, 341 (1959).
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Fig. 11.1. High-Temperature Glass Electrode Cell.

lead wires are insulated from the bomb head by
Teflon sealing cones and Teflon spaghetti. They
terminate in external coaxial connectors. The

titrating solution is delivered from a High Pressure
Equipment Company "pressure generator," a
screw-driven piston-cylinder combination of stain
less steel with Teflon packing. The solution is
carried to the cell by a connecting titanium capillary
tube which passes through the bomb head. The
bomb fits snugly into an aluminum furnace liner

PERIOD ENDING JANUARY 37, 7960

which carries the temperature control thermocouple
and also is provided with grooves through which
the titanium capillary is passed in order to preheat
the titrating solution. The liner fits into the tube
of a vertically mounted Marshall furnace. Temper
ature control of the furnace (±0.1°C) is obtained
with a Leeds and Northrup series 60 DAT con
troller.

Uranium(YI) Hydrolysis. - In these initial meas
urements, all solutions were made half molal in
nitrate by the addition of KNO . The nitrate
system was chosen rather than perchlorate, pri
marily because of the information available for
that system due to the work of Marshall et al. on
the solubility of UO, at elevated temperatures.

A control titration was carried out at 93.6°C in

which solution B was 0.02 ttz in HNO and solution

A was varied from 0 to 0.02 772 in HNO . The emf

values obtained, when corrected for a uniform slow
potential drift (ca. 1 mv/hr) which was observed,
were related to the known acidities, [H ]. and
[H +]B, of the two half cells by the expected
Nernst equation

[H+]/
E = E - 72.8 log

8 [H+]
B

(1)

within ±1 mv in the range 0.004 to 0.01 m HNOg.
In the above equation, E contains (1) the

difference in the asymmetry potentials of the glass
electrodes, (2) any difference in the potentials of
the silver—silver chloride internal electrodes,
(3) the liquid junction potential, and (4) the effect
of any deviation from unity of the activity coefficient
ratio (y ,) /(y .) . From its behavior, the

\ H IA/ \ H ^B
observed slow potential drift is thought to result
mainly from variation in the first two of these
quantities.

A titration was then carried out in which solu

tion A was 0.01 m in U02(N03)2 and, initially,
0.004 ttz in KOH (approximately the maximum amount
of base which could be added without precipitation
of uranium at the temperature of the run). During
the titration, a nitric acid solution - also 0.01 772
in UO (NO ) - was added. A portion of the
results is shown in Table 11.1. The measured

acidities [H +]. were obtained from Eq. (1) ([H ]
B

This report, chap. 9.
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Table 11.1. Uranium(VI) Hydrolysis at 93.6^

0.5 mKN03, 0.0099 mU(VI), initially 0.00378 min KOH

Basic side

Stoichiometric point

Acid side

Excess Acid over

Stoichiometric,

C H ~ C0H
(m)

-0.00378

-0.00215

-0.00114

0

+ 0.00170

+ 0.00345

+ 0.00589

being known). In the last column, n is the ratio
of the acid liberated by uranium hydrolysis to the
total uranium concentration C..; by the hydrolysis
reaction given below [Eq. (3)] it is then the
fraction of uranium which is hydrolyzed. It is
given by

^A-AH-c0H)
(2)

wherein CH and C_H are the calculated concen
trations of acid added and of base initially present,
respectively, in the absence of hydrolysis. From
the generally accepted initial hydrolysis reaction
of uranyl ion at ordinary temperatures

2U02++ + H20; -u2cy

^\2

2H + (3)

it is expected that tT/(1 — n) should vary in
versely as [H ].. This was found to be the case
within the experimental error for the present
results, the resulting hydrolysis constant being

[u2o5++hh+i2

[uo2++i2
e =

-5-=4x 10

However, until results at other uranium concen
trations are obtained, this should be considered

only a tentative interpretation. Yet it may be noted
that this value of Q is in reasonable agreement
with an estimated value of ca. 2 x 10 (fj. = 0.5,
94^C) which Lietzke and Stoughton derived from
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Measured Acidity,

(m)

0.00078

0.00106

0.00132

0.00168

0.00261

0.00390

0.00607

Fraction of U(VI)

Hydrolyzed,

0.46

0.32

0.248

0.169

0.092

0.045

0.018

their results on the solubility of Ag .SO . in U0„S0„
solution at elevated temperatures.4

In any case, the tendency of uranyl ion to
hydrolyze is clearly greater at 93.6°C than at
lower temperatures. Thus various estimates of the
above quotient Q at 20, 25, and 40°C which may
be found in the literature are mainly in the range
0.7 to 1.5 x 10~6. Stoichiometric 0.01 m solutions
of uranyl nitrate and perchlorate at various ionic
strengths at these temperatures yield n values
(based on pH) in the range 0.05 to 0.08 (5 to 8%
hydrolyzed), whereas the corresponding value from
the present results at 94^ is 0.17 (17% hydrolyzed).

Future Work. - Plans for future work include

(1) determination of the practical upper temperature
limit of the present emf cell, (2) study of uranium(VI)
hydrolysis at several concentrations in nitrate and
perchlorate solutions at several temperatures, and
(3) study of bisulfate ionization in acidic sulfate-
nitrate solutions in the absence and in the presence
of uranium.

The maximum temperature at which the glass
electrode can be used is probably in the vicinity
of 200°C. For measurements at higher temperatures
the hydrogen electrode probably can be used in the

4M. H. Lietzke and R. W. Stoughton, ORNL CF-59-
11-41 (1959).

J. Bjerrum, G. Schwarzenbach, and L. Si11 en, Stability
Constants; Part 11, Inorganic Liquids, p 9, The Chemi
cal Society, London, 1958.

6M. H. Lietzke and J. R. Tarrant, ORNL CF-57-11-87
(1957).



present cell in the absence of reducible solutes,
but for uranium solutions some other hydrogen-
ion-responding electrode must be formed since
uranium(VI) is reduced by hydrogen. One possi
bility which is to be investigated is the oxygen-
on-platinum electrode.

THE OSMOTIC BEHAVIOR OF

REPRESENTATIVE AQUEOUS SALT

SOLUTIONS AT 100°C8

C. S. Patterson9 L. 0. Gilpatrick
B. A. Soldano

The recent emergence of aqueous homogeneous
reactors has focused attention on the limited

amount of experimental information available con
cerning the thermodynamic behavior of aqueous
solutions at elevated temperatures. Under the
most ideal conditions, however, the interpretation
of concentrated solution behavior constitutes a

formidable task. Therefore, a comprehensive
experimental program at elevated temperatures
provides a reasonable method of obtaining the
performance characteristics of those salt solutions
whose properties might be of potential reactor use.

Since the isopiestic technique provides a direct
experimental probe, depending solely upon the
precision of weighing, it has been adapted for
study of solution behavior at elevated temperatures.
It becomes a relatively simpler task then to trans
late the osmotic coefficients so obtained into the
various terms employed to describe solution
behavior, that is, free energies, activity coeffi
cients, etc.

The osmotic coefficient is directly derivable
from experimental data and does not require numeri
cal integration nor a theoretical description of the
behavior of the system. It is defined in terms of
the activity of water10 by Eq. (1),

R. S. Greeley, Thermodynamic Properties of Dilute
Aqueous Hydrochloric Acid Solutions at Elevated Tem
peratures from Electromotive-Force Measurements,
thesis, University of Tennessee, 1959.

This work is a continuation of that reported in ORNL-
2782 (1959) and ORNL-2386, P 74 (1957).

Research participant, Oak Ridge Institute of Nuclear
Studies, summer 1958. Present address: Department
of Chemistry, Furman University, Greenville, S.C.

R. A. Robinson and R. H. Stokes, Electrolyte Solu
tions, p 28, Butterworth Scientific Publications, London,
England, 1955.
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1V772W
a

1000
In a . = -•

A A . (l)

where a . is the activity of water, v is the idealized
number of ions formed per mole of salt in the
assumed standard state (i.e., v = 3 for Na SO ),
772 is the molality of the solute, W is the molecular

' a

weight of water, and 0 is the molal osmotic
coefficient.

The present investigation was primarily concerned
with an examination of the osmotic behavior of a

variety of salt solutions over a limited concen
tration range above 1 m at 99.6°C. The systems
studied were LiCI, KCI, CsCI, Na2S04, BaCI2,
MgSO , and UO SO , which were selected to
represent the behavior of typical 1-1, 1-2, 2-1, and
2-2 electrolytes. Their behavior at 25°C was
compared with that at 100°C. The method used in
this study was the isopiestic (equal water vapor
pressure) method pioneered by Stokes and
Robinson but extended to a higher temperature
range.

The measurements of the osmotic coefficients

of NaCI at 100°C by Smith and Hirtle12 were used
as a standard for comparison to avoid the compli
cations of an independent or simultaneous determi
nation of the activity of water. The experimentally
determined quantity therefore is the osmotic ratio
R, obtained by dividing the defining equation for <f>
by the same relation for the standard salt and re
arranging. The primed values refer to the standard:

cp v' M'

tp" i/M
(2)

Apparatus suitable for the studies of aqueous
electrolytes by the isopiestic technique was
designed and built to be capable of withstanding
pressures well above atmospheric and to be oper
ated at controlled temperatures from room temper
ature to well above 100°C. Construction and design
details of the apparatus have been presented
elsewhere. In essence it consists of a magnetic
balance operated in a sealed water vapor chamber

11 R. H. Stokes and R. A. Robinson, Trans. Faraday
Soc. 37, 419 (1941).

12R. P. Smith, /. Am. Chem. Soc. 61, 500 (1939);
R. P. Smith and D. S. Hirtle, ibid. 61, 1123 (1939).

13 B. A. Soldano et al., The Structure of Electrolytic
Solutions, p 224-35, Wiley, New York, 1958.
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contained in a constant temperature air bath. This
arrangement permits an in situ weighing of equili
brated solutions contained in 20 titanium dishes.

The design permits all transfer operations of
dishes to and from the balance to be made without

opening the chamber. The balance is of the
platform type with torsion ribbon suspensions. The
null point is determined by measuring the position
of a nickel core moving in a small differential
transformer, whose signal is continuously recorded.
An independent direct current circuit driving a
small coil of silver wire beneath the load pan and
opposing a small permanent magnet fixed to the
balance beam provides the restoring force neces
sary to provide balance. An accurate relative
measurement of the current flowing in this circuit
is the measured quantity from which weights are
determined.

The balance is calibrated frequently during the
sequence of weighings by placing four graded
platinum weights in the four empty dishes of the
set of 20. These standards were chosen of such

weights as to bracket all the weights to be de
termined. A given unknown weight was always
evaluated by interpolation (using the analytical
equation for a straight line in the two-point form)
between a standard weight just heavier and one
just lighter. The sequence of weighings was
repeated until the results for several consecutive
sets showed satisfactory reproducibility.

Where practical the solutes were weighed directly
into the titanium dishes. A concentration range
from about 1 to 4.2 m (reference salt) was covered
by a series of equilibrations using the same salt
samples. Solution concentrations were changed by
opening the unit and replacing a 100-ml reservoir
solution of NaCI with one of the desired strength,
or by simply adding to it a calculated volume of
water. This large reservoir acted as a ballast to
adjust the approximate concentration of water in
the test solutions. As a check on technique, the
concentrations were initially selected in a few
cases so that about half the dishes approached
equilibrium from the lower side and half from the
upper side with respect to concentration. This
would have exposed any inconsistencies caused
by differences in rate of evaporation or condensation
among the various solutions or by failure to allow
enough time for equilibration. At equilibrium for a
constant temperature in the closed system each
solution will have lost or gained water until its
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vapor pressure equals all the others. When this
condition has been established, each dish is
weighed, the water content determined by difference,
and the molality of each solution calculated. The
average osmotic ratios R calculated for pairs of
dishes are shown in Table 11.2. The osmotic

coefficients listed in Table 11.3 were taken at

round molalities from smoothed graphs of the
osmotic coefficients plotted vs the molality of
each solute.

The performance of the apparatus can be eval uated
from data contained in Table 11.2. The last line

records the mean standard deviation for the sets

of pairs for each experiment averaged over all
experiments and demonstrates that the precision
of the data is closely allied to the magnitude of
the change in molality over the concentration
range. For example, MgSO exhibits the best
precision (cr = 0.0010) and the smallest change in
molality (97%). Uranium sulfate shows the next
best precision (cr = 0.0022) and the next smallest
change in molality (142%). A similar treatment
for the other solutes demonstrates a good inverse
relation between water transport from the dish
and precision. Therefore the rate of attainment
of equilibrium must have affected the over-all
precision. It is to be expected that longer equili
bration periods will contribute to an improvement
in precision. In addition mean standard deviations
calculated for each experiment (not shown) demon
strate that the over-all precision is reduced as
smaller absolute amounts of water are determined

at the higher molalities. This latter result is to be
expected whenever progressively smaller quantities
are weighed with a balance having a fixed minimum
source of error.

The osmotic coefficients (Table 11.3) are com
pared with those of the same molality at 25°C
tabulated by Stokes and Robinson.'0 The results
of these comparisons are shown in Figs. 11.2
and 11.3.

Discussion. — The osmotic coefficient is so

defined that for the standard state at infinite

dilution the molal osmotic coefficient <p is equal
to 1 for all solutes. For real electrolytes in this
study the value of <p decreases at small molalities,
passes through a minimum value, and then increases
regularly to values in excess of 1 for some cases
such as LiCI and BaCL at molarities in excess

of 2. This pattern of behavior is obscured in
many cases by the limited range of the data. The
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Table 11.2. Experimental Isopiestic Ratios Measured at 99.6 C

Experiment

No.

Average

Molality

of NaCI

Average Isop estic Ratios Re ative to NaCI

LiCI KCI CsCI Na2S04 BaCI2 MgSO„
4

uo2so4

1 0.958 1.008 0.964 0.911 0.717 0.895 0.504 0.460

2 1.096 1.012 0.961 0.900 0.697 0.897 0.521 0.465

3* 1.272 1.013 0.952 0.890 0.904 0.541 0.496

Ab 1.850 1.035 0.938 0.873 0.930 0.624 0.549

5 1.955 1.040 0.938 0.872 0.635 0.933 0.636 0.553

6 2.360 1.049 0.928 0.862 0.626 0.942 0.693 0.587

7b 2.726 1.065 0.922 0.850 0.950 0.734 0.607

8 2.889. 1.068 0.916 0.840 0.606 0.949 0.753 0.620

9 3.176 1.073 0.918 0.963 0.785 0.630

10 4.230 1.100 0.892 0.891

oc 0.0032 0.0047 0.0080 0.0032 0.0039 0.0010 0.0022

"Data included in this table represent values which had remained constant within experimental error for sets of

weighings taken on at least two successive days after an initial equilibration period.

Data for Na SO are missing in experiments 3, 4, and 7 because Na SO was substituted for KjSO , the original
solute, which saturated at an early stage. The values for the highest molalities of Na SO and BaCI are missing

also because of saturation. /

cStandard deviation calculation for a = \J2 (Ax) /2n , where Ax =difference between pairs and n=total experi
ments per salt.
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Fig. 11.2. Comparative Osmotic Behavior of Mono

valent Electrolytes at 99.6 and 25.0°C.

alkali halides KCI, NaCI, and CsCI show modest
changes from ideal behavior and are ranked in the
order of their molecular weights and ionic radii
with NaCI exhibiting the least and CsCI the
greatest deviations. The changes in dj when
increasing the temperature from 25 to 100°C reveal
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Fig. 11.3. Comparative Osmotic Behavior of Multi

valent Electrolytes at 99.6 and 25.0°C.

very small shifts as shown in Fig. 11.2, but the
solutes still maintain their relative order. Lithium

chloride occupies a unique position whether one
is considering the effective pressures of salt
solutions, osmotic coefficients, entropies, etc. It
has a negative and larger change in <ji> when com
pared at the two temperatures than the other 1-1
alkali halides. In other words, the pronounced
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Table 11.3. Osmotic Coefficients for Round Molalities at 99.6°C

Molality LiCI NaCI* KCI CsCI Na2S04 MgSO„
4

BaCI2 uo2so4

0.8 (0.967)** 0.926 0.846

0.9 (0.974) 0.930 0.667 0.858

1.0 0.982 0.935 0.901 (0.880) 0.658 0.869

1.2 0.999 0.945 0.902 0.872 0.648 0.893

1.4 1.018 0.955 0.903 0.872 0.642 0.917

1.6 1.039 0.965 0.907 0.875 0.638 0.942

1.8 1.061 0.976 0.912 0.879 0.635 (0.463) 0.966

2.0 1.084 0.986 0.918 0.884 0.633 0.477 0.991 (0.424)

2.5 1.141 1.016 0.935 0.898 0.631 0.534 1.053 0.463

3.0 1.194 1.048 0.953 0.912 0.630 0.616 0.505

3.5 1.243 1.077 0.969 0.926 (0.629) 0.712 0.548

4.0 (1.281) 1.105 0.983 0.941 0.822 0.591

4.5 0.995 0.956 0.936 0.630

5.0 0.972 (1.052) 0.666

♦Standard values with interpolations taken from R. P. Smith, /. Am. Chem. Soc. 61, 500 (1939) and R. P. Smith
and D. S. Hirtle, ibid. 61, 1123 (1939).

**Values in parentheses determined by a short extrapolation.

effect of the lithium ion on the structure of water

at 25°C is decreased at higher temperatures as the
system moves in the direction of more ideal
behavior at 100°C. The remaining electrolytes,
BaCL, MgS0„, Na„S0,, and UO„SO,,, all show

.ill 24
considerably larger deviations from ideal behavior
than the 1-1 alkali halides as the temperature is
elevated. These solutes show much larger negative
changes in qj with temperature (Fig. 11.3) and
increasingly larger temperature effects at higher
molalities. The multicharged cations with their
generally larger ionic charge to ionic radius ratio
exhibit stronger interactions with the polar solvent
water than the singly charged ions. Their behavior
is therefore less ideal than the simpler solutes,
and the reduction in the dielectric constant of the

solvent due to elevations of the temperature results
in marked changes in their ability to affect water.

This study demonstrates the usefulness and
practicability of the isopiestic method for the
study of electrolyte solutions at elevated temper
atures. The data available thus far are adequate
only to point the way ahead and to reveal com
parative behavior over a limited concentration
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range for a limited selection of solutes. An ex
tension of the concentration range downward to
0.1 ttz or less is urgently needed and will be given
early consideration in future planning. The standard
state for electrolyte solutions is one of infinite
dilution, and an integration of cp for the range of
molalities is necessary from higher concentrations
to zero in order adequately to describe the system
in such usual terms as activity coefficients. The
region from 0.1 to 1 m is one of rapid change in
solution behavior and inadequate theoretical de
velopment for most systems, so that measurements
are most necessary in this range in order to perform
useful integrations. The situation is better in the
concentration range from zero to 0.1 m, where
useful extrapolations can be attempted to complete
the concentration range. The investigation of a
wide variety of salts and especially of higher
temperatures is of great interest. The isopiestic
equipment used in collecting these data is presently
undergoing modifications involving the introduction
of a direct optical system for balance monitoring.
This should improve the speed with which data
can be collected and the reliability of performance.
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12. GAS EVOLUTION FROM GRAPHITE

L. G. Overholser J. P. Blakely

Graphite has extensive use as a moderator in
various reactors because of its physical, mechani
cal, and nuclear properties. Most of these appli
cations are for systems in which the graphite is
not in direct contact with the coolant or in those

instances where the coolant contacts the graphite,
the coolant and graphite temperatures are suf
ficiently low to preclude any significant reaction
of the coolant with the graphite. The successful
use of CO. as a coolant by the British in the
unclad-graphite-moderated Calder Hall reactors
stimulated interest in the gas-cooled reactor field
and resulted in studies pointed toward the use of
less reactive coolants than C02 in order to achieve
higher outlet gas temperatures and thereby in
crease the thermal efficiency of graphite-moderated
reactors.

In view of the ample helium supplies available
in this country it is only natural that such an inert
gas should find favor for projected gas-cooled
reactors. Although sufficiently pure helium is
available for such applications it is anticipated
that contamination of the helium by water vapor,
carbon dioxide, carbon monoxide, oxygen, nitrogen,
and hydrocarbons may occur from such sources as
leaks in the valves, seals, heat exchanger tubes,
and outgassing of the graphite. The contaminants
resulting from this outgassing will probably be of
most concern during startup and early stages of
reactor operation. The reaction C + C02F^ 2C0
which can produce burnout of graphite in the hot
regions and deposition of carbon in the cooler
areas of the reactor is of particular importance
since most of the oxygen present in the gas, either
as oxygen or in the water vapor, will react with
the graphite to yield C02 and/or CO at the temper
atures of interest. The possible interaction of the
contaminants with metal surfaces resulting in
oxidation, carburization, or decarburization,
especially of the fuel element cladding, must also
be considered.

Experimental studies are being made that are
designed to yield information on the quantity and
composition of the gas evolved by different types of
graphite at various temperatures. Otherfactors such
as the geometry of the graphite specimen, the effect
of exposure of graphite to various atmospheres,

and the rates of gas evolution which have been
studied to a limited extent are to be investigated
more thoroughly. The results of these studies
should be of assistance in the evaluation of the

level of contaminants likely to occur in the helium,
helpful in an appraisal of the interaction of these
contaminants with the graphite and the metal
surfaces, and of aid in the design of the purification
system for the helium.

Six reactor grades of graphite manufactured by
three companies have been or are being studied.
These include: TSF and AGOT grades from the
National Carbon Co., Speer Moderator Nos. 1 and
2 from the Speer Carbon Co., and R-1HLM and
R-6HLM from the Great Lakes Carbon Co. These

graphites have nominal densities in the range
1.6—1.7 g/cm and in most instances test speci
mens were cut from bars or pieces of bars extruded
to 4 x 4 x 50 in. in size. In addition to the reactor
grades of graphite three graphites of interest to
the Los Alamos reactor program were studied.
They are National Carbon Porous No. 60, Great
Lakes H4LM, and Great Lakes 4HLM reimpregnated.
The first has a density of ~ 1.0 g/cm and the
last a density of ^1.8 g/cm . Two graphites,
National Carbon ATJ and C-18, were studied on
request for the ORNL thermonuclear project. These
two graphites are commonly used for fabrication
of various graphite forms because of their machining
qualities.

A general view of the apparatus used in the gas
evolution studies is presented in Fig. 12.1. Ex
ternal resistance heating of the graphite specimen
(usually lk in. in diameter and 2 in. long; a few
studies have been made with specimens /. in. in
diameter and 2 in. long) is used for temperatures
up to 1000GC; induction heating (specimens 1/. in.
in diameter x 1 in. long) is used for temperatures
from 1000 to 2000°C. For either method of heating,
the graphite specimen is loaded into a quartz tube,

A more complete description of the graphites, a
detailed description of the equipment and experimental
methods, and an exhaustive presentation of the experi
mental data have been presented in the GCR Project
progress reports: Dec. 31, 1958, ORNL-2676; June 30,
1959, ORNL-2767; Sept. 30, 1959, ORNL-2835; and
Dec 31, 1959, ORNL-2888.
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Fig. 12.1. Apparatus for Studying the Gas Evolution of Graphite at Various Temperatures.

and the entire system including the sample bulbs is
pumped down to 1 to 2 fi pressure at room temper
ature. The gas evolved upon heating is removed
by a Toepler pump and collected in a calibrated
manifold where the pressure is measured by a
McLeod gage before the gas is sampled. The com
position of the gas sample is determined by a mass
spectrometer and a gas chromatograph, the latter
being used primarily to distinguish between N_ and
CO. Volumes are arbitrarily expressed as cm
per 100 cm of graphite. The manifold is routinely
pumped out after the collection of gas is complete
for any given temperature. Therefore, the volume
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of gas given for a particular temperature represents
that evolved between this temperature and the next
lower temperature (where no lower temperature
appears it is room temperature), with most of the
gas being evolved at the designated temperature.
Since the gas is being pumped off during the rise
in temperature, the composition of the gas is
somewhat different from that which would be

obtained if all the gas came off at the designated
temperature. The time of heating at any given
temperature varies considerably. In general, 3 to
6 hr suffices to remove the bulk of the gas. How
ever, as will be seen from the rate data, graphites



continue to release small amounts of gas for
prolonged periods of time. In many instances the
heating is continued until the rate of evolution is
approximately 2% per hour of the total amount
evolved at that temperature. At temperatures up
to ^ 1200°C, a burst of gas is always observed
when the temperature is raised even though the
rate of evolution may be very low prior to the
increase in temperature.

A breakdown of mass No. 28 into N2 and CO is
not given although it is available for most of the
data presented. Nitrogen accounts for only a few
per cent of the total gas evolved through either
1000 or 2000°C. At the lower temperatures
(200-400°C) most of mass No. 28 consists of N2,
but at higher temperatures it is 80 to 95% CO.
There does appear to be an increase in the N_ to
CO ratio above 1400^, but N. remains the minor
constituent.

Data are presented in Tables 12.1 and 12.2 which
show the differences in quantity and composition
of gas evolved by AGOT and TSF graphites as a
function of temperature. AGOT graphite is a
thermally purified graphite whose purity is effected
in part by careful selection of raw materials, but
mainly by volatilization of impurities at the
graphitization temperature of ~ 2800°C. TSF, a
gas-purified graphite, may or may not see as high a

PERIOD ENDING JANUARY 31, 7960

graphitization temperature as AGOT, but in addition
receives a high-temperature halogen treatment
(probably Freon) which produces a graphite with
lower neutron absorption cross section and lower
ash content, and, as seen from the data in Tables
12.1 and 12.2, a graphite that also evolves less
gas than AGOT. The gas from TSF also contains
a higher ratio of H2 to CO + C02 than does that
evolved by AGOT. The change in composition of
the evolved gas for the two graphites with temper
ature is shown clearly in Figs. 12.2 and 12.3, and
the differences in volumes as well as composition
are depicted in Fig. 12.4. The data presented in
Figs. 12.2-12.4 were not obtained from the same
specimens of AGOT and TSF graphite which were
used for obtaining the results given in Tables
12.1 and 12.2. Bars from several furnace loads

of each of the two graphites have been studied
and some differences observed. However, it should
be pointed out that graphite is an extremely vari
able material and that it is not uncommon for

specimens machined from the same bar to yield
values which differ by 50% for the gas evolved.

Data obtained at 300, 600, and 1000°C for the
various graphites studied, are presented in Table
12.3. In all but one case (ATJ), the run given
was selected as representative for the particular
graphite. It may be noted that Speer moderators
Nos. 1 and 2 evolve gas with a H, to CO + CO„

Table 12.1. Interval Profile of the Volume and Composition of Gas Evolved by a

Typical Thermally-Purified Graphite (National Carbon AGOT)

Temperature
Vol ume

(cm3/100 cm3
graphite)

Volume Per Cent of Co nstituents in Evolved Gas

(°C) H2 Hyd rocarbons H20 co2 Mass 28

200 1.2 1 6 70 3 11

400 1.8 3 10 50 20 14

500 2.2 7 8 12 39 29

600 2.6 11 3 3 50 32

700 2.5 15 0.4 6 37 41

800 5.7 28 0.6 2 25 48

900 6.3 44 5 1 50

1000 10.1 55 0.2 0.3 43

Total 32.4 11.0* 0.6* 2.7* 4.8* 13.1*

3 3*Total volume, cm per 100 cm of graphite.
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Temperature

<°C)

300

400

500

600

700

800

900

1000

Total

Table 12.2. Interval Profile of the Volume and Composition of Gas Evolved by a

Typical Gas-Purified Graphite (National Carbon TSF)

Volun
Volume Per Cent of Constituent in Evolved Gas

(cm3/100 cm3
graphite) H2 Hydrocar bons H20 co2 Mass 28

0.9 2 34 26 4 30

1.1 9 16 26 6 40

2.2 14 23 12 13 25

3.1 29 39 6 6 22

2.7 42 34 2 1 21

2.0 83 5 1 0.4 10

2.4 75 1 2 0.3 21

2.7 79 0.5 4 0.2 17

17.1 8.0* 3.2* 1.3* 0.6* 3.7*

3 3*Total volume, cm per 100 cm of graphite.
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Fig. 12.2. Volume and Composition of Gases Evolved by AGOT-1 Graphite at Various Temperatures.
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Fig. 12.3. Volume and Composition of Gases Evolved by TSF-II Graphite at Various Temperatures.

ratio greater than one. Since these are gas-
purified graphites it would be expected that the
composition of the evolved gas be similar to that
found for TSF. The total quantity of gas also
falls in the same region for all three of these gas-
purified graphites. It is not known for certain
whether or not R-1HLM is a gas-purified graphite.
Judging from the similarity of both the composition
and total volume of the evolved gas to those for
AGOT, it is not a gas-purified graphite. The non-
reactor grades of graphite are listed for general
interest. H4LM, whose degassing behavior suggests
that it has been gas-purified, behaves quite dif
ferently after being reimpregnated (similar to that
for AGOT).

Data obtained at 1000, 1400, and either 1800 or
2000°C for the different graphites studied are
presented in Table 12.4. The volume of gas evolved
through the maximum temperature is in all cases
at least double that observed for external resist

ance heating through 1000°C. It will be noted that

the volume evolved at 1000°C by using induction
heating also is greater than that observed for
external resistance heating through 1000°C. The
reason for this difference in behavior is not yet
understood. The gas-purified graphites under in
duction heating also evolve a larger volume of
H2 than the combined volume of CO + CO .
Surprisingly small volumes of gas are reported for
porous No. 60 and ATJ graphites and, as expected,
C-18 evolved a relatively large volume.

Preliminary rate data for the evolution of gas
from TSF graphite are shown in Table 12.5 and
Fig. 12.5. The data are incomplete in many
instances but do provide some insight into the
degassing behavior. Temperature has a marked
effect on the rate of gas evolution and, as indi
cated earlier, the rate of release is high during
the early stages of heating. Accurate measure
ments of the rate changes after prolonged heating
also are difficult to obtain since the rates change
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Table 12.3. Vol ume and Compo sition of Gas Evo ved by Var ous Graphites at 300, 600, and 1000°C

Temperature

(°C)

Volume

(cm3/ 100 cm3
graphite)

Volume Per Cent of Co nstituents in Evo ved Gas

Graphite

H2 Hydrocarbons H20 co2 Mass 28

National Carbon 300 1.9 0.8 0.5 85 2.0 11

AGOT
600 8.3 5.7 4 38 44 10

1000 17.2 18 0.7 2 22 53

Total 27.4 3.6* 0.4* 5.0* 7.4* 10.2*

National Carbon 300 0.9 1.8 36 27 4 30

TSF
600 4.8 19 51 5 5 20

1000 8.5 84 1 1 0.5 14
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Total 14.2 8.1* 2.8* 0.5* 0.2* 2.5*

Speer moderator 300 0.7 1.9 9 61 6.5 18

No. 1
600 3.7 6.7 16 19 14 46

1000 11.1 64 2 1 1 29

Total 15.5 7.4* 0.8* 1.2* 0.7* 5.4*

Speer moderator 300 0.5 1.2 5 77 4 13

No. 2
600 3.1 14 24 18 14 30

1000 6.6 75 2 1 0.2 18

Total

Great Lakes
R-1HLM

Total

Great Lakes
H4LM

Total

Great Lakes
H4LM reimpregnated

Total

National Carbon
porous No. 60

Total

10.2 5.3* 0.8* 0.9* 0.4* 2.4*

300 0.6 3.1 3 73 4.6 16

600 5.1 6 29 32 12 20

1000 28.8 31 4 3 5 56

34.5 9.2* 2.7* 2.8* 2.1* 17.1

300 0.6 40 5 73 5 13

600 3.3 16 30 23 9 22

1000 10.3 81 4 1 14

14.2 8.8* 1.4* 1.2* 0.4* 2.2

300 0.9 1.5 2 70 14 13

600 12.2 11 8 13 50 18

1000 16.3 41 3 2 51

29.4 8.1* 1.5* 2.3* 6.5* 10.7

300 0.9 2.3 1 74 6 16

600 14.8 12 16 8 48 17

1000 17.8 49 3 1 1 46

33.5 10.5* 2.8* 1.9* 7.3* 10.9*

National Carbon 300 0.5 1.4 3 68 10 16
ATJ

600 11.5 1.6 4 21 65 7

1000 9.5 40 1 2 12 45

Total 21.5 4.0* 0.5* 2.9* 5.0*

National Carbon 300 0.9 1.9 1 72 8 16

C-18 600 23.4 4.7 17 3 68 9

1000 18.4 30 3 1 18 48

Total 42.7 6.6* 4.3* 1.0* 19.2* 11.1*

*Total volume, cm p
o

3T 100 cm of grap nite
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Table 12.4. Volume and Composition of Gas Evolved by Various Graphites in the Temperature Range 1000—2000%

Graphite

Volume
Temperature , 3 , lrt- 3r (cm /100 cm

CQ graphite)

Volume Per Cent of Constituents in Evolved Gas

HL Hydrocarbons H_0 CO Mass 28

National Carbon
AGOT

1000

1400

59.9

13.8

42

20

0.2

0.5

2000 1.4 9 0.6

Total 75.1 28.2* 0.2* 3.6*

14 37

1.0 78

0.2 91

8.4* 34.5*

National Carbon 1000 39.6 48 5 10 2 35
TSF

1400

1800

10.7

2.4

53

1

2 2 39

98

Total 52.7 24.8* 0.4* 4.1* 1.1* 20

Speer moderator 1000 21.1 51 3 2 2.4 42
No. 1

1400 16.7 68 1 0.3 19

1800 5.1 4 1 0.2 94

Total 42.9 22.9* 0.2* 0.1* 0.1* 17

Speer moderator 1000 29.0 77 1 2 0.9 22
No. 2

1400 4.0 44 2 0.3 53

1800 2.0 6 0.4 93

Total

Great Lakes
R-1HLM

Total

Great Lakes
H4LM

Total

Great Lakes
H4LM reimpregnated

Total

National Carbon
porous No. 60

Total

National Carbon
ATJ

Total

1000

1400

1800

1000

1400

1800

1000

1400

1800

1000

1400

1800

1000

1400

2000

35.0

41.2

10.6

0.2

52.0

22.8

9.5

4.3

36.6

61.7

10.0

6.6

78.3

51.5

3.0

1.5

56.0

46.3

3.6

0.2

50.1

23.3*

32

6

10

13.8*

48

61

27

17.9*

22

44

81

23.4*

38

15

67

21.0*

16

2.5

7.6*

0.4*

0.5

<0.1*

0.5

0.7

0.2*

0.4

0.7

0.3

0.3*

2

0.5

1.0*

2

3

1.0*

National Carbon

C-18
1000

1400

88.2

31.0

35

11

1

1800 4.3 83 2

Total 123.5 37.8* 1.3*

3 3*Total volume, cm per 100 cm of graphite.

**Not analyzed.

0.6*

1

0.3

0.4*

4

0.9*

4

2.5*

5

2.6*

4

0.3*

1.4

1.2

0.2

0.7*

0.3

0.4

0.1*

2.7

0.3

1.7*

2.6

1.3*

37

10.4*

66

93

88

37.3*

47

36

73

17.2*

71

54

17

50.3*

52

85

33

29.7*

41

92

1.9* 17.1* 22.2*

0.9*

10 52

3 85

0.7 10

9.7* 72.7*
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Table 12.5. Rate of Gas Evolution by TSF-II Graphite

1 L X 2 in. specimen

Elapsed Time

(hr)

1

3

8

18

23

27

1

2

3

4

6

10

16

22

38

48

2

6

22

25

40

Temperature

(°C)

300

300

300

300

300

300

600

600

600

600

600

600

600

600

600

600

1000

1000

1000

1000

1000

Rate*

0.09

0.04

0.02

0.6

0.31

0.22

0.19

0.08

0.06

0.03

0.03

2.0

0.50

0.25

0.25

0.15

3 3*Rate given as cm per 100 cm of graphite per hour.

extremely slowly. The values reported were ob
tained by using a certain defined set of experi
mental conditions. Aside from the temperature,
the pressure of the gas in contact with the graphite
specimen is probably the single factor having the
greatest effect on the rate of evolution. The gas
was pumped off continuously with a Toepler pump
and, except during the early stages of heating at
a given temperature, the pressure of the gas over
the specimen was relatively low and decreased
as the rate of evolution decreased. These dynamic
conditions yield rates quite different from those
seen when the evolved gas is not removed but,
rather, equilibrium conditions are attained, charac
terized by a constant pressure. For run No. 1 the
pressure in the quartz tube was 180 p 15 min after
reaching 300°C, 20 p after 2 hr, 10 p after 6 hr,
and 3 to 5 p after 18 hr. At 600°C a maximum
pressure of 320 p was measured, 35 n at 2 hr, 12 it

Run 1

Volume (cm )

1.0

1.5

3.1

6.2

9.3

19.5

Rate*

0.1

0.01

0.11

0.05

1.1

0.16

Run 2

Vol ume (cm )

0.9

1.8

2.1

4.1

6.5

12.1

at 10 hr, 5 p at 22 hr, and 3 p at 48 hr. At 1000°C
the pressure was 25 p at 6 hr, 15 p at 20 hr, and
10 p at 40 hr. Further measurements will be made
by using a mercury diffusion pump to remove the
gas in an attempt to maintain the pressure over
the specimen at some lower and more constant
value.

Attempts have been made to correlate the out
gassing behavior of the graphites with such
properties as ash content, surface area, loss in
weight upon degassing, and porosity. Aside from
possibly the ash content and the loss in weight
it does not appear that any correlation between
these properties and the volume of gas released
exists. Control of manufacturing processes in
cluding the selection of raw materials and the
graphitization conditions is most likely to result
in a better correlation with the outgassing behavior
of the various graphites.

147



REACTOR CHEMISTRY PROGRESS REPORT

0.7

i r
! \

A 300°C, RUN 2

A 600°C, RUN 2

o 1000°C, RUN 2

UNCLASSIFIED
ORNL-LR-DWG 39230

TIME (hr)

Fig. 12.5. Rate of Evolution of Gas by TSF-II Graphite Specimens \ L in. in Diameter and 2 in. Long, at 300,

600, and 1000°C.

148



PERIOD ENDING JANUARY 31, 1960

13. TRANSPORT OF GASES THROUGH CERAMIC MATERIALS

J. Truitt R. B. Evans N. V. Smith G. M. Watson

During the course of design studies of an enriched-
uranium-fueled, helium-cooled reactor (GCR-2), it
became clear that increasing the allowable oper
ating temperature of projected fuel elements would
advance calculated efficiencies to levels which

could not be ignored. This development created
a marked impact on design concepts and fuel-
element technology. The pivotal consideration
involved release rates of volatile fission products
from high-temperature fuel elements and resultant
coolant contamination. Metal claddings are not
feasible at these temperatures2 ('surface >2000°F),
and the reliabilities of ceramic coatings (low-
permeability graphites and carbides) are undeter
mined. In some designs, contamination of the
coolants has been assumed to be inevitable.

The controlling release rates of fission products
from UO .-impregnated graphite are those in the
UO. particle. In this case, the rates are so low
that intentional extraction of Xe to enhance

neutron efficiencies appears to be impractical.
Experiments related to mechanisms of fission
product release from fuel materials have been
performed elsewhere and are being continued
locally.8

The ORNL Gas-Cooled Reactor. Advanced Concepts,
ORNL-2510 (Oct. 2, 1958).

2
The HGCR-1, a Design Study of a Nuclear Power

Station Employing a High-Temperature Gas-Cooled Re
actor with Graphite-UO 7 Fuel Elements, ORNL-2653
(July 14, 1959).

A Study of Problems Associated with Release of
Fission Products from Ceramic Fuels in Gas Cooled
Reactors, ORNL-2851 (Oct. 27, 1959).

A. M. Perry, "Advanced Design Studies," p 338 in
ORNL Information Meeting on Gas Cooled Reactors,
USAEC TID-7564 (December 1958).

D. Cubicciotti, The Diffusion of Xenon from Uranium-
Carbide Impregnated Graphite at High Temperatures,
NAA-SR-194 (Oct. 13, 1952).

C. T. Young and C. A. Smith, Preliminary Experi
ments on Fission Product Diffusion from Uranium-
Impregnated Graphite in the Range 1800-2000°C, NAA-
SR-232 (June 17, 1953).

A. H. Booth and G. T. Rymer, Determination of the

Diffusion Constant of Fission Xenon in UO2 Crystals
and Sintered Compacts, CRDC-720 (August 1958).

o

J. L. Scott and D. F. Toner, The Study of Fission
Product Release from Ceramic Fuels, ORNL CF-59-
12-82 (Dec. 23, 1959).

The subject research program covers theoretical
and experimental studies on forced gas flow,
diffusion phenomena, and porosity as they affect
or occur in ceramic fuel-element and moderator

materials. Recent work has involved reactor-grade
graphites of relatively high porosity and perme
ability. Although these studies have been of
fundamental nature, an excellent illustration of
the immediate applicability of this work has been
proposed ' and completed elsewhere.

This chapter illustrates the type and scope of
the gas-transport studies currently being conducted
at low temperatures. Plans for extending the
investigation to high-temperature and pressure
regions are being formulated.

PERMEABILITY

Examination of parameters associated with forced-
flow behavior affords a rapid method of charac
terizing fluid-transport mechanisms as they occur
in the interstices of a ceramic material. Since

many problems arise from the geometrical com
plexity of the pore structures, previous investi
gators have often employed an analog or model
which consists of a group of parallel circular
capillaries with equal "average" diameters and
lengths. This is an oversimplification of the
problem; however, use of this analog leads to
concise presentations of definitions, data, and
results in terms of established concepts.

The definitive steady-state isothermal relation
ship for fluid flow in circular conduits is given

J. M. Hutcheon, B. Longstaff, and R. K. Warner,
"The Flow of Gases Through a Fine Pore Graphite,"
p 259 in Industrial Carbon and Graphite, Society of
Chemical Industry, London, 1957.

A. Wheeler, "Reaction Rates and Selectivity in
Catalyst Pores," p 260-75 in Advances in Catalysis-
111, Academic Press, New York, 1951.

High Temperature Gas-Cooled Graphite-Moderated
Power Station, GA-593, GACP-595, GA-598, General
Atomics, San Diego (November 1958).

12 Personal communication from W. B. Cottrell, ORNL,
to A. S. Berman, ORGDP (January 1959).

13 H. L. Weissberg and A. S. Berman, Diffusion of
Radioactive Gases Through Power Reactor Graphite,
ORGDP-KL-413 (Apr. 6, 1959).
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by Poiseuille's law, that is,

d2 AP kc
g = A = — A

32p L n L

AP

(1*)

The identities (see "Nomenclature," this section)
clearly define a commonly used permeability con
stant k (cm ).

Equation (]a) is restricted to the viscous-flow
region, as the relationship in the turbulent region
involves (AP) . Viscous flow is characterized by
a parabolic velocity profile along the diameter
normal to Q; for liquids, Q/A is a maximum at the
center and zero at the walls. The change from
viscous to turbulent flow (in carefully conducted
experiments) occurs at a Reynolds number
(NRe = AQ-p/n-p-d) greater than 2000. Precisely,
Eq. (la) applies to liquids, and is approximated by
gases flowing at high pressures, under low AP/L,
where Q is measured at the flowing pressure. A
modified equation for gases undergoing considerable
isothermal expansion is:

d2 AP kc AP
Q P = A P = — A P

a a 32p L m r, L m

AP
= KcA— . (]b)

The identities define another popular permeability
constant (applicable to gases only), K (cm2/sec).
A striking and often overlooked feature of these
equations is the absence of a fluid-mass-density
term, p; viscosity is the only contributing fluid
property.

Up to this point, the discussion has been re
stricted to circular conduits; however, conversion
to a porous medium may be readily accomplished
through the model by equating simple volume and
rate parameters which contain N, the number of
capillaries and e, the open porosity, that is,
N(QP ) = (Q P ) or N(k A/L ) = kA/L,v<-a a'c KK-a a'gross v c c c' '
and NAcLc = eAL. Combining these equations,
one obtains

(Lc/LY
(2)

which indicates that an over-all k for a porous
material differs from k , that of a capillary, through
geometrical factors only. These factors, in turn,
depend on the assumed model. One may use the
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previous flow equations for porous materials with
the understanding that A, L, k, and K are "gross"
values which refer to the material under study.
Under these conditions Eq. (]b) is referred to as
"Darcy's law."14

The first experimental point of interest involved
the determination of the viscous region of these
materials. Previous work has indicated that the

Reynolds number (using an average d) at which
turbulent flow begins to appear in porous media
is essentially unity. Since use of an average d
is uncertain, and velocity profiles cannot be
obtained, the only criterion remaining required
experimental determinations of the linear portions
of curves of pressure drop vs flow rate. Typical
results are shown on Fig. 13.1 for AGOT graphite.

280

240

200

160

<

120

UNCLASSIFIED
ORNL-LR-DWG 47510

(,cm3-atm\
uara \ sec j

240

Fig. 13.1. Pressure Drop vs Flow Rate Character

istics for AGOT Graphite at 20°C.

The only linear curves are those for helium at
Qa Pa values less than 125 cm /sec at 1 atm and
20°C. Since the Reynolds numbers for the two
gases should be equal at the transition point,

(eapa)Ar = (eapfl)H<
He "Ar

(3)
Ar 'He,

14
M. Muskat, chap. 3 in Physical Principles of Oil

Production, McGraw-Hill, New York, 1949.



Based on this relationship and the helium value,
an argon transition value of 14.3 cm /sec was
obtained. Thus, it appears that all of the argon
experiments (corresponding to the points on Fig.
13.1) were conducted in the transition region or
the turbulent-flow region. It is reasonable to
expect, as indicated by the Reynolds number, that
turbulent flow could occur in the smaller channels

while viscous flow prevailed in the larger channels;
an increasing number of channels would undergo
transition as the velocity was increased. Thus,
transition regions in porous media cover a wide
range of velocities and depend on the pore-size
distribution.

Another forced-flow phenomenon of importance
concerns "slip" flow which is peculiar to gases
and very viscous non-Newtonian liquids. In the
case of gases, a naive explanation may be offered
in terms of the velocity profile along the diameter —
particularly at the walls. The velocity at the
walls is zero for liquids and a constant positive
value for a gas. The latter is a result of the
thermal agitation of gas molecules (expressed as
v, the average thermal velocity) which causes the
first layer to "slip" due to the collisions of un
directed molecules with the walls. As one might
suspect, and as shown on Fig. 13.2, this effect

(x 10"'°)

£ 1.5

1.0

AG OT^ ^^p--—•
_^

^>*o

• •
.^'

.
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•
— .•-•"

5—— #"~H

N>
0.5 >

K>/Pu (atmH)

Fig. 13.2. Interpretation of High-Pressure Graphite

Permeability Data at 20°C.
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is important at low pressures but diminishes at
high pressures, where the gases tend to take on
liquid properties. The net effect is less resistance
to flow than predicted by Darcy's law, or

k AP
Q P =-A— P

p
a a ,r~M (lc)

where, as suggested by the data of Fig. 13.2,

k = k (]+•—).
PM

(4)

This form is utilized by many investigators14 who
also proposed that15

-lb — — —
*C=3 c' L'PM'V (5)

which is written for capillaries. The original
definition of k (cm2) was based on the thought
that this parameter should be a function of the
conduit and not of the fluid. Unfortunately, as
shown by the three preceding equations, one must
take several gas-permeability values and extrapolate
to 1/P, 0 to obtain a parameter which is a
characteristic of the material. The intercept k
should be the same value one acquires from liquid
flow experiments with the same medium.

Equations (lc) and (4) are excellent forms for
relatively high-permeability materials and/or high-
pressure applications. However, other forms are
more suited to considerations involving very low-
permeability materials at high pressures or inter
mediate materials at low pressures. Rearrange
ment of preceding equations, in terms of K (cm /sec),
yields

K =

c 32(x

for capillaries, and

P„+-b d v

r M A
0 o O '

P 3

15

(6a)

(6b)

for porous media. 5 A plot of permeability data for

P. C. Carman, Flow of Gases Through Porous
Media, Academic Press, New York, 1956.
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Speer No. 1 graphite in terms of the definitions
given by Eq. (6b) is presented on Fig. 13.3. As
the pressure and/or average pore diameter is
decreased, the viscous-flow term (involving B )
loses significance. Under these conditions, the
flow is given by

Q P =-K —vAP ,
Va a 3 °L

(7)

which is an expression for Knudsen flow. This is
an important point, as it has been implied that
one can obtain Knudsen diffusion coefficients from

the results of forced-flow experiments if the pores
involved are very small.

Although attempts to correlate the B from Fig.
13.3 with the diffusion coefficients obtained

experimentally on the same graphite have been
unsuccessful, we anticipate much better corre
lations along these lines as the experiments are
extended to include very low-permeability materials.

(dynes/cm )

UNCLASSIFIED
ORNL-LR-DWG 47512

Fig. 13.3. Permeability of Speer No. 1 Graphite to

Helium.

DIFFUSION OF GASES

A series of constant-pressure-diffusion experi
ments have been conducted at low pressures and
temperatures using Speer No. 1 and AGOT graphites
with helium and argon as the diffusing gases.
With the knowledge and experience gained from
these experiments, it should be possible to design
a series of experiments with very low-permeability
ceramics at or near reactor operating conditions
of pressure and temperature. The experimental
results for the diffusion experiments performed to
date are summarized in Fig. 13.4. The results are
expressed in terms of a diffusion coefficient for
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Fig. 13.4. Apparent Diffusion Coefficients for Argon
and Helium in Speer No. 1 Graphite at 25°C.

each gas. A definition of the coefficient, D. or
DHe, may be obtained from the expression appli
cable to the isothermal-isobaric steady-state
experimental conditions. This expression is

(2a^)Ar,He
Ay

D. u A—- P
Ar.He r (8)

where y represents mole fraction of argon or
helium.

The experiments were carried out by simultane
ously sweeping initially pure argon past one face
of a cylindrical graphite septum and helium past
the other face. The diffusion rates for each com

ponent were obtained through determination of the
composition and rate of the effluent sweep streams.
The variable Ay was also based on the effluent
composition; for argon, for example,

AN = 50 + 0.5(Ar in Ar.r.n - Ar in He . ).
Ar stream stream

A great deal of care was taken to maintain equal
pressures on each side of the septum so that AP



would be zero. These experiments were conducted
with relatively low sweep velocities (ND < 10)

e

in order to avoid large pressure drops in the
entrance lines and to keep diffused-gas concen
trations at measurable levels in the effluent.

Information pertinent to the experimental results
shown on Fig. 13.4 is outlined in Table 13.1; the
permeability constants, determined graphically
through Eq. (6b) and Fig. 13.3, were included, as
these factors were used to calculate the tortuosity
ratio L-AL snown- I* should be noted that the
determination of "open" porosity is included as
part of the experimental program.

One of the primary objectives of the initial dif
fusion experiments was to establish the mechanism
or mode of noble-gas diffusion through a graphite
environment. If diffusion occurs in relatively-
large diameter pores, the over-all mechanism should
be classical in nature and would be characterized

by equal coefficients (for each gas). If Knudsen
and/or surface diffusion effects are involved (flow
through small pores), the coefficients will differ
and be independent of P or 1/P. The curves shown

Table 13.1. Speer No. 1 Graphite Characterization

Factors and Dimensions for Diffusion Septum

Open porosity (with helium)

K (with helium)
o v '

B (with helium)

Tortuosity factor, L /L

Septum shape

Inside diameter

Outside diameter

Exposed surface length

Effective area-to-length ratio

17.8 vol %

2.23 x 10-6 cm

9.64 X10~H cm2

1.73

cylindrical

0.5 in.

0.8 in.

4 in.

135.8 cm
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on Fig. 13.4 suggest that both types of mechanism
contribute to the over-all diffusion encountered in

the present experiments. The curves shown on
Fig. 13.4 tend to follow those proposed by
Wheeler. The experimental results for Speer
No. 1 graphite show a definite correspondence
with initial results for AGOT graphite. Inspection
of the values in Table 13.2 will reveal that the

ratios of diffusion coefficients and permeability
constants for AGOT graphite to comparable values
for Speer No. 1 graphite range from 2.1 to 3.3.

The magnitudes of the experimental diffusion
rates were much lower than those anticipated
through preliminary calculations based on a model
suggested by Carman, the characterization
parameters of Table 13.1 and classical He-Ar
diffusion coefficients. For example, at 1 atm and
25°C, the classical He-Ar coefficient is 8.1 x 10" ]
cm /sec, the model value for Ar in a helium-
saturated Speer No. 1 graphite is 4.8 x 10
cm /sec, and the extrapolated experimental values
for Speer No. 1 graphite are 8.8 x 10" cm /sec
for Ar and A.A x 10" for He. Coefficients ob

tained to date are of the same magnitude as those
for CO, in a nitrogen-charcoal system as reported
by Wicke and Kallenbach, who performed the
first experiments of this type.

POROSITY

The open-pore porosities, that is, the number of
interconnected voids, of several different graphites
were determined by the helium-gas penetration

16

17c
P. C. Carman, Ibid., p 110.

E. Wicke and R. Kallenbach, Kolloid-Z. 97, 135
(1941).

Table 13.2. Summary Results of Diffusion Experiments with Two Reactor-Grade Graphites

Type of

Graphite

Porosity

to Helium

(vol %)

Absolute

Permeabi lity

(cm2)

xio-10

AGOT 22.0 1.65

Speer No. 1 17.8 0.56

Diffusion Coefficient (cm /sec) at 25 C and 3.0 atm

He lium

X 10"

3.7

1.8

Argon

x 10~-

1.4

0.42
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technique in combination with bulk-density de-
terminations by the mercury-displacement method.
The method is based on determinations of the fluid

displacements by the samples under pressure. A
helium pressure of 6 atm was used in these tests.

18
C. G. Rail, H. C. Hamontre, and D. B. Taliaferro,

"Determination of Porosity by a Bureau of Mines
Method: A List of Porosities of Oil Sands," U.S. Bur.
Mines Rep. Invest. No. 5025 (July 1953).

As Table 13.3 indicates, the porosities varied
from 17.6 to 28.4% and the averages varied from
17.8 to 25.9%. Reproducibility of the method
appears to be within about +3% for samples run at
different times. The variations in porosities
appear to be smaller for the AGOT specimens than
for the other types tested. After outgassing the
samples at 1100°C an increase of about 1-3% was
found in the open-pore porosities.

Table 13.3. Porosity of Reactor-Grade Graphites

Graphite Type
Op sn-Pore Poros ty (%) Total

Porosity

(%)

Graphite Type
Open-Pore Poros ty (%)

Total

Porosity

(%)
Ex serimental* Mean Experimen al* Mean

AGOT-1' 20.2

19.8

19.9

20.0 24.1 Great La
H4LM

kes 20.6

20.9

21.4

21.0 24.6

AGOT-III 22.0

22.1

22.2

22.1 25.7

TSF-II 26.8

25.7

25.9 28.4

Speer moderator
No. 1

Speer moderator
No. 2

17.6

17.8

17.8

18.1

20.4

20.2

18.9

17.8

20.6

23.2

29.4

TSF-III

25.7

26.3

24.2

26.7

28.4

19.0 19.1 25.1

21.0

20.9

18.1

20.1
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kEach value represents average of three determinations.

A

b
c

B
c

d

d
C

D

slip factor, cm /dyne or ati

NOMENCLATURE

-1

cross sectional area normal to flow, c m

geometrical correction factor for Knudsen flow

viscous flow permeability constant, cm /sec

diameter of a circular conduit, cm

diameter of a capillary

diffusion coefficient, cm /sec

permeability coefficient for porous media, cm
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kc permeability coefficient for a circular conduit, cm

K permeability coefficient for porous media, cm /sec

K permeability coefficient for a circular conduit, cm /sec

KQ Knudsen flow permeability constant, cm

L length along path of flow, cm

M molecular or atomic weight, g/mole

N number of capillaries involved in flow

P pressure, atm or dynes/cm

P pressure at which effluent Q is measured, atm or dynes/cm

Q volumetric flow rate, cm /sec

Qa volumetric flow rate of effluent gas (generally at P = barometric pressure), cm /sec

R gas constant

T temperature, °K

v average thermal velocity (SRT/nM) , cm/sec

y mole fraction in gas phase

AP pressure drop along L, atm or dyne/cm

€ open or connected porosity

p fluid viscosity, dyne-cm/sec

p fluid mass density, g/cm
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14. IMPORTANCE OF ALKALI-METAL FISSION PRODUCTS IN EGCR FUEL CAPSULES

S. Cantor

Since the yield of cesium and rubidium nuclides
of long half life is high (18.4 atoms per 100 fis
sions), the behavior of these fission products in
long-lived reactor fuels may be of especial impor
tance. In the EGCR, for example, whose fuel is
pellets of UO, in relatively thin-walled elements
of stainless steel, these materials may contribute
to excessive pressures within the fuel element or
may interact with the container.

Tables giving the free energy of oxide forma
tion1 indicate that other fission products occurring
in high yield (Zr, La, rare earths, Y, Sr, Ba, and
Mo) form more stable oxides than Cs20 or RbjO.
These other fission products would react preferen
tially with all the oxygen made available as a
by-product of fission. At the high temperature of
the U02 pellets (1200-1900°K) the equilibrium
with respect to 0~~ ions should be attained fairly
rapidly as surmised from self-diffusion measure
ments of oxygen in U02 (ref 2). Therefore it is
concluded that cesium and rubidium will be present
mainly as metal. A small fraction of the alkali
metals will be bound by the nonmetals (Br, I, Se,
Te), whose effective fission yield is 4.4 atoms
per 100 fissions. In addition, it is known that the
Csl and CsBr so formed would be soluble in liquid

3
cesium at reactor temperature.

As burnup of the fuel progresses, cesium and
rubidium will vaporize from the fuel into the cooler

J. P. Coughlin, "Heats and Free Energies of Forma
tion of Inorganic Oxides," U.S. Bur. Mines, Bull.
No. 542 (1954).

2
J. Belle, Second U.N. International Conference on

Peaceful Uses of Atomic Energy, 1958, paper A/Conf.
15/P/2404.
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vapor space that is present in each fuel capsule.
When enough of the alkali metal gets into the vapor
to exert a partial pressure equal to that exerted
by liquid cesium at the same temperature, conden
sation will occur. Of course, the expected vapor
pressure will be a function of the lowest tempera
ture in each fuel rod. These vapor pressures are
expected to be between 1 and 7 atm.

A stainless steel rod was soaked in cesium at

850°C for 22 hr. After the adhering cesium was
wiped off, the rod was washed in successive por
tions of fresh acid. Analysis for cesium in the
acid indicated that some diffusion of cesium into

the rod had occurred. A more sophisticated ex
periment to determine diffusion rates is in progress.

While pressure buildup due to the alkali metals
is of only moderate significance in the life of each
fuel capsule, diffusion into stainless steel might
be serious. A method of trapping the alkali-metal
fission products would solve the pressure and dif
fusion problems simultaneously. Some trapping
substances with acceptable physical and nuclear
properties have been listed by Brewer. Among
them is tin. To the list may be added bismuth,
which is known to alloy quite easily with cesium.
If either tin or bismuth were used it could be con
tained in recesses cut in the magnesia spacers

that are now present in each fuel capsule.

JM. A. Bredig, H. R. Bronstein, and W. T. Smith, Jr.,
J. Am. Chem. Soc. 77, 1454 (1955).

L. Brewer, Trap for Alkali and Alkaline Earth Metal
Fission Products, GAMD-902 (Aug. 4, 1959).

5P. Gorlich, Z. Physik 101, 337 (1936).
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15. EFFECT OF REACTOR IRRADIATION ON BERYLLIUM OXIDE

R. P. Shields J. E. Lee

Beryllium oxide has for many years been con
sidered as a moderator material for high-tempera
ture reactor systems. The low ductility of this
ceramic material, however, has led to some doubts
of its resistance to thermal stress under reactor

conditions. An experimental program to determine
the resistance of BeO to reactor irradiations at a

variety of temperatures is in progress.
In this program, cylindrical specimens 1 in. in

length and 0.43 to 0.80 in. in diameter have been
irradiated in position C33H10 of the Engineering
Test Reactor. In this position, gamma fluxes cor
responding to 25 w/g and neutron fluxes of
6.2 x 1014 and 4.3 x 1014 sec^-cm"2 for thermal
and fast neutrons, respectively, are available.
Exposure of the BeO cylinders in capsules of
stainless steel cooled by inert gas can effect

Values obtained by Phillips Petroleum Co. in ETR
cycle 18, using cobalt and nickel wire monitors.

temperature differences of ca. 100°C from the
center to the edge of the specimen; by control of
position and amount of coolant gas, temperatures
from 400 to 1000°C can be obtained.

In the first experiment, irradiated at relatively
low temperature to a thermal-neutron dose of
2.2 x 10 nvt, three specimens of 0.636-in. di
ameter were exposed. Hot-cell examination of
these specimens, which is nearly complete, re
veals no cracking or damage as a consequence of
the thermal stress or shocks.

A second experiment containing nine specimens
and irradiated to nearly twice this neutron dosage
is under examination at present. No damage has
been detected on the three specimens so far
examined.

A third experiment which contains nine speci
mens of three different diameters has been irradi

ated and removed from the reactor.
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16. GASEOUS ALUMINUM CHLORIDE AS A THERMODYNAMIC WORKING FLUID
AND HEAT TRANSFER MEDIUM1

M. Blander

Dissociating gases, such as aluminum chloride,
are attractive as heat transfer media and as

thermodynamic-cycle working fluids because they
are associated at low temperatures and disso
ciated at high temperatures. Lowering the temper
ature of monomeric Al CI 3 will yield not only the
heat given off if the composition of the gas were
"frozen" but also, since the gas is more highly
associated at lower temperatures, the chemical
heat due to the association of some of the mon

omer to AI2CI6. The same phenomenon increases
the thermal conductivity. A temperature gradient
in a system at constant total pressure leads to
a gradient of the partial pressures of monomer and
of dimer in a direction such that more monomer

tends to diffuse to lower temperatures and more
dimer to higher temperatures than if the compo
sition were "frozen. The monomer composition
tends to equilibrium at the lower temperature by
associating and giving off heat. This extra heat
is part of the total heat flux and considerably
enhances the effective thermal conductivity at
temperatures where there is an appreciable frac
tion of both monomer and dimer. The effective
heat capacity and thermal conductivity of gaseous
aluminum chloride were estimated by use of the
quantitative expressions of Butler and Brokaw
and what are believed to be conservative esti

mates of the necessary physical parameters;
the values so obtained are plotted in Figs. 16.1
and 16.2. Calculations of two possible corrosion
reactions each with chromium and nickel indicate

that chromium would corrode badly but may be
usable if it is a minor constituent of an alloy,
and that unprotected nickel may be suitable for
an intermediate-term reactor. (It may be feasible

This material is contained in a report written jointly
with members of the Reactor Projects Division; see
M. Blander et al.. Aluminum Chloride as a Thermo
dynamic Working Fluid and Heat Transfer Medium,
ORNL-2677 (Sept. 21, 1959).

2
J. N. Butler and R. S. Brokaw, /. Chem. Phys. 26,

1636 (1957).

3W. Klemperer, /. Chem. Phys. 24, 353 (1956).
A. Shepp and S. H. Bauer, J. Am. Chem. Soc. 76,

265 (1954).

5J. 0. Hirschfelder, C. F. Curtiss, and R. B. Byrd,
Molecular Theory of Gases and Liquids, Wiley, New
York, 1954.

6L. R. Maxwell, J. Opt. Soc. Am. 30, 374 (1940).
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R. F. Newton

to develop an alloy with a protective oxide coating
and thus eliminate corrosion as a difficulty.)

These calculations are uncertain, since none

of the properties calculated and very few of the
parameters used in the calculations have been
measured directly. A conscious attempt was made
to be conservative in these estimates, however.
The calculations do indicate that gaseous heat
transfer media with properties superior to those
of helium (e.g., aluminum chloride) may exist and
that a concerted theoretical and experimental in
vestigation of AI2CI6 and other dissociating
gases (as, for example, Be2CI4, Be2Br4, AI2Br,)
and mixtures of these gases (with helium, for
example) may be warranted.
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17. MEASUREMENT OF TEMPERATURE IN REACTOR ENVIRONMENTS

G. W. Keilholtz

W. E. Browning H. L. Hemphill W. H. Montgomery R. P. Shields
J. E. Lee R. L. Bennett W. T. Rainey

THERMOCOUPLES FOR MEASUREMENT OF

TEMPERATURE OF GAS-COOLED SURFACES

W. E. Browning H. L. Hemphill

When thermocouples are used to measure the
temperature of gas-cooled surfaces, corrections
must be made for the cooling action of the gas
upon the thermocouple. The cooling gas removes
heat from the surface of the thermocouple leads,
inducing a flow of heat outward through the
thermocouple with a consequent thermal gradient
in the region between the original surface and the
junction of the thermocouple inside the thermo
couple bead. The magnitude of the correction is
proportional to the distance separating the thermo
couple junction from the original metal surface
and is also proportional to the thermal gradient in
this region. The distance separating the thermo
couple junction from the original metal surface,
which we shall call the height of the junction,
is fixed at the time the thermocouple is fabricated.
The thermal gradient through the thermocouple
depends upon the various geometrical factors and
gas flow conditions which affect the heat transfer
through the thermocouple and the lead wires.
These factors include the diameter and exposed
length of the thermocouple lead wires, the compo
sition and pressure of the cooling gas, the dimen
sions of the cooling channel, the velocity of the
cooling gas, and the thermal conductivity of the
thermocouple metals.

Methods of fabricating bare wire thermocouples
which have reproducible cooling corrections have
been developed and previously reported. Thermo
couples of this type are fabricated by electrical
resistance welding using the technique illustrated
in Fig. 17.1. One thermocouple wire is placed
over the other and pressed by a copper electrode
against the metal surface whose temperature is to
be measured, and the assembly is welded in place
by passing controlled electrical current through
the wires under controlled pressure. The result

W. E. Browning and H. L. Hemphill, Solid State
Semiann. Prog. Rep. Feb. 28, 1955, 0RNL-1851, p 19.

of this operation is shown in Fig. 17.2. It can be
seen that the two wires are fused together at the
point where they cross and are fused to a metal
surface below. The ceramic insulator is pushed
close to the bead to provide protection from the
cooling gas stream, as shown in Fig. 17.3. Figure
17.4 shows a photomicrograph of a section through
the thermocouple bead at a point displaced toward
the end of the thermocouple wires about 0.005 in.
from the center of the bead. Sections taken near

the center of the bead show the Alumel region
resting above the Chromel region. The location
of the thermocouple junction in a thermocouple of
this type cannot be determined by examination.
Various points of contact between the Chromel and
Alumel contribute in differing degrees to the
electrical junction. The effective location may
be at any point along the boundary of the Chromel-
Alumel.

Methods for determining the cooling correction
were developed, and corrections were evaluated
for attached thermocouples under one set of oper
ating conditions at various gas flow rates. This
work was also previously reported, and the
apparatus is illustrated in Fig. 17.5. The metal
specimen is heated electrically while being cooled

UNCLASSIFIED
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Fig. 17.1. Thermocouple Assembly Prior to Resistance

Welding.
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UNCLASSIFIED
PHOTO 474I8A
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Fig. 17.2. Thermocouple Assembly After Resistance Welding

by gas passing through a cooling annulus defined
by a quartz tube. The metal surface temperature
is determined by viewing through the quartz with
an optical pyrometer and compared with the tem
perature indicated by the attached thermocouples.

It would be desirable to be able to predict the
cooling corrections necessary for thermocouples
under a variety of cooling conditions based on
tests conducted under a limited number of cooling
conditions. A calculation procedure has been
developed using the Oracle electronic computer to
predict the variation of cooling corrections with
the cooling conditions surrounding the thermo
couples. The results of these theoretical calcu
lations are being used to correlate cooling cor
rection data obtained under a variety of cooling
conditions. The ideal model shown in Fig. 17.6
was used to perform the calculation of heat trans

fer within an attached thermocouple exposed to a
coolant stream. The thermocouple was represented
as two isolated wires whose ends are attached to

the surface whose temperature is to be measured.
It is desired to calculate the temperature at a
point within the thermocouple at the location of

160

the thermocouple junction. To perform this calcu
lation, it is necessary to evaluate the heat flux
profile and temperature distribution throughout
the thermocouple. The exposed thermocouple lead
wire was divided into 100 elements of length for
this calculation, and a heat flow balance was
established for each element. An initial estimate

was made of the heat flux into the base of the

thermocouple from the hot surface. The temper
ature of the first length element was calculated
using the heat flux and the thermal conductivity
of the thermocouple metal. The convective heat
losses from this heat element to the coolant were

calculated using the temperature of the element
and the heat transfer film coefficient determined

from the cooling conditions for the case being
calculated. The convective heat losses were

subtracted from the heat flux entering the element
to yield the heat flowing from the first element to
the second length element. The temperature of
the second element was then calculated, and the

process was repeated for each of the 100 heat
transfer elements. If the initial estimate of the

heat flux into the base of the thermocouples were
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Fig. 17.3. Completed Thermocouple for Measurement of Temperature of Gas-Cooled Surfaces.

correct, the residual heat flux remaining at the
end of the thermocouple lead wire would be zero.
The magnitude of this residual heat flux was used
to construct a revised estimate of the heat flux

at the base of the thermocouple, and the calcu
lations were repeated until the residual heat flux
was sufficiently close to zero. The calculation
procedure used converged usually after only two
or three iterations. This calculation yielded a
temperature profile in the thermocouple and there
fore could be used to predict the temperature
cooling correction provided the height of the
thermocouple junction inside the thermocouple is
known. Since the height of the thermocouple
junction cannot be observed directly, but is

presumably fixed for each thermocouple, it is of
interest to express the results of these calcu
lations in terms of the thermal gradient near the
base of the thermocouple. This thermal gradient
should be proportional to the cooling correction
for each thermocouple and should vary with cooling
conditions in the same way as far as thermocouple
cooling correction is concerned. Some of the
results of the calculations are given in Figs. 17.7
and 17.8. Figure 17.7 shows the thermal gradient
at the base of the thermocouple vs the Reynolds
number of the coolant for various lengths of
exposed thermocouple leads. The calculations
were made for 0.010-in. Chromel-Alumel wires with

air at atmospheric pressure passing through a
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NCONEL

Fig. 17.5. Apparatus for Measurement of Thermo

couple Cooling Corrections.
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Fig. 17.4. Photomicrograph of Attached Thermocouple.
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0.050-in.-thick annular channel. The thermal
gradient increases with Reynolds number and is
quite sensitive to length of exposed lead wire for
values less than 0.100 in. In Fig. 17.8 the calcu
lated thermal gradient is plotted vs the length of
exposed lead wire for two values of the Reynolds
number.

Thermocouple cooling corrections were deter
mined experimentally for a series of thermocouples
under the conditions used in the calculations.

The results of these tests together with the infor
mation in Fig. 17.7 were used to evaluate an
effective height of the thermocouple junction for
each individual thermocouple. The effective
heights so obtained were used, together with
information in Fig. 17.7, to calculate the theoreti
cal thermocouple cooling corrections as functions
of Reynolds numbers shown in Fig. 17.9. The
experimentally determined cooling corrections are
shown also in Fig. 17.9 for comparison.
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It can be seen that the theoretical heat transfer

calculations were successful in predicting the
variation of thermocouple cooling correction with
Reynolds number. Additional experimental tests
and calculations are being conducted to determine
whether this method of calculation can be used to

predict the variation of cooling correction with
other factors such as length of exposed thermo
couple lead, composition of coolant, coolant
pressure, coolant channel dimensions, and other
factors. If this procedure is successful, it will
be possible to predict the accuracy of thermo
couples under any cooling conditions based on
tests conducted under a small number of cooling
conditions. While these calculations were applied
to bare thermocouples, the results can be applied
to any thermocouple assembly in which a cooling
fin action occurs. For each thermocouple type it
will be necessary to experimentally determine the
effective height of the thermocouple junction
within the thermocouple assembly. For a particular

LENGTH ELEMENT USED IN

HEAT TRANSFER CALCULATIONS

HEAT FLUX INTO T.C.

-HEIGHT OF T.C. JUNCTION

Fig. 17.6. Model for Thermocouple Heat Transfer Calculations.

method of fabrication, it may be possible to evalu
ate the effective height of the junction for indi
vidual thermocouples before they are put into
service. This empirically determined effective
height could be used with the calculation pro
cedure developed here to predict thermocouple
accuracy under various conditions such as might
be encountered in measuring the temperatures of
components of nuclear reactors.

DEVELOPMENT OF THERMOCOUPLES FOR

USE IN A THIN ANNULUS

R. P. Shields J. E. Lee

Beryllium oxide specimens, in the in-pile tests
described in Chap. 15, were exposed in cylindri
cal capsules mounted within a metal tube which
provided an annular passage of 0.010 to 0.15 in.
Inert gas was passed through this annulus to pro
vide temperature control of the specimens.

Inconel-sheathed Chromel-Alumel wires inserted

through /4-in. radial ports on the outer wall of the
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Fig. 17.7. Calculated Thermal Gradient in Thermo

couples vs Reynolds Number of Coolant.

gas annulus were used to provide adequate meas
urements of the capsule wall. Linear thermal
expansion of the capsule was carried by the end
mounts so that surface movement at the access port
was reduced to approximately 0.005 in. Each wire
of the thermocouple pair was spot-welded sepa
rately to the capsule wall; a single-turn spiral
wound in each wire gave the necessary mechanical
flexibility. The sheathed wires emerged from the
annulus through a small cap, which was silver-
soldered in place by induction heating to seal the
access hole and the sheathed wires. Although
this type of installation requires stripping of the
sheath and wire insulation within the annulus, the
advantages of a sealed mount are obtained, and
the wires are easily conducted through the water
and auxiliary hardware to a convenient junction
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Fig. 17.8. Calculated Thermal Gradient in Thermo

couples vs Length of Exposed Lead Wire.

terminal. A photograph of the cap and access port
is shown in Fig. 17.10 in a preassembly view.

The performance of a side-wall thermocouple
mount was tested during several series of bench-
test mockups. The capsule wall temperature was
simulated by an electrical resistance heated tube.
Thermal expansion phenomena were simulated, and
temperature control was provided by gas mixture
variation (helium vs argon or nitrogen) and power
input regulation. Annealing of the exposed wire
tips proved to be necessary before forming the
spirals in order to give a temperature cycling life
of 40 to 60 cycles. In each instance of normal
assembly, the braze distribution was found to be
completely acceptable and no detectable distortion
of the gas annulus had occurred. The accuracy of
the temperatures measured by the installed thermo
couple was verified by other thermocouples that
were attached to the inside surface of the heated
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Fig. 17.10. Annulus Thermocouple Location Showing

Access Ports and Seal Caps.

tube and found to be within 5 to 10°C. The temper
ature profile of the entire heated unit could be
checked in this manner without interference with

the gas annulus geometry.
Temperatures at the centers of BeO specimens

were measured by thermocouples in wells within
the capsules. Sheathed wire was used from the
lead wire junction to a bushing sleeve where the
wire passed through the wall of the end supports.
This sleeve was induction-brazed to seal both the

bushing and wire sheath. Within the assembly, the
wires were exposed, mounted on insulated spacers,
and welded to the bottom of the thermowell. Both

Chromel-Alumel and platinum vs platinum-rhodium
couples were used in such installations.

Nearly 50 of these thermocouple installations
have been used in the three experiments to date.
The rigors of shipping and installation in the
reactor have been survived in every case. The
over-all temperatures reported for each experiment
assembly have been consi stent with predictions
based on specimen mass and position in the flux.
The operational life of individual couples has been
comparable in most cases to that achieved during
mockup tests.

DRIFT STUDIES ON CHROMEL-ALUMEL

THERMOCOUPLES IN UNUSUAL ATMOSPHERES

R. L. Bennett W. T. Rainey

In many reactor installations it is necessary to
measure temperatures with thermocouples which
are maintained at conditions considerably less
than ideal. In such installations it is often neces

sary to use long protection tubes (thermowells)
with stagnant and possibly contaminated atmos
pheres. Chromel-Alumel thermocouples, which are
commonly used in the 400 to 2000°F range, have
been reported to behave erratically under such
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conditions. In this investigation the behavior of
Chromel-Alumel thermocouples insulated with
alumina and contained in 12-in. protection tubes
of quartz has been examined as a function of
atmosphere and the presence of various contami
nants previously shown to yield occasional erratic
behavior.

In stagnant air at 1000°C the drift data on 18
thermocouples during 100 hr showed a maximum
deviation of ±2°C. The data showed no significant
differences between broken or solid insulators,
and all drifts were positive. The Chromel leg
drifted 3 + 1^ and tended to level off. The Alumel

leg drifted 6 ± 1°C and continued to increase in
error. In flowing helium the results were approxi
mately the same. Specially purified helium gave
the same results as cylinder helium. After 140 hr
of helium flow, the helium lines were replaced by
air lines, and air was passed through the tubes
for 60 hr. There was no change in rate of drift in
any of the thermocouples.

Thermocouples in broken insulators in the pres
ence of chromium and Inconel powder and with
flowing helium atmosphere showed no greater drift
than control thermocouples without metallic con
taminants. It should be pointed out that the
insulators in these tests were broken by cracking
the ceramic into ca. 0.75-in. lengths with no gaps
larger than 0.10 in. This resulted in only very
narrow sections of the wires in the thermal gradient
region being exposed to contamination. The one
case of abnormal drift noted resulted from the use

of chromium powder and a stagnant helium atmos
phere with the thermocouple insulating tube broken
at 0.75-in. intervals with 0.25 in. of metal exposed
between breaks throughout its length. The pro
tection tube was not purged of air before applying
3 psi helium pressure with no flow. The drift rate
was almost linear during 24 hr at a rate of —2.0 mv
in 24 hr. Then the rate of drift decreased.

As a further check on oxidation changes taking
place in the wires, accurate resistance measure
ments were made on the individual thermocouple
legs during the tests in helium. The presence of
metallic contaminants had no significant effect on
resistance changes. In general, the sections of
Alumel wire in the high-temperature zone in helium

J. F. Potts, ORNL Instrumentation and Controls
Division, and D. L. McElroy, ORNL Metallurgy Divi
sion, personal communication.



increased in resistance by approximately 50%
during 200 hr. The Chromel wires increased only
5% during 200 hr. When the helium flow was
replaced by air flow, the rate of change in resist
ance of Alumel wire increased by a factor of 4.
The Chromel wires showed no appreciable changes.
These resistance changes agreed with predicted
results. As the cross-sectional areas of the wires

were reduced by oxidation, the resistance increased.
There was not necessarily any correlation between
emf drift and resistance change. This was expected
since any oxidation could cause resistance changes,
but only oxidation resulting in a changing metal
composition could cause emf changes.

It is interesting to note that no appreciable
changes were noted in the resistances of either
the Chromel or Alumel legs in the one instance of
abnormal emf drift. The slight increases in resist
ance measured were much less than the usual

results in helium.

The results to date indicate that Chromel-Alumel

thermocouples in the presence of chromium, inconel,
and quartz insulating tape in a flowing helium
atmosphere show no abnormally fast drifts when
there is limited access to the wires in the thermal

gradient region. However, abnormal drifts may be
experienced under similar conditions in stagnant
atmospheres.

DEVELOPMENT OF HIGH-TEMPERATURE

FURNACE FOR THERMOCOUPLE STUDIES

W. E. Browning W. T. Rainey
W. H. Montgomery

High-temperature furnaces are required for use
in investigation of thermocouples in the temperature
range 1000 to 3000°C (1800 to 5400°F). For this
purpose furnaces are required having a relatively
small high-temperature zone of the order of L in.
in diameter x 1 in. long with provision for inserting
thermocouples to be tested and for viewing them
with an optical pyrometer under black-body con
ditions. Several furnace designs have been de
veloped; all have tantalum or tungsten heating
elements supported by copper blocks, usually
water-cooled, and are in an inert atmosphere con
tained in a quartz bell jar. Specially designed
high-current, low-voltage transformers are used
for power supply.

One design uses a heating element made of
tantalum sheet 0.010 in. thick bent into the form

of a cylinder L in. in diameter x 2k in. long with
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a slit left open approximately k in. for pyrometer
viewing. This tantalum tube was resistance-
welded to stainless steel rings which had been
previously silver-soldered into copper blocks
which had water cooling channels. Brass and
copper tubing served the threefold purpose of
supporting the water-cooled blocks, supplying
coolant to the blocks, and conducting electric
current to the heating element. Thermocouples to
be tested are inserted through holes in the copper
blocks and are suspended near the axis of the
tantalum heater. Tantalum foil crimped to a V-
shape is attached to the thermocouple junction for
black-body viewing conditions. A furnace of this
design has the advantage of uniformity of temper
ature and uniformity of radiation environment sur
rounding the thermocouple. The interior surface
of the tantalum heating element itself provides a
black-body surface for temperature measurement.
The maximum operating temperature of a furnace
of this design is limited by the mechanical strength
of the tantalum heating element. Such furnaces
have been operated for brief periods at up to
2600°C (4700°F) and for periods of several days
at 2000°C (3600°F). For longer periods of oper
ation serious deformation of the tantalum furnace

occurs leading to nonuniformity of temperature and
ultimate failure of the furnace.

Small furnaces consisting of simple tungsten
ribbons have been operated up to the melting point
of tungsten. Application of furnaces of this type
has been limited because of the small high-
temperature zone and because of the difficulty in
obtaining black-body conditions for measurement
of temperature at the test region.

The most successful high-temperature furnaces
have used self-supporting helical heating elements
made of tungsten rod 0.040 to 0.125 in. in diameter.
Techniques were developed for winding tungsten
helices ^ to /2 in. in diameter x '/ in. long.
Heating elements of this type are mechanically
attached to water-cooled copper blocks of the
same type used in the tantalum furnace described
above. Furnaces of this type have operated for
periods of several days at over 2800°C (5100°F)
without failure.

Quartz bell-jar-shaped enclosures approximately
4 in. in diameter have been used to contain the
inert atmosphere, helium, required by these furnaces.
The quartz tube is sealed to a brass base by an
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O-ring. The system is evacuated to 10 p Hg pres
sure and purged several times with helium before
final filling. When atmospheric impurities are
present, deposits of yellow or blue tungsten oxide
are found on the interior surfaces of the envelope.
Under good atmosphere conditions, only a slight
black deposit appears on the upper portion of the
envelope. The black deposit is metallic tungsten
as evidenced by x-ray diffraction analysis.

The power for these furnaces has been supplied
by specially built transformers designed to match
the load resistance of the furnaces. The core and
winding of a Variac or Powerstat autotransformer
are used with the housing and brush assembly
removed. The original winding of the autotrans
former serves as the primary winding in the high-
current transformer. The secondary winding consists
of 10 or 20 turns of water-cooled copper tubing
wrapped around the toroid core. The ends of this
copper tube are attached to the terminals of the
furnace, and the transformer and furnace are a part
of the same cooling water circuit. The transformers
of this type have been built using two 50-amp,
115-v Variacs in series. Secondary currents of
up to 1000 amp have been obtained, at total
secondary powers of over 3 kva.

These furnaces are now used routinely in the
study of high-temperature thermocouples, such as
rhenium-tungsten thermocouples with BeO insu
lation.

STABILITY OF RHENIUM-TUNGSTEN

THERMOCOUPLES

W. E. Browning W. H. Montgomery

It is desirable to be able to measure the center

temperature of UO. fuel elements used in high-
temperature reactors, such as gas-cooled reactors.
The temperatures are well above the range of
conventional thermocouple materials. Thermo
couples are being tested and developed for this
application. Initial tests are being made on
rhenium-tungsten thermocouples at temperatures
from 1000 to 2000°C (1800 to 3600°F). The output
of thermocouples was measured for various thermo
couple temperatures determined by an optical
pyrometer. The calibration curves of the thermo
couples appeared to be constant with duration of
exposure of the thermocouple at 1800°C up to 64 hr
within experimental error. The reproducibility of
results between 1000 and 1600°C was better than
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between 1600 and 2000°C. The thermocouples
being tested consisted of a rhenium and a tungsten
wire 0.010 in. in diameter in a BeO insulator.
Additional tests are being run to improve the repro
ducibility of results. Furnacedesign improvements,
described elsewhere in this report, have been
made using a tungsten heater instead of tantalum
and using a larger power density so that these
tests can be extended to higher temperatures and
longer times.

A computing program for use on the IBM-704
machine was prepared by a group of students in
the MIT Practice School. The computing program
will statistically process experimental data ob
tained in thermocouple calibration experiments.
The program selects the curve which fits the
experimental points and determines the statistical
variance of the curve. The program evaluates a
series of such curves and tests the data for sig
nificance of correlation with a parameter such as
duration of exposure at high temperatures, duration
of exposure to neutron flux, or any other appropriate
parameter. This computing program has been com
pleted and will be used to analyze thermocouple
calibration data obtained in this work.

EFFECTS OF RADIATION UPON

THERMOCOUPLES

W. E. Browning H. L. Hemphill

Calculations of the amounts of impurities pro
duced in thermocouple materials by transmutation
reactions are being made. A computer program
using the IBM-704 was prepared by a group of
MIT Practice School students to calculate the

amounts of impurities as a function of neutron
exposure time and flux for any material. This
computer program will be used to determine the
composition of thermocouple alloys after exposure
to neutron flux.

Six Chromel-Alumel thermocouples which were
irradiated in the MTR for 5500 hr in connection

with a fused-salt capsule experiment are available
for postirradiation examination. A special shearing
tool was prepared and shipped to the MTR to
permit removal of the experiment at its conclusion
without the damage to the thermocouples which
normally occurs. Five platinum-rhodium thermo
couples and one rhenium-tungsten thermocouple,
irradiated for 65 to 174 days in the LITR, are on



hand for postirradiation calibration. These thermo
couples were used on capsules in the LITR oper
ated for the GCR Program. The calibration curves
of these thermocouples will be determined in the
hot cells.

Postirradiation examination of irradiated thermo

couples will indicate any permanent change in
thermocouple calibration. It is possible that
transient changes will occur which persist only
while the thermocouple is exposed to radiation.
To provide information on this point, it i s desirable
to calibrate thermocouples during irradiation. To
do this, one must have a standard which itself is
not affected by radiation. Various standards have
been considered for this purpose, including boiling
sodium metal at a controlled vapor pressure and

PERIOD ENDING JANUARY 31, 1960

radiation pyrometers of various types. Both of
these methods are quite complex. Melting point
standards could be used in-pile with very little
complexity. Of particular interest as a melting
point standard are the fused-salt mixtures de
veloped in connection with the MSR Program. The
experience obtained operating in-pile fused-salt
capsules makes the design of an in-pile thermo
couple melting point calibration experiment straight
forward. The results of these in-pile experiments
have indicated that fused salts are not affected

appreciably by radiation. A fused-salt capsule
with a thermocouple well in it is being prepared
for irradiation. The thermocouple output at the
melting point of the fused salt before, during, and
after irradiation will be measured to determine

whether there is any transient effect of radiation.
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18. REMOVAL OF RADIOACTIVE GASEOUS FISSION PRODUCTS FROM OTHER GASES

W. E. Browning R. D. Ackley R. E. Adams

Radioactive gaseous fission products may by
accident or design be present in a flowing sweep
or carrier gas in a variety of nuclear operations.
Examples include reactor off-gas streams, effluent
from nuclear fuel reprocessing, and off-gas from in-
pile experiments. Very often the concentration of
gaseous fission products in the carrier gas is such
that the latter cannot be vented directly to the
atmosphere because of the biological hazard;
consequently, it is necessary first to reduce the
concentration of radioactive gases to acceptable
values. These radioactive gases consist princi
pally of isotopes of krypton, xenon, and iodine. A
two-part review article was prepared for the journal
Nuclear Safety on the subject of removal of fission
product activity from gases.

REMOVAL OF NOBLE GASES

Introduction

When fission gases, particularly xenon and
krypton, in a more volatile carrier gas such as
helium or oxygen, pass through a column containing
an adsorbent such as activated carbon, these noble-
gas fission products, while not permanently ad
sorbed, do undergo many adsorption-desorption
cycles and thereby are delayed relative to the
carrier gas. This delay may provide sufficient time
for radioactive decay of short-lived isotopes so that
their concentration in the exit gas becomes
negligible. In a variation of this method, the
adsorber may be employed as a concentrator and
collector of the noble gases.

A longer-range phase of this program is to develop
information relating to the general problem of
disposal of radioactive noble fission gases. A
shorter-range phase is to provide technical infor
mation useful to ORNL reactor projects, for
example, studies pertaining to the Homogeneous
Reactor Test (HRT) off-gas system and to coolant
purification systems for the Gas-Cooled Reactor
Project.

Work previous to that covered herein has been
summarized. There, as here, a gas-solid chroma
tographic technique was used, with Kr or Xe 3

W. E. Browning, "Removal of Fission Product
Activity from Gases, Part I," Nuclear Safety 1(3)
(1960); Part II to be published in June 1960.
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as tracers. The data, obtained in the form of
elution curves, are interpreted in terms of a
theoretical plate treatment corresponding to fission
gas adsorption varying linearly with fission gas
pressure. The shape of the elution curve is given
by

P NN AF{N-}) /W-1)
p =_1^ e-NFt/km , (1)
r N e

(N - ])\(km)N

PN = partial pressure of fission gas, atm,

P , = standard pressure (1 atm),

N = number of theoretical plates,

A - amount of fission gas injected, cc (STP),

F = flow rate of carrier gas, cc/min,

't= time after fission gas injection, min,

k = dynamic adsorption coefficient, cc/g,

m = weight of adsorbent, g.

On settinq dP.Adt = 0, the time / for maximum
3 N ' max

fission gas partial pressure in the effluent (PN )
is obtained:

(N - 1) km

NF
(2)

In using Eq. (2) the simplifying assumption is
usually made that (N —1)/N = 1 for large values of-
N. Theoretically, k, cc/g, is numerically equal to
the slope of the static equilibrium adsorption
isotherm when the units of the slope are cc(STP)/g-
atm. A typical elution curve illustrating application
of Eq. (1) is shown in Fig. 18.1. The earlier work
included development and experimental applicatioa
of the above equations involving a wide variety of
adsorbents and conditions. Additional details

W. E. Browning, R. E. Adorns, and R. D. Ackley,
Solid State Ann. Prog. Rep. Aug. 31, 1958, ORNL-
2614, p 162.

"' E. Browning and C. C. Bolta, Measurement andJW.
Analysis of the Holdup of Gas Mixtures by Charcoal
Adsorption Traps, ORNL-2116 (July 27, 1956).
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pertaining to these and other studies have been
i 4 5reported. '

Improved Methods for Evaluating the Number
of Theoretical Plates

While N (the number of theoretical plates in an
adsorber bed) can be evaluated rather easily using
the method similar to that employed in gas-liquid
chromatography, it is occasionally preferable to
base its determination on Eq. (1) in a manner which
considers the shape of the elution curve in detail.
Previously, determination of N by Eq. (1) involved
using too few data points or using a time-consuming
method. Therefore an IBM-704 computer program

W. E. Browning, R. E. Adams, and R. D. Ackley,
Removal of Fission Product Gases from Reactor Off-
Gas Streams by Adsorption, ORNL CF-59-6-47 (June
11, 1959).

R. E. Adams, W. E. Browning, and R. D. Ackley,
Ind. Eng. Chem. 51, 1467 (1959).
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was established for this purpose with the aid of
members of the MIT Practice School. Subse

quently, it was found that Eq. (1) could be
expressed in a reduced form as

(1-t/r )
max'

N-l

(3)

Use of Eq. (3) in a logarithmic form greatly
facilitates the calculation of N, as the required
quantities are readily obtainable directly from
recorder chart paper. While application of these
methods has thus far been somewhat limited, it is
anticipated that they will be of considerable value
in the interpretation of elution data.

Effect of Carrier Gas Velocity on N

Krypton-85 elution curves were obtained for
Columbia G activated carbon, 8/14 mesh, corre
sponding to various flow rates of the carrier gas,
oxygen, and approximate values of N were calcu
lated by the method similar to that customarily
employed in gas-liquid chromatography. Results
are shown in Fig. 18.2, where N per foot of trap
length is plotted vs the mean value of superficial
oxygen linear velocity in ft/min. These data show )
that N is a function of trap length, as is obvious,
and of linear velocity but not of trap diameter. ^

T. J. Delaney, L. M. Davis, and M. J. Friedman,
Analysis of Experimental Data on the Holdup of Radio
active Gases on Charcoal Adsorption Traps, EPS-X-
406, KT-389 (Mar. 3, 1959).
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Also, the optimum superficial linear velocity, with
respect to N, for the oxygen-Columbia G charcoal
system, is indicated to be about 0.5 fpm.

Effect of Carrier Gas Composition and Pressure
on Dynamic Adsorption

Figure 18.3 represents a revision of data previ
ously presented.2 Variation of krypton k values
with different carrier gases is not as large as it
appeared to be earlier.
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Fig. 18.3. Effect of Carrier Gas on Krypton Holdup.

The effect of adsorbed C02 on the retention of
krypton by Columbia G charcoal, with oxygen as
the carrier gas, was measured and is shown in
Fig. 18.4. The carrier gas was varied in CO.
concentration from 0 to 100%. As may be seen,
krypton retention is considerably reduced by
appreciable concentrations of CO,.
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The decrease in krypton holdup time, for a
particular charcoal trap at a particular linear
velocity, with increasing oxygen carrier gas
pressure is shown in Fig. 18.5. The holdup time
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was observed to decrease by 37% as oxygen
pressure increased from 1 atm to 5 atm. These
results would be of interest in applications where
the carrier gas is at higher than atmospheric
pressure.

Data pertaining to the effect of fairly high
carrier gas pressures on fission gas retention
and on N are of increasing interest in connection
with purification systems for gas-cooled reactors.
Accordingly, appropriate equipment is being
assembled preparatory to obtaining such data;
initial measurements are to be made with helium

at pressures up to about 400 psi, with charcoal
as the adsorbent.

Krypton and Xenon Holdup Measurements
on Various Adsorbents

Holdup data on Linde molecular sieves are of
interest when a noncombustible adsorbent is

required, because these materials, in particular
type 5A, appear to be superior to all those tested
with the exception of certain grades of charcoal.
Accordingly, krypton and xenon k values with
helium carrier gas were measured for types 5A,
10X, and 13X. In addition, krypton k values with
oxygen carrier gas, while previously measured,
were re-evaluated, as it was convenient to do so
at this time. In these more recent measurements,
type 4A was not tested, as the previous work
showed that its pores were too small to admit
appreciable amounts of krypton or, therefore,
xenon. The k values obtained, all at 25°C and in
cc/g, in the order krypton with oxygen carrier gas,
krypton with helium, and xenon with helium were
for 5A, 12, 12, and 73; for 10X, 6, 6, and 25; and
for 13X, 7, 7, and 36. As these data indicate, no
appreciable difference was found for krypton
holdup with the two different carrier gases oxygen
and helium, and, also, xenon k values are about
4 to 6 times the krypton k values.

A total of 22 samples of charcoal, including a
variety of mesh sizes from five different manu
facturers, were tested for krypton holdup at room
temperature, with helium or oxygen as the carrier
gas. The results of these preliminary tests indi
cated that several of these materials would be

suitable for certain applications.

PERIOD ENDING JANUARY 31, 1960

Two forms of porous glass were similarly tested;
however, neither of these exhibited krypton holdup
to a useful degree.

Thermal Conductivity of Columbia G Activated
Carbon in the Presence of Various Carrier Gases

In the case of removal of short-lived fission

gases by adsorbents, such as charcoal, the thermal
conductivity of the adsorbent and carrier-gas
combination is of considerable importance in
adsorber design. This is because the design must
provide for dissipation of heat produced in the
adsorbent by radioactive decay of fission gases.
Consequently, measurements of thermal conductivity
were made for 8/14-mesh Columbia G activated
carbon by a direct and an indirect method. In the
latter, heat generation in the charcoal resulting
from radioactive decay was simulated by resistance
heating of the charcoal. Also, in effect,, krypton
retention times were used to evaluate temperature
profiles in the charcoal. Then, by assuming
uniform heat generation, values of thermal conduc
tivity could be calculated. This method probably
yields low values for traps of small diameter,
since the effect of the wall on packing probably
results in a disproportionately high amount of heat
being generated in the central zone of the charcoal.
With oxygen as the carrier gas and with traps
having inside diameters of 0.64, 1.03, and 2.29 in.,
thermal conductivities of 0.06, 0.07, and 0.08
Btu •hr- ] • ft- 2• (°F/ft)~ ], respectively, were ob
tained. The corresponding values with helium
carrier gas were 0.12, 0.13, and 0.15.

In the case of the direct method, the Columbia G
charcoal was contained in the annular space be
tween copper or aluminum pipes, 4 ft in length,
with the ends well insulated. Known quantities of
heat were applied to the inside pipe, and tempera
tures of both pipes were measured, thus providing,
together with the pipe dimensions, the necessary
information for calculating the thermal conduc
tivities. The results for a variety of gases flowing
through the charcoal are shown as a function of the
thermal conductivities of the pure gases in
Fig. 18.6. A comparison of curve 1 with curve 2
indicates that the wall effect is probably applicable
with regard to thermal conductivity as well as to
electrical conductivity, as would be expected.
Furthermore, all the results obtained by the two
different methods appear reasonably compatible
when wall effects are considered.
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Experiments Related to Ignition and Combustion
of Charcoal in HRT Adsorber System

The HRT off-gas is normally principally oxygen,
which flows at a total rate of approximately 2.5
liters/min through two charcoal adsorbers in
parallel, each containing approximately 500 lb of
charcoal. During the early part of run 17 of the
HRT (1958), abnormal behavior of the adsorber
system was observed. Thermocouples in^ the
charcoal briefly showed unusually high tempera
tures, effluent off-gas flows were erratic, adsorber
A was not performing in its usual satisfactory
manner with respect to fission gas retention, and
the effluent from A contained rather high concen
trations of carbon dioxide. These observations

indicated ignition and combustion of an appreciable
quantity of charcoal, at least in adsorber A.
Oxygen flow through A was subsequently halted;
later, it was put back on stream and, after the
adsorbed carbon dioxide was eluted with oxygen,
it performed satisfactorily. At about this time, the
D--02 recombiner was functioning in an intermittent
fashion, allowing D2-02 mixture to enter the
adsorber system. Experiments were accordingly
undertaken in an effort to explain the abnormal
behavior of the adsorber system.

In one study, Hj-O, mixtures were passed through
a heated tube containing Columbia G charcoal, and
the exit gas was analyzed for H,0 by a dew-point
meter to determine if the recombination reaction

was significantly catalyzed by activated carbon.
Temperatures employed were 120 and 200°C, the
space velocity at the latter temperature having
been 0.3 min . No appreciable recombination was
indicated.

In later experiments, propagation of H_-02
explosions through charcoal was investigated and
it was found that mixtures containing 20—74% H2
would propagate flame through Columbia G activated
carbon. Indication of propagation was by means of
a thermocouple supplemented by visual and
photographic observation, the charcoal having been
in an 8-ft glass pipe, 1 in. in inside diameter. The
concentration ranges for flammability were approxi
mately the same for the three cases: upward,
downward, and horizontal propagation. These
range limits and the estimated average distance
between the charcoal granules in the pipe appear
consistent with quenching distance data for H.-0-

PERIOD ENDING JANUARY 31, 1960

mixtures. It was also observed in a number ot

instances that combustion of the charcoal occurred
when oxygen was allowed to flow through the
charcoal immediately following an H2-0~ explosion.
These results strongly suggest that the combustion
of the charcoal in adsorber A was initiated by
D2-02 flame propagation from the recombiner
through the charcoal, and, as oxygen was con
tinuously flowing, the combustion persisted until
the oxygen flow was halted.

It appeared, on the basis of a comparison of the
respective limits of flammability of H_-0, and
D2-02 (ref 8) in the absence of charcoal, that the
above range would also be applicable to D,-02, the
mixture of actual interest; nevertheless, a few
propagation experiments with D2-02 mixtures were
performed. No appreciable difference in limits of
flammability for H2-02 and D2-02 in charcoal was
observed.

The products of combustion of charcoal in oxygen
were studied as a function of oxygen gas velocity
(superficial). As velocity varied downward from
21.6 to 1.5 fpm, the C02 concentration in the exit
gas varied from 26 to 94%, and CO from 66 to 0%,
or, in effect, the ratio of C02 to CO increased as
reaction temperature decreased, in accordance with
expectation.

These various results, together with those shown
in Fig. 18.4, appeared to explain satisfactorily and
to be in accordance with the observed behavior of
the HRT adsorber system.

Potential Hazard Resulting from Oxygen
Adsorption on Charcoal

Some preliminary calculations have been made
pertaining to the potential hazard which exists
when oxygen is adsorbed on charcoal at low temper
atures. This hazard will vary considerably, corre
sponding to such factors as quantity of charcoal
and its temperature, nature of carrier gas, its flow
rate and oxygen content, etc. The calculations
were based on the adiabatic heat of reaction of

B. Lewis and G. von Elbe, Combustion, Flames and
Explosions of Gases, Academic Press, New York,
1951.

p

H. F. Coward and G. W. Jones, "Limits of Flam
mability of Gases and Vapors," U.S. Bur. Mines, Bull.
No. 503 (1952).

175



REACTOR CHEMISTRY PROGRESS REPORT

oxygen with the charcoal or with a combustible
component of the carrier gas and on enthalpies as
a function of temperature for charcoal and the
associated gases. The mechanism by which the
reaction might be initiated is not apparent; how
ever, because of radiation and, thus, possible
ozone formation, consideration of this possible
reaction does appear warranted. The resulting
increase in charcoal temperature would cause a
desorption of adsorbed gases, with a consequent
increase in pressure. In estimating the pressure
developed, no allowance was made for any escape
of gases from the adsorber.

The results of such calculations for a particular
adsorber, namely, one of three similar charcoal
traps for the NS "Savannah," appear in Fig. 18.7.
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02CONCENTRATION IN H2 CARRIER GAS (ppm)

Fig. 18.7. Calculated Potential Pressure Buildup in

in Charcoal due to H2-02 Reaction (Adiabatic).
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(This fission gas system is briefly described
below, under "Applications to Reactor Systems,"
where the method for removing oxygen from the
carrier gas, upstream of the charcoal, is mentioned.)
The figure shows that, under certain conditions,
oxygen concentrations as low as a few parts per
million in the inlet gas to a low-temperature
adsorber, over an extended period of time, may give
rise to a potentially hazardous situation.

REMOVAL OF RADIOIODINE VAPOR

Several materials were studied for application in
removing radioiodine vapor from air streams.
Preliminary studies9 indicated that iodine vapor is
strongly held after adsorption occurs and that
the tracer method used in the noble-gas studies
could not be utilized for iodine adsorption studies.
A method which gave positive results is described
as follows, with reference to the apparatus shown
in Fig. 18.8. Elemental iodine crystals (I127
containing radioactive I ) were contained in the
U-tube, and a portion of the air supply was routed
through the U-tube to transport iodine vapor into
the main air stream. The time required for
introduction of all the iodine vapor into the
adsorber column was approximately 15 min, and the
average iodine concentration during this time was
0.18 mg of I127 and 54 pc of I131 per cubic foot of
air. Air flow was continued through the system for
24 hr. Iodine vapor escaping from the column was
collected downstream by the combination of a plug
of carbon wool fibers (available from Barneby-
Cheney Co., Columbus, Ohio), a CWS-6 absolute
filter, and an electrostatic precipitator. After
completion of the run, the system was disassembled
and the distribution of iodine radioactivity in the
column determined by scanning with a sodium iodide
scintillation crystal, viewing through a small slit
in a lead shield. The over-all efficiency was then
determined by radiochemical iodine assay of the
system from point A to point B, as shown in
Fig. 18.8. An adsorption efficiency was de
termined by comparing the amount of iodine
residing in the adsorber column with the amount
found in the total system. The accuracy of this
method for determining adsorption efficiency
depends upon the premises that all the iodine
passing through the experimental column was

W. E. Browning, R. E. Adams, and R. D. Ackley,
Solid State Ann. Prog. Rep. Aug. 31, 1958, ORNL-
2614, p 162.
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collected downstream and that none was allowed

to escape. Efforts to detect iodine activity in the
effluent air stream were unsuccessful.

Activated Charcoal

Various parameters which could influence the
adsorption of iodine vapor by charcoal at room
temperature were studied. Early in the study it
appeared that dust particles in the air sweep might
be responsible for the transport of iodine through
an adsorber. Iodine adsorbed on a particle of dust
would not be available for reaction at the charcoal

surface. In addition, fine particles of charcoal
containing iodine might be carried from the
adsorber by the air sweep. For these reasons the
absolute filter (CWS-6) and the electrostatic
precipitator were included in the experimental
system in addition to the carbon wool. In one run,
the CWS-6 filter was placed immediately down
stream from the charcoal mass, and particularly
dusty charcoal was used. A significant amount of
dust and iodine activity was found on the filter and
a detectable trace on the inner surface of the

electrostatic precipitator. In all later runs the
charcoal was "dedusted" before iodine injection
by introducing air at a flow rate greater than that
to be used in the experiment; the dust problem was
greatly reduced by this method.

The effect of superficial air velocity (volumetric
air flow rate divided by cross-sectional area of

adsorbent container) was examined at velocities of
82, 170, and 275 fpm, and very little effect was
noted. The depth of penetration into the charcoal
mass and the over-all efficiency were very similar
for the three air velocities. The size of the

charcoal particles does affect the adsorption
efficiency. Study of 2/4-, 4/6-, and 6/8-mesh
charcoal (Columbia type SXC, available from
National Carbon Co., Cleveland, Ohio) at a
superficial air velocity of 170 fpm yielded
efficiencies of 99.63, 99.89, and 99.99+% re
spectively. Moisture contained in the air stream
and adsorbed on the charcoal was not found to

interfere with iodine adsorption. Once iodine is
adsorbed on charcoal it seems to be firmly held.
Air flow in one test was continued for 250 hr, and
no downstream transport of iodine could be
detected. A typical iodine distribution for a
charcoal adsorber is given in Fig. 18.9.

Silver-Plated Copper Ribbon

Three tests were made using silver-plated copper
ribbon, an iodine collector developed and studied
by the Harvard University Air Cleaning Labo
ratories.10 The ribbon was 25 x 2 mils thick,
woven into a mesh configuration, and plated with

L. Silverman et al., paper presented at the Sixth
AEC Air Cleaning Conference, Idaho Falls, Idaho
(July 1959).
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silver equal to 5% by weight (available from Metal
Textile Co., Roselle, N.J.). Test conditions were
similar to those of the charcoal study. The column
contained the mesh compressed to a density of
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25 lb/ft3. The iodine adsorption efficiency of the
system was found to be 92%, with an iodine
distribution as shown in Fig. 18.10. A break is
noted in the distribution curve at a depth of
approximately 4 in., indicating that the efficiency
beyond this depth is much lower than at the
entrance. The last two tests were run under the

same conditions as before except that an additional
particle filter was added to the air supply system.
The adsorption efficiency was increased to 98 and
99%, and the break in the curve was modified,
indicating strongly that particulate matter in the
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air may have been responsible for the transport of
iodine through the ribbon.

One test employing new copper ribbon was made
under similar conditions, and an iodine efficiency
of 98.5% was obtained. Copper ribbon and silver-
plated copper ribbon have comparable iodine
collection properties at room temperature, but at
elevated temperatures silver-plated copper ribbon
is superior.

Comparison of Charcoal and Silver-Copper Ribbon

The choice of using activated charcoal or silver-
plated copper ribbon for iodine adsorption will
depend upon the application. Each material is
subject to shortcomings under various conditions.
Charcoal is a more efficient adsorbent, but pressure
drop through the charcoal mass may be important in
some applications. Silver-plated copper ribbon,
while being less efficient, exhibits an almost
insignificant pressure drop. On the basis of
decontamination efficiency alone,6/8-mesh charcoal
is superior to the other adsorbents tested. In
Fig. 18.11 the various mesh sizes of charcoal and
silver-copper ribbon are compared, based upon
decontamination factor as a function of depth of
adsorbent. The decontamination factor is defined

as the amount of radioiodine found in the adsorber

column divided by the amount which passed through
and was collected downstream. The multitude of

lines for 6/8-mesh charcoal represent tests under
the various conditions of superficial air velocity,
moisture content, and duration of air flow. In an
attempt to relate pressure drop, superficial air
velocity, and decontamination efficiency, a plot
was made of the decontamination factor as a
function of pressure drop divided by superficial
air velocity. This information is contained in
Fig. 18.12. The curve for 6/8-mesh charcoal
represents one interpretation for consolidating the
data presented for this adsorbent in Fig. 18.11.

Although some of the curves are based on limited
data, tentative conclusions can be drawn regarding
the relative merits of the silver-copper ribbon and
several mesh sizes of charcoal for application at
air velocities in the range 150-200 fpm. From the
standpoint of pressure drop, silver-copper ribbon
is superior to charcoal for desired decontamination
factors up to 100. Between factors of 100 to 300,
2/4- or 4/6-mesh charcoal is more suitable; from

300 to 1000, 4/6-mesh charcoal is the choice;
above 1000, 6/8-mesh charcoal is preferable.

PERIOD ENDING JANUARY 31, 1960

The application of charcoal may be limited by
its tendency toward rapid oxidation at high temper
atures in gas streams containing oxygen. The
oxidation rate of the charcoal is the limiting
factor, since the adsorption of iodine vapor on
charcoal is rather insensitive to moderate temper
ature increases. Heating of the charcoal can occur
from both the beta decay of adsorbed radioiodine
and the heat content of the gas containing the
iodine. Silver-plated copper ribbon gains in
efficiency as the temperature increases but reaches
a maximum near 300°C, and at higher temperatures
the collected iodine is released.10 One fact
worthy of note is that once exposed to high
temperatures in air the silver-copper ribbon
exhibits a reduced efficiency on cooling to room
temperature. The efficiency of silver-copper
ribbon is sensitive to iodine concentration in the

gas stream. At low concentrations, for example,
10 mg/ft , the efficiency may drop to as low as
90%, compared with 98-99% when the iodine
concentration is much higher. Charcoal has not
exhibited this sensitivity and has a high efficiency
over a wide concentration range. This study has
been reported in more detail elsewhere.

APPLICATIONS TO REACTOR SYSTEMS

Fission Gas Adsorption System for the
NS "Savannah"

The proposed system was reviewed in the light
of our experience in this field. Very briefly, the
pertinent features of the system are as follows:
hydrogen, containing nitrogen and oxygen at low
concentrations and possibly containing fission
gases, flows through one of two Deoxo units
where the oxygen is to react with some of the
hydrogen; then, after moisture removal and cool
ing, the gas passes through one of three charcoal
traps at -280°F, the purpose of which is to re
move and retain fission gases.

The results of the review suggested that the
following points be given additional considera
tion: (1) the pressure rise which would occur due
to the desorption of hydrogen and nitrogen ad
sorbed at —280°F on isolating the charcoal trap
and warming it to ambient temperature; (2) the

R. E. Adams and W. E. Browning, Removal of
Radioiodine from Air Streams by Activated Charcoal,
ORNL-2872 (Mar. 17, 1960).
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maximum concentration of oxygen permissible in
gas exiting from Deoxo units so that oxygen
adsorption on charcoal would not be excessive;
and (3) retention of fission gases by the charcoal
traps in the presence of hydrogen and nitrogen.

Iodine Adsorption System at the Puerto Rico
Nuclear Center (PRNC)

The results of the iodine adsorption study were
utilized in selecting an adsorbent to be used in
the emergency ventilation system of the building
housing the 5-Mw swimming-pool reactor at PRNC.
In the event of a reactor accident, building air
will be diverted from the normal exhaust system
and passed through the emergency system, which
will contain absolute filters for the removal of

particulate matter and activated charcoal for
iodine vapor adsorption.

PERIOD ENDING JANUARY 31, 1960

In a system of this size, the pressure drop
through the charcoal is important. It can be re
duced by decreasing the depth of adsorbent and
increasing the face area exposed to air flow.
This also reduces the superficial air velocity
through the charcoal. A commercial activated-
charcoal canister (available from the Connor
Engineering Corp., Danbury, Conn., or the Charles
E. Manning Co., Pittsburgh, Penn.) is available
which contains the charcoal between two con

centric cylinders, having perforated walls. The
pressure drop through one canister at an air flow
of 25 cfm is equal to 0.15 in. of water. Canisters
of this type, containing 1.5 lb of 7, .-mesh char
coal and having a charcoal depth of 0.75 in.,
were tested for iodine vapor adsorption at their
rated capacity of 25 cfm. A single canister was
found to have an iodine adsorption efficiency of
99.99%.

A single stage of these canisters was proposed
for iodine vapor adsorption in the emergency
exhaust system of the reactor building at PRNC.

Fission Gas—Iodine Vapor Adsorption Systems
for In-Pile Experiments

Assistance has been given to several experi
mental programs in the design and evaluation of
off-gas systems connected with in-pile experimen
tation. 14 These systems include provisions
for either preventing gross release of gaseous
fission products in the event of experiment failure
or for continuous processing of off-gas during
operation of the experiment. The reports evaluate
the performance of the adsorbers both in terms
of amounts of fission gases penetrating the sys
tem and the probable radiation hazard to personnel
resulting from discharge of the fission gases to
the atmosphere.

12
R. E. Adams and W. E. Browning, Evaluation of

the Iodine Vapor-Fission Gas Adsorption Traps for
ORR-705 Capsule Experiment, GCPR Capsule Irradia
tion Program, ORNL CF-58-12-10 (Dec. 23, 1958).

13 R. E. Adams and W. E. Browning, Estimate of
Hazard Produced by Accidental Release of Gaseous
Fission Products from an ORR Fused Salt Capsule
Experiment, ORNL CF-59-4-96 (Apr. 24, 1959).

R. E. Adams and W. E. Browning, Evaluation of
Activated Charcoal Fission Gas Adsorbers Designed
for the GC-ORR Loop Experiment Number 1, ORNL
CF-60-1-24 (Jan. 14, 1960).
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19. PREPARATION OF OXYGEN-FREE YTTRIUM

G. J. Nessle J. Truitt J. E. Eorgan

Yttrium metal has properties which make it of
potential value, in spite of its high price, in
special reactor applications. However, fabricability
of this material deteriorates markedly as the
oxygen content of the metal increases. Since
yttrium metal is quite reactive and since Y,0 is
a very stable chemical compound, preparation and
handling of oxygen-free yttrium poses difficult
problems. These problems are enhanced by the
high melting point of pure yttrium (ca. 1600°C) and
by its corrosivity toward virtually all container
metals at this temperature.

It seemed likely that elimination of oxygen from
the raw materials for the reduction process could
be facilitated if these materials could be proc
essed in liquid form and then transferred as liquids
to the reduction assembly under an atmosphere of
inert gas. Accordingly, an attempt was made to
adapt the techniques and equipment for processing
and handling of molten fluoride fuels and liquid
metals for this purpose.

Yttrium trifluoride can be reduced to yttrium
metal by metallic calcium or lithium at elevated
temperatures; if the metal is to be readily re
covered from the slag, however, both phases must
be molten at reduction temperatures. An alloy of
yttrium with about 20 at. %Mg melts below 1000°C
and is a convenient reduction product; the mag
nesium can be removed by vacuum distillation
before consolidation of the yttrium product by
vacuum arc-melting or the equivalent.

Yttrium fluoride can be prepared by precipitation
from aqueous solution or by hydrofluorination of
Y203 at elevated temperatures. It is difficult to
dry the aqueous preparation without appreciable
hydrolysis, and it is difficult to carry the gas-
solid reaction to completion. Therefore an attempt

was made to prepare oxygen-free, yttrium-bearing
fluoride salts by hydrofluorination in the liquid
state.

A preliminary examination of phase behavior in
the system revealed that mixtures containing 58.3
mole %LiF, 23.1 mole %YF3, and 18.6 mole %
MgF2 could be melted below 800°C. These mixtures
could be reduced with metallic Li° to produce the
low-melting Y-Mg alloy and essentially pure LiF;
both phases melt below 1000°C, so phase sepa
ration and metal recovery should be easy and
complete.

Experiments with 5 lb of the mixture in equip
ment of copper-lined stainless steel revealed that
the oxygen concentration in the salt (measured by
the gaseous oxygen evolved upon treatment of
samples of the material with BrF3) could be brought
to about 200 ppm. Experiments in larger-scale
equipment, however, seldom produced material
with less than 500 ppm of oxygen. A modification
of the apparatus was fabricated which would permit
use of a dilute mixture of F~ in the HF to ensure

the absence of water in the HF feed stream. The

project ended before this assembly could be
tested; it is not, accordingly, known whether the
200 ppm of 0 in the LiF-YF,-MgF2 preparations
represents an equilibrium with the HF feed.

The over-all process was tested through the
reduction, magnesium and lithium removal, and
yttrium compaction steps in a joint program with
the Metallurgy Division. Although some success
could be claimed for each processing step, no
significant amount of yttrium was produced bearing
less than 1000 ppm of oxygen. The program was
terminated after a relatively few complete experi
ments because of demonstration of a successful
process elsewhere.
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20. PREPARATION OF INORGANIC FLUORIDES

B. J.

SYNTHESIS OF FLUORIDES OF CHROMIUM

Various fluorides of chromium were synthesized
and their properties studied. Interest in these
compounds was stimulated by the investigation of
the corrosion of chromium alloy containers by
molten fluoride mixtures proposed as nuclear
reactor fuels.

Ammonium Hexafluochromate(lll)

Anhydrous (NH4)3CrF6 was conveniently pre
pared by reacting (NH4)2Cr207 or Cr03 (ref 1)
with molten NH.HFj. Ammonium hexafluochro-
mate(lll), when so prepared, was free from mois
ture, and therefore useful for preparing other
chromium fluorides by high-temperature reactions.
The compounds that have been prepared from
(NH4)3CrF6 are CrF3, CrF2, chromium(ll,lll) fluo
ride, and various hexafluochromates.

Chromous Fluoride

The difficulty of avoiding mixed products on
treating chromium metal or CrCI2 with HF or CrF3
with H2 led to the development of new methods
of preparing anhydrous CrF2> Among the reactions
studied were (1) pyrolysis of (NH4)3CrFfi, (2) dis
proportionate of CrF3, (3) reduction of CrCI3
with molten SnF2, and (4) oxidation of chromium
metal with molten fluorides of noble metals.

On prolonged heating at 1100°C, CrF3 was found
to disproportionate as follows:

3CrF3-^ 2CrF2 +CrF5f

Ammonium hexafluochromate(lll) also gave CrF2
under the same conditions. Because of the in

fluence of geometry of the charge and time of
reaction, disproportionation and pyrolysis were
applicable only for small batches of CrFj. A
product contaminated with chloride resulted from
the reaction

2CrCI3 + 2SnF2 2CrF2 +SnCI4t+SnCI2t

}MSR Quar. Prog. Rep. Oct. 31, 1959, ORNL-2890,
P 68.

2MSR Quar. Prog. Rep. Jan. 31, 1959, ORNL-2684,
p 113-14.

3B. J. Sturm, MSR Quar. Prog. Rep. June 30, 1958,
ORNL-2551, p 101.
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Lead fluoride, CuF2, CdF2, and Bi F3 all
oxidized Cr to CrF2, but the reaction with SnF2
was the most convenient method of preparing a
pure product. * A good separation of molten Sn
from CrF2 was readily obtained at 1100°C in
impervious graphite.

Chromous fluoride of natural isotopic compo
sition was radioactively labeled for use as a
tracer by irradiating in the ORNL Graphite Re
actor. Natural chromium contains 4.4% Cr which

is converted into radioactive Cr . Irradiation

for one week yielded a product with an activity
of 10 mc/g.

Chromium(ll,lll) Fluoride

A new compound, CrF2 4, was found in CrF2
preparations when the hydrogenation or dispropor-/
tionation of CrF3 was incomplete. It was also
made by oxidizing CrF2 with HF or SnF2 and by5
fusing a mixture of CrF2 and CrF3 in a platinum
capsule. On the basis of the visual spectrum and
other supporting evidence the formula Cr3 (Cr"'F_)2
was tentatively assigned to the compound.

Disproportionation of Chromous Fluoride

If a mixture of equal moles of CrF2 and NaF
is rapidly fused and quenched a new compound
NaCrF3 is formed; however, if the molten mixture
is cooled slowly or NaF is in excess the dispro
portionation reaction occurs:

6NaF + 3CrF, 2Na,CrF, + Cr°

STANNOUS FLUORIDE AS A PREPARATIVE

REAGENT

Stannous fluoride, a useful reagent for the
synthesis of CrF2, has also been used to prepare
other fluorides and fluocomplexes.

Molten SnF2 reacted with the metals Mn, Zn,
Al, Fe, V, and U to yield, respectively, MnF2,
ZnF2, AIF3, FeF2, VF3, and UF4 (ref 5). The
MnF2 and ZnF2, so prepared, were pure, as the

4B. J. Sturm, MSR Quar. Prog. Rep. Oct. 31, 1958,
ORNL-2626, p 107.

5MSR Guar. Prog. Rep. Jan. 31, 1959, ORNL-2684,
P 112-13.



resulting fused salt and tin layers were well
defined and easily separated.

Fusion of SnF2 with half the molar quantity of
CrF2 forms a phase, presumably Sn3l(Cr",F_)2,
which decomposes at 1000°C to yield CrF3 (ref6).
Chromium metal reacted with a molten mixture of
SnF2 and LiF to form Li3CrF6 (ref 7):

2Cr + 3SnF2 + 6LiF 2Li3CrFQ + 3Sn

The corresponding treatment of vanadium metal
gave a product with an x-ray diffraction pattern
slightly shifted from that of Li-jCrF, and so
presumably was Li3VF..

Molten SnF2 reacted with CuF2, BiF3, and
SbF3 to give, respectively, the free metals Cu,
Bi, and Sb (ref 7). The other product of the
reaction, presumably SnF4, did not melt at any
temperature up to 500°C. These reactions are
surprising as published estimated thermodynamic
data shows considerable free energy against
their occurring.

REACTIONS OF AMMONIUM BIFLUORIDE

Molten NH4HF2 has served as a reactant for
preparing both simple and complex fluorides.

Most metal oxides are attacked by molten
NH4HF2. Powdered Fe203, Y203, V203, and
activated Al203 are converted into the corre
sponding hexafluometallates(lll); Ce02 is simi
larly attacked to form, presumably, (NH4)3CeF..
Thermal decomposition of these complexes at 400
to 600°C forms FeF2, YF3, VF3, AIF3, and CeF3,

°MSR Quar. Prog. Rep. Apr. 30, 1959, ORNL-2723,
P 94.

7MSR Quar. Prog. Rep. July 31, 1959, ORNL-2799,
p 94.

p

A. Glassner, The Thermochemical Properties of the
Oxides, Fluorides, and Chlorides to 2500 K, ANL-5750
(1957).
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respectively. Commercial Cr203 and NiO are
very resistant to attack by molten NH4HF2<
Magnesium and beryllium oxides are converted
into NH4MgF3 and (NH4)2BeF4, respectively,
which thermally decompose into MgF2 and BeF_.
Ammonium bi fluoride can convert Zr02 into either
ZrF4 or ZrOF2 depending on mode of treatment.
Commercial "Co203" reacts slowly with NH4HF2
to form what seems to be NH4CoF3- The oxides
GeO, U02, and Th02 seem to react completely
with molten NH4HF2, but the products have not
yet been identified.

Hydrated LiOH, enriched in isotope 7, was con
verted into anhydrous LiF by heating with
NH4HF2.

The metals Fe, Al, and Cr react with NH4HF2
to form the respective hexafluometallates(lll), but
the reaction of chromium is too slow to provide
a practical method of preparing (NH4)3CrF,.

The SnF2-NH4HF2 system was investigated to
find a solvent useful for reprocessing nuclear
reactor fuels. In the range 0 to 40 mole % SnF2
the liquidus temperatures were below 150°C (ref
10). Decomposition, evolving gases, interfered
with the study of the system at the temperatures
needed to melt compositions of greater than 40%
SnF2> As a result of the evolution of gases a
composition resulted which melted at 240°C. The
solidified material gave a simple x-ray pattern
and a chemical analysis approximating NH4F-
4SnF2> The same phase resulted from the fusion
of NH4SnF3 made from aqueous solution.

MSR Quar. °rog. Rep. Apr. 30, 1959, ORNL-2723,
p 93-94; ANP Semiann. Prog. Rep. Mar. 31, 1959,
ORNL-2711, P 47-48; MSR Quar. Prog. Rep. Oct. 31,
1959, ORNL-2890, p 68.

}°MSR Quar. Prog. Rep. Apr. 30, 1959, ORNL-2723,
p 78.
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21. PREPARATION AND PROPERTIES OF INORGANIC OXIDES

HIGH-TEMPERATURE OXIDE SYSTEMS

H. A. Friedman R. E. Thoma

C. F. Weaver

Investigations of the phase relationships of
several oxide systems which are relevant to cur
rent ORNL efforts pertaining to the Th02-U02
fuel cycle and of U02 as a high-temperature ther
moelectric material are in the beginning stages.
Although there exist a large number of reports
concerning the phase equilibria in the uranium-
oxygen system and in the uranium-thorium-oxygen
system, few of these define satisfactorily the
methods for determining the two phase composi
tion limits or for assigning precise compositions
of the materials in combinations. Efforts are pro
ceeding in order to determine the inherent pre
cision and accuracy available in the chemical
methods for ascertaining the oxygen/uranium
ratios in uranium oxides and to relate these

methods with the optical and x-ray diffraction
methods for determining these ratios in uranium
oxides and in U02-Th02 solid solutions. Optical
methods are being established for accurate and
rapid determination of solid-solution compositions
and in estimating the degree of completion of
oxide solid-state reactions. Optical properties of
several oxides which are significant as nuclear
reactor materials have been measured recently and
are reported here for the first time (Table 21.1).

Optical Properties of U02-Th02 Solid Solutions
Several investigators have reported that

equilibrium solids in the system U02-Th02 are
members of a continuous solid-solution series

which obeys Vegard's rule. Measurements of the
unit-cell parameters of these solid solutions at
the laboratory are in accordance with this state
ment. Preliminary studies of U02-Th02 solid
solutions prepared by firing these materials at
1650°C in H2 for 2 hr (ref 2) indicate that the
refractive indices vary as a function of composi
tion. The color of the solid solution ranges from
dark red (U02) to yellow to colorless (Th02). The
refractive index range from 2.11 to 2.36 should
permit an optical determination of a given member
of the solid-solution series to within 0.5 mole %
if the refractive indices are nearly linear func
tions of composition and if the refractive indices
of 10- to 100-// crystallites may be measured to
four significant figures. Reports by other inves
tigators and preliminary results in this labo
ratory indicate that such precision may be ob
tained.

W. A. Lamberton, M. H. Mueller, and F. H. Gunzel,
Jr., /. Am. Ceram. Soc. 36, 399 (1953).

9

Prepared by C. E. Curtis, Ceramics Laboratory,
Metallurgy Division, ORNL.

3
H. E. Merwin and E. S. Larsen, Jr., Am. J. Sci.

184(4), 42 (1912).

Table 21.1. Optical Properties of Several Oxides

Compound

Y203

U3°8

Th02

uo2

MoO,

Optical Character

Isotropic, colorless

Birefringent, brownish-

green, nearly opaque

Isotropic, colorless

Isotropic, red

Biaxial, optic angle very

large, parallel extinc

tion, colorless

Refractive Index

1.865 ±0.005 in tungsten light

2.22 ±0.02 in 6500-A light

2.11 ±0.02 in 6500-A light*,**

2.36 +0.02**

Na=2.15 +0.02**
Ny = 2.23 ±0.02**

*A value of 2.20 reported in bulletin No. 118 of the National Research Council is probably that of a member of
the UO--Th02 solid-solution series.

**These measurements are precise to three significant figures. Calibration difficulties, at present, indicate that
the accuracy may not be this good. Consequently, large errors are assigned in this table. Attempts are in progress
to improve both the precision and accuracy of these values.
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BERYLLIUM OXIDE

B. J. Sturm

A study of procedures for preparing pure beryl
lium oxide was initiated as a part of a program
for developing improved beryl Iia ceramics for fuel
elements. Very pure beryllium oxide with good
sintering characteristics has been obtained by
G.E. by the calcination of pure hydrated beryllium
oxalate. Oxalic acid is fused with the purest
commercial Be(OH)2, and the pure beryllium oxa
late is obtained by recrystallization from a fil
tered aqueous solution. One aim of the beryllium
oxide research is the introduction of known quan
tities of selected impurities in order to evaluate
their effects on sintering. Additives are desired
which facilitate sintering, retard grain growth
during sintering, or increase the resistance of the
material to corrosion at high temperatures; how
ever, the addition must not adversely affect the
durability or nuclear properties.

Kilograms of BeO were prepared by the G-E
procedure and modifications thereof. The pro
cedure was simplified by eliminating the melting
and casting of the H2C204-Be(OH)2 composi
tion. This was done by adding initially the
water that would be necessary for the eventual
aqueous crystallization of the beryllium oxalate.

B. J. Sturm, Beryllium Oxide Conference, ORNL
CF-58-10-74 (Oct. 22, 1958).

5ANP Semiann. Prog. Rep. Oct. 31, 1959, ORNL-
2840, p 64.

6ANP Semiann. Prog. Rep. Mar. 31, 1959, ORNL-
2711, p 50.
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The use of plastic apparatus helped to avoid
contamination by the constituents of glass.6

The size of the crystals of the beryllium oxa
late which is being calcined seems to influence
the sintering characteristics of the resulting BeO.
When a hot, concentrated solution of beryllium
oxalate is cooled rapidly while being stirred
vigorously, a "fondant" is obtained which con
sists of a suspension of very small crystals of
hydrated beryllium oxalate. An estimated 90% of
the crystals were 0.01 to 0.03 mm in diameter
when the "fondant" was prepared in a silver
container cooled with ice. Crystals obtained by
the G-E process are about ten times this size.

Beryllium oxalate as crystallized by cooling
an aqueous solution is the trihydrate. Drying
this material in an oven formed the monohydrate,
the x-ray diffraction pattern of which was deter
mined. The precipitate obtained by boiling
aqueous beryllium oxalate was the monohydrate.
The BeC204-H20, so precipitated, seems to
have improved sintering properties.

Beryllium oxide which sintered well generally
contained over 100 ppm each of Ca and Si. To
evaluate the effects of additions of Si, DuPont's
aqueous colloidal silica was added to a hot beryl
lium oxalate solution just before cooling to obtain
crystals.5 To evaluate Ca additions, Ca(OH).
was added to the Be(OH)2 starting material;
however, as Ca tends to concentrate in the mother
liquor, the product may not have been uniform.

Those oxides which differ most in acidity or
basicity from BeO are the additives most likely
to be effective in cutting down the activity, and
correspondingly the volatility of BeO in water
vapor. A very acid oxide, Zr02, has been incor
porated into BeO by adding Zr(OH)4 to the start
ing materials of the oxalate process.5
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