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C h e m i c a l E n g i n e e r i n g D i v i s i o n 
A n n u a l R e p o r t — 1 9 6 9 

A B S T R A C T 

The research and development programs of 
Argonne's Chemical Engineering Division consisted of 
the following: (1) P>'rochemical processes employing 
salt-transport separations for the recovery and purifi
cation of LMFBR fuel were investigated during the 
first half of 1969. During the second half of 1969, 
research was redirected to the liquid metal decladding 
of LMFBR fuels as an alternative head-end step for 
aqueous processing. (2) The work on fluid-bed fluoride 
volatility processing culminated in a conceptual design 
and evaluation study which indicated that fluoride 
volatility methods are technically feasible for the puri
fication and recovery of LMFBR fuels. (3) The pro
gram in sodium technology was expanded during the 
second half of 1969. Work in sodium technology in
cluded the study of mechanisms of carbon transport in 
sodium-steel systems, the establishment of a center for 
sodium analytical chemistry, and work on the develop
ment, evaluation, and improvement of purification 
devices and on-line monitors for impurities in sodium. 
(4) Work on the thermodynamics and physical prop
erties of candidate FBR fuels at high temperatures 
was continued. (5) Calorimetric studies were made of 
substances of interest in nuclear technology. (6) 
Studies were made of the chemical behavior of irradi
ated FBR fuels. This program was directed mainly 
toward uranium-plutonium oxide fuels, with emphasis 

on fuel-cladding interactions and fission product mi
gration and interaction. (7) A method for the detection 
of fuel failure in EBR-II was developed in coopera
tion with the EBR-II project. This method depends 
on the use of mixtures of xenon isotopes as tags for the 
identification of a failed fuel element. (8) Studies of 
the chemistry and thermodynamics of liquid metals, 
alloys, and molten salts were continued. The work in
cluded studies of the thermodynamic behavior of 
various systems as expressed by liquid-solid phase 
diagrams, liquid-phase activity coeSicients, vapor-
liquid equilibria, and solubilities of various gases and 
solids in liquids. (9) Studies of electrochemical energy 
conversion by means of cells with liquid metal elec
trodes and fused-salt electrolytes have led to the 
development of cells which promise many uses as 
energy storage devices. (10) Studies were continued 
on the development of methods for determining the 
burnup of FBR fuels. (11) Measurements of nuclear 
cross sections of FBR fuel, cladding, and structural 
materials were continued. (12) Work was carried out 
on the preparation of ceramic FBR fuel materials. (13) 
Studies were made to provide physical-property data 
for use in etaluating the safety of various prospective 
FBR materials. (14) Fluidized-bed combustion of coal 
was studied as a means of reducing the emission of 
pollutants into the air. 

SUMMARY 

I . F u e l C y c l e T e c h n o l o g y ( p a g e s 19 t o 61) 

Liquid Melal-MoUen Salt Technology 

Technological and economic features of pyrochemi-
cal processes that make them attractive for the proc
essing of fast breeder reactor fuels include (1) an 
ability to handle short-cooled, high-burnup fuels, 
which results in decreased out-of-reactor fuel inven
tory, (2) the simplification or elimination of chemical 
conversions, (3) less shielded processing space because 

of small process volumes and compact equipment, and 
(4) the direct production of solid radioactive wastes. 

Pyrochemical processes employing salt-transport 
separations have been under investigation. In separa
tions of this type, solute plutonium or uranium is 
transported from one liquid alloy (donor) to another 
liquid alloy (acceptor) by cycling a molten chloride 
salt between the two alloys and mixing the salt with 
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each alloy in turn. Most of the process chemistry for 
a salt transport process has been investigated and is 
well understood, and much of the basic engineering 
information is also available. In raid-1969, however, 
development work on the salt transport process was 
terminated because of a decision by the AEC to limit 
funding to the development of aqueous processes. At 
the present time, a reduced effort is continuing on the 
development of a liquid metal decladding jirocedure 
proposed as the head-end step for the aqueous proc
essing of fast breeder reactor fuels. 

Liquid metal decladding of LMFBR fuel 

Conceptual design studies on zinc decladding of 
stainless steel-clad LMFBR fuels. To evaluate de
cladding with molten metal as a scheme for the head
end processing of liquid metal fast breeder reactor 
(LMFBR) fuels, a conceptual design study has been 
initiated for decladding stainless steel-clad UO2-2O 
wt % PuOo fuel with zinc in a 5 metric tons/day 
plant. The study considers the steps between unload
ing fuel assemblies from sodium-filled shipping casks 
and feeding the oxide fuel to an aqueous dissolution or 
other interfacing step. The fuel assemblies are loaded 
into baskets in a decladding vessel and immersed in 
molten zinc, which dissolves the stainless steel. The 
fuel is unaffected and is removed in the baskets for 
transfer to the main plant. 

Material and heat balances have been made. Also, 
preliminary cell equipment layouts have been com
pleted. A ma,ior objective of the study is to identify 
key problems to be solved in a R&D program. A 
preliminary criticality analysis of the decladding 
operation has been made that will aid in setting vessel 
design criteria. 

Glovebox facility. A shift in the pyrocheraistry 
program, from development of a complete fuel process 
to the development of a liquid metal head-end step 
for aqueous processing of oxide fuel, has changed the 
requirements for the glovebox facility originally 
planned for engineering-scale demonstration experi
ments. The portion of the facility planned to be used 
for the head-end steps of the salt transport process are 
virtually complete except for slight modifications 
needed for the present program. Work on the balance 
of the facility has been terminated. In the initial ex
periments performed in the facility, simulated fuel 
elements containing about 5 kg of UO2 will be declad 
in zinc. The use of baskets for retaining declad fuel and 
the behavior of sodium and fission products during 
decladding will be studied. A design for a full-scale' 
decladding vessel will be developed and materials of 
construction tested. 

Cladding dissolution. The dissolution of type 304 

stainless steel in zinc at 800° C has been found attrac
tive as a decladding concept, but other cladding 
materials and metal solvents have also been considered. 
Experiments were performed in vessels with identical 
geometry and with gentle agitation to compare the 
dissolution rates of types 304 and 316 stainless steel 
and Zircaloy-2 in zinc at 800°C with the dissolution 
rate of type 304 stainless steel in Sb-18 at. % Cu at 
900°C. (Copper-antimony alloy was studied as a 
backup decladding solvent.) The measured rates are 
2, 4, 20, and >20 mils/min, respectively. In another 
test, the dissolution rate in zinc at 800°C for a type 304 
stainless steel sample that had been irradiated in EBR-
II was about twice the rate for similar unirradiated 
specimens. All of these systems exhibit an adequate 
dissolution rate for fuel cladding. 

Additional experiments were performed to estimate 
the capacity of zinc for stainless steel. The cosolu-
bilities of chromium and iron in zinc were found to 
be 5.8 and 1.0 wt %, respectively, at 800°C. This 
indicates that less than 8 wt % stainless steel can be 
dissolved completely in zinc at 800°C. It has been 
found, however, that after zinc is saturated with 
chromium and iron, it continues to attack stainless 
steel, producing a fine dispersion of suspended solids. 
This attack continues until the zinc contains in solu
tion and suspension at least 15 wt % stainless steel (the 
highest level studied). 

An investigation was made of the evaporation of 
residual zinc from oxide fuel (following zinc decladding 
and transfer of the bulk of the zinc and stainless steel 
out of the decladding vessel). A satisfactory condenser 
and transfer tube were designed. The zinc was evapo
rated from below a 1-in. layer of salt," through the 
transfer tube in the upper portion of the decladding 
vessel, to a separate condenser. Agitation during evapo
ration proved beneficial, reducing "bumping" and the 
resultant salt-phase entrainment. To decrease un-
desired condensation within the decladder, an argon 
stream was passed from a port at the top of the 
furnace (above the heat shields) and through the con
denser. In the first experiment, removal of 100% of the 
zinc from the fuel was demonstrated; 85% of the zinc 
was collected in the condenser, and the balance of the 
zinc was condensed on the heat shields and at the top 
of the decladding vessel. Condensation could be 
reduced further by appropriate relocation of the inlet 
nozzle for the argon and modification of the heat shield 
design. No further work on this evaporation step is 
planned unless a definite need for the step becomes 
apparent. 

* Salt reduces zinc vaporization daring decladding, con
solidates fuel fines, and improves heat transfer after the zinc 
has been removed. 
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Pyrochemical purification of plutoniuni-238 

Pyrochemical processing techniques were investi
gated as a means of recovering and purifying pluto-
nium-238 in various types of materials. Two labora
tory-scale runs were performed to demonstrate the 
recovery of metallic plutonium-238 by the reduction 
of ^^'PuOi in liquid Zn-Mg or Zn-Ca, followed by 
vacuum distillation of the solvent metals. Most of the 
light elements that result in undesirable (a,n) reac
tions were separated from plutonium-238 liy this 
procedure. 

Two experiments were performed with -•'̂ 'PuO^ 
microspheres (a stand-in for -^^PuOo) by procedures 
similar to those described above except that after 
plutonium was reducetl into a reduction-donor alloy it 
was oxidized into a salt phase and transported to an 
acceptor alloy where it was again reduced and sub
sequently purified by retorting. Good recovery of 
plutonium and good separation from light elements 
were achieved in both laboratoiy-scale experiments. 

Two runs to recover high-purity plutonium metal 
from ^^'PuOo-molybdenum cermet fuel utilized a salt 
transport scheme similar to that used in processing 
-^'PuO; except that the plutonium oxide was converted 
to the chloride by CuClo in the salt system prior to 
transfer of the plutonium to an acceptor alloy. Dis
integration of the cermets was effected in both runs, 
but the ^^'Pu metal product contained excessive con
centrations of copper. 

Work on this project was discontinued .June 30, 
1969. 

Engineering development 

Agitator-pump mixer-settler investigations. An 
agitator-pump mixer-settler for separation of fission 
products from plutonium by liquid metal-molten salt 
extraction has been developed. A specific design was 
selected, and the mixing and pumping characteristics 
determined, first with water and organic li(|uids in 
plastic mixer-settler models and then in a stainless 
steel single-stage mixer-settler with the liquid Mg-Cu 
and MgCl2-NaCl-KCl-MgF2 system proposed for the 
plutonium purification step of the salt transport 
process. The single-stage mixer-settler has a mixing 
chamber volume of about 1 liter and is designed to 
operate at flow rates (i.e., pumping rates) for metal 
plus salt in the range of 1 to 3 liters/min. The flow-rate 
range may be changed by changing the inlet orifices 
in the agitator-pump and in the liquid-metal metering 
cup. An extraction experiment was performed in 
which cerium (a stand-in for plutonium) was trans
ferred from Mg-Cu to MgClz-NaCl-KCl-MgFa at 
675''C. The stage efficiency in this run was greater 
than 99%. 

Development of a large-scale mixer-settler. A 
pump loop has been operated to test a mixer-settler 
design proposed for a large-capacity salt transport 
process, e.g., a uranium purification process. The 
equipment was fabricated of type 304 stainless steel 
and included two 18-liter mixer-settlers. In operation, 
salt was circulated through the mixer-settlers at pump
ing rates up to about 4 liters/min. Data were taken 
for the extraction of uranium from a Cd-2.2 at. % Mg 
alloy into MgCU-SO mol % NaCl-20 mol % KCl salt 
in one mixer-settler and for the extraction of this 
uranium out of the salt and into a Cd-45 at. % Mg 
alloy in a second mixer-settler. The metal phases were 
"captive" in each extractor. Mass-transfer coefficients 
were of the order of 100 kg U/(min) (wt fraction U in 
salt phase) and varied with agitation intensity, which 
was also measured. The entrainment of metal from one 
mixer-settler to the other averaged 2 X 10~° g of alloy 
per gram of salt circulated. 

Development of liquid level probe. Earlier de
signs of mutual inductance coils( for measurement of 
liquid metal levels) were used with containment wells 
fabricated of austenitic stainless steels, graphite, or 
ceramic materials. A newly designed mutual inductance 
coil is usable in a tantalum containment well having a 
30-mil wall. 

Materials testing. Tungsten specimens were brazed 
with an alloy of Ni-20 wt % Cr-10 wt % Si-3 wt % Fe. 
Slight undercutting of the joints was noted when they 
were exposed up to 144 hr to Zn/CaCl2-CaF2 at 
800°C, but when the brazed joints were given an 8-hr 
diffusion treatment at 1370°C prior to exposure to that 
system for similar durations, no undercutting was 
detected. 

Refractory metals and Fe-Cr alloys were also tested. 
Results indicate that they are useful for containing 
Mg-Cu/chloride salt .systems—refractory metals be
cause of good corrosion resistance and the Fe-Cr alloys 
(which have fair corrosion resistance) because of lower 
cost and better fabricability. Some embrittlement of 
tantalum and niobium materials by reaction with 
hydrogen liberated from salt at 400°C and 700°C was 
observed. 

An investigation was made of the stability of 
plutonium solutions in contact with various materials 
of construction and in the presence of atmospheric and 
reagent impurities. I t was concluded that tungsten, 
tantalum, and Mo-30 wt % W are compatible with 
Mg-Cu-Ca-Pu solutions and that any impurities in 
the standard magnesium, copjjcr, and calcium reagents 
used in the salt transport process do not react with 
plutonium to an extent that results in detectable pluto
nium losses. The introduction of oven-dried CaCh. and 
CaF2 to a melt of Mg-Cu-Ca-Pu led to the loss of 
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about 3% of the plutonium from the solutions. The 
specific mechanism of plutonium removal from solu
tion has not been identified, and procedures for salt 
purification or pretreatment are being evaluated. 

Laboratory investigations 

Chemical studies in support of the development of a 
head-end process and other processes related to the salt 
transport method for recovery of spent FBR fuel 
include the following: (1) studies of the mechanism of 
the dissolution of stainless steel in molten zinc, (2) 
measurements of the solubility of zirconium in liquid 
Cu-Mg-Ca alloys, (3) determination of the phase 
diagram for the Cu-Ca-Mg system, (4) computation 
of the activity coefficient of neptunium in liquid 
magnesium, (5) study of the mechanism of the reduc
tion of UO2 by magnesium or calcium dissolved in their 
chlorides, (6) study of the reaction of PuOz with 
molten MgCl2, (7) determination of the solubility of 
calcium in liquid CaCU, and (8) study of the radiolysis 
of solid MgCl2-NaCl-KCl salt mixture. 

Liquid metal systems. The dissolution of type 304 
stainless steel in liquid zinc was studied by metal-
lographic, electron microprobe, X-ray, and thermal 
analysis techniques. These studies suggest that the dis
solution proceeds by the penetration of liquid zinc into 
the grains of the stainless steel and the preferential 
difl'usion of nickel from the steel into the liquid zinc. 
Eventually, the stainless steel gamma phase becomes 
sufficiently depleted in nickel to transform into alpha 
iron. These alpha iron grains are dispersed in the 
liquid zinc. 

The solubility of zirconium in a liquid 60 at. % Mg-
40 at. % Cu alloy was found to vary from 0.09 at. % at 
558°C to 2.9 at. % at 852°C. The cquilibrmm solid phase 
is a zirconium-copper intermetallic phase having the 
approximate composition ZrCu2 . The addition of cal
cium to the magnesium-copper alloy markedly de
creases the zirconium content of the liquid phase. At 
about 8.50°C the zirconium solubility decreases from 
2.9 at. % to 0.02 at. % as the calcium content increases 
from zero to 35 at. %. 

The phase fields and approximate liquidus curves 
were determined for the Cu-Mg-Ca ternary system by 
means of metallographic, electron microprobe. X-ray 
diffraction, and thermal analysis techniques. The 
phase previously reported as CaiCu was shown to be 
CaoCu, and a new phase CaCu was found. 

The activity coefficient of neptunium in dilute liquid 
magnesium solution was computed to be 23.3 at 650°G 
and 16.0 at 700°C. The solubility of neptunium in 
liquid magnesium is estimated to be 4.4 at. % at 650°C. 

Molten salt systems. The reduction of UO2 by 
magnesium or calcium dissolved in their chloride salts 

has been studied by a ceramographic technique. The 
rate of reduction was found to be directly proportional 
to the concentration of the reductant in the molten salt. 
The dependence of the reduction rate on temperature 
was small, which indicates that a transport-controlled 
reaction occurs. The products of the reduction reaction 
form concentric layers around partially reduced UO2 
pellets. 

The dissolution of PUO2 in molten MgCb salts has 
been shown to involve the reaction 

PuOa + MgCl2 -^ PuOCl -I- MgO + 1/2 CI2 

The solubility of calcium in molten CaCb in equilib
rium with liquid Ca-Cu alloys has been measured as a 
function of the calcium content of the alloy and the 
temperature. The dissolution of calcium in CaCl2 prob
ably occurs by the reaction 

Ca + CaCl2 = 2 CaCl 

since this equation best fits the data, indicating that 
the calcium content of the CaCU is proportional to the 
square root of the calcium activity in the liquid alloy. 

Radiolysis of MgCL-NaCl-KCL A solid salt consist
ing of ]MgCl2-30 mol % NaCl-20 mol % KCl was 
irradiated for a total of 236 hr with a ""Co gamma 
source at a dose rate of 3.6 X 10=" eV g " ' h r - ' at 28 
and 58°C and a dose rate of 1.3 X lO^" eV g - ' h r " ' at 
150°C. No gaseous chlorine was liberated from the 
salt. At a given temperature, the free chlorine and 
metal concentrations in the salt were found to increase 
linearly with absorbed dose. The highest yield for the 
radiolytic decomposition was observed at 150°C. 

Fluidization and Volatility Processing 

Research and development work was continued on 
fluoride volatility processes for the recovery of uranium 
and plutonium from fast breeder reactor fuels. In 
fluoride volatility processing, a fluorinating agent is 
reacted with fuel materials in fluidized-bed systems to 
produce the volatile hexafluorides of uranium and plu
tonium, which are separable from the nonvolatile 
fission product compounds. In the investigations re
ported here, emphasis was placed on the separation of 
uranium from plutonium in the fluorination step of a 
fluoride volatility process and the separation of pluto
nium from volatile fission product compounds. 

The results of a conceptual design and evaluation 
study indicate that fluoride volatility methods have a 
good potential for LMFBR fuels. However, owing to a 
decision by the AEC to emphasize the development of 
aqueous reprocessing methods for this application, the 
program on fluoride volatility process development is 
being terminated. 
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Laboratory investigations 

Fluorination of UO2-Pu02-fi8sion product pellets. 
A 2-in. dia fluid-bed reactor was used to study the 
fluorination of uranium and plutonium from simulated 
liquid metal fast breeder reactor (LMFBR) fuels 
containing nonradioactive fission product oxides. In 
these studies, the UO2-2O wt % PuOj fuel was usually 
first oxidized to LTjOg-PuOj fines with oxygen. Uranium 
was then fluorinated to the volatile hexafluoride with 
dilute fluorine, and plutonium was subsequently fluo
rinated to the volatile hexafluoride with concentrated 
fluorine. Fast breeder reactor fuels were simulated by 
using a solid solution UO2-2O.O wt % PUO2 powder 
combined with a mixture of nonradioactive oxides of 
fission product elements representative of LMFBR 
core fuel with a burnup of 100,000 MWd/metric ton. 

A fractional factorial scries of five experiments was 
performed to determine how the plutonium content of 
the final fluidized bed was affected by oxidation of the 
fuel, by the time-temperature sequence in the pluto
nium fluorination step (4 hr at 400°C and 4 hr at 550°C 
or 4 hr at 500°C and 4 hr at 550°C I, and by the rate of 
increase in fluorine concentration (high or low) during 
the first hour of the plutonium fluorination step. For 
this series of experiments, neptunium was also added 
to the initial fluidized bed as NpO™ powder. 

Plutonium concentration in the final fluidized-bed 
samples ranged from 0.09 to 0.21 wt %; these results 
corresponded to 0.9 to 2.2% of the plutonium charged. 
The statistical evaluation of the results indicated that 
the plutonium content of the final bed can be reduced 
by using an oxidation step, by increasing the fluorine 
concentration quickly at the start of the plutonium 
fluorination step, and by using 400°C rather than 
500°C as the initial temperature in the plutonium 
fluorination step. Two replicate experiments demon
strated that operating conditions can be chosen that 
will reduce residual plutonium in the final fluidized 
bed to 1% or less of the plutonium charged. 

The highest rates for plutonium fluorination were 
obser\-ed at the start of the plutonium fluorination 
period. The average rate of production for PuFo at 
400°C was 2.2 lb/(hr) (ft^) with the reactor operating 
at an average of 53% of equilibrium for the reaction, 
PuF^fs) -I- F2(g) S3 PuF8(g). At 500°C the average 
rate was 2.4 lb PuF6/(hr) (ft^) at only 28% of equihb-
rium. An apparent activation energy of 8.6 kcal/mol 
was calculated from reaction rate data as a function 
of temperature for this .series of experiments and a 
series of experiments reported in the preceding annual 
report (ANL-7575). 

In the uranium fluorination step using dilute fluorine, 
XaF product traps were used to collect UF„ product. 

High U/Pu ratios of 5280 and 3700 (indicating good 
separation of uranium from plutonium) were obtained 
in runs in which the traps were taken off-stream as soon 
as fluorine was detected in the reactor off-gas. When 
excess fluorine was present in the off-gas, indicating 
that most of the uranium had been fluorinated, pluto
nium was also fluorinated from the fluid-bed reactor. 
These results show that an initial separation of 
uranium from plutonium could be obtained by a suit
able choice of operating conditions. About 1.7% of the 
uranium charged was fluorinated with the plutonium 
during the plutonium fluorination step. Most of the 
molybdenum appeared to be fluorinated during the 
uranium fluorination step, while ruthenium and neptu
nium were fluorinated during both fluorination steps. 

The final fluidized beds contained about 1 to 2% of 
the neptunium charged, 5 to 18% of the ruthenium 
charged, and SO.1% of the uranium charged. Calcula
tions indicate that conversion of AUO3 to AIF3 during 
10 to 20 hr of fluorination ranged from 6.9 to 10.3%. 

Fission product chemistry. Chemical and thermo-
gravimetric investigations indicated that oxyfluorina-
tion reactions of fission products are of a complex 
nature and that for some fission product elements, 
volatile oxides and oxyfluorides form, as well as 
volatile binary fluorides. In addition, catalytic effects 
seem to be of importance—for example, the formation 
of RUO4 appears to be catalyzed by F2 . The following 
are proposed for the reaction of RuOa with 10:1 
oxygen-fluorine mixtures: 

1. Ifi + b) RuOa -I- (O2-F2) 

2. 6RUO4 -^ 6RUO2 + O2 

aRuFs 

bRuOi 

3. bRu02 + (O2-F2) 

cRuFs 

(b - c ) R u 0 4 

in which RuOj is a recurring intermediate and a, b, 
and c are numbers of molecules. 

Decontamination of plutonium hexafluoride. 
Bench-scale studies were carried out to test the 
proposed separation of ruthenium from plutonium by 
preferential condensation of ruthenium fluoride at 
-10°C. If the ruthenium product produced by fluorina
tion of irradiated nuclear fuel is RuF^ only, adequate 
separation of ruthenium from PuFo at - 1 0 ° C is 
predicted because of the large difference in vapor 
pressures of the pure materials at this temperature. 
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Mixtures of PUF4 and ruthenium metal were fluori
nated, and the resulting gaseous mixture was passed 
through a cold trap at - 10°C and then through a cold 
trap at -78°C. The quantities of ruthenium penetrat
ing the -10°C trap were small fractions of the total 
ruthenium, but nevertheless were several orders of 
magnitude greater than the quantities that would have 
penetrated if the solid species in the trap had been 
RuFs only. Comparison of the quantities of ruthenium 
in the exit gas from the -78°C cold trap with the 
theoretical quantities for various ruthenium species 
(calculated from vapor pressures) indicated that the 
small, more volatile fraction may be RUO4. 

The removal of PuFo from process gas streams by 
reaction with LiF has been proposed. The reaction is 
also of interest because of its potential for the separa
tion of PuFfi from volatile fission products such as 
ruthenium fluoride. The products of this reaction are 
the solid complexes LiPuF^ and Li4Pur8. Since the 
subsequent recovery of plutonium from these com
plexes is important to the economics of plutonium 
processing, the effects of temperature, partial pressure 
of fluorine, and partial pressure of PuFc on the rates 
of fluorination of these complexes have been studied. 
The rates of fluorination of both LiPuFs and Li4PuFs 
with fluorine to produce volatile PUFA were found to be 
represented by the equation FTF,, = kt, where F is the 
fraction of PUF4 reacted in time t, k is the rate con
stant, and TFo is the initial weight of PUF4 in the com
plex. The de])endence of rate constants on temperature 
over the range 350 to 450°C yielded activation energies 
of 12 kcal/mol for the fluorination of LiPuFs and 10 
kcal/mol for the fluorination of Li4PuFg, both with 
fluorine at 1 atm. The dependence of the rate constants 
on the partial pressure of fluorine was found to be 
essentially of first order in the range 0.3 to 1 atm. The 
results of the reactions of the complex solids with 
PuFs-fluorine mixtures indicated a justification for 
ignoring the back reaction in the treatment of the 
rates of reaction of the complexes with pure fluorine. 
From the reaction rates obtained by reaction of PuFc-
fluorine mixtures with LiiPuFs at 400°C, the equilib
rium constant J)p2/pi.„K6 for the reaction LijPuFs + 
Fo ^ PuFe + 4 LiF was calculated to be between 
1.3 X 10^ and 1 X 10'. 

Ultraviolet-activated synthesis of PuFe . Pluto
nium hexafluoride was produced at room temperature 
by ultraviolet irradiation (3125 A) of the system: solid 
PuFi-gaseous fluorine (300 Torr). The apparent yield 
was 4 X 10^2 molecules per quantum. 

Engineering-scale investigations 
Conceptual fluoride volatility process for fast-

reactor fuels. A conceptual design study of a large 

fluoride volatility plant (with a capacity for handling 
one metric ton of actinides per day) for processing fast 
breeder reactor fuels was completed. Such a facility 
would service power plants with a total capacity of 
about 15,000 MW(e) . The reference fuel is stainless 
steel-clad UO2-PUO2 • 

The reference process, though not optimized, has a 
high ]3otential for handling short-cooled fuel, as well as 
considerable flexibility in processing fuel materials 
with a wide range of concentrations of fissile material. 
The study concludes that a substantial body of basic 
and technological information is available that sup
ports this application of fluoride volatility processing 
to LMFBR fuels. Key problems are outlined that 
repre.-ent the basis for a research and development 
program. 

The technique of developing reference process and 
plant designs without initially considering optimiza
tion and economics appears to be a valuable technique 
for assessing the potential of processes for nuclear fuels 
and other chemicals. 

Continuous-feed^ two-stage, slab fluidized-bed 
reactor. Testing of fluid-bed systems was continued 
in support of the fluoride volatility concept study (Sec
tion I.B.2.a of this report). The fluorination steps in 
the conceptual process are to be performed con
tinuously in 4-in.-thick, slab-shaped, fluidized-bed 
reactors, which are designed to meet heat transfer and 
criticality requirements. Since no information was 
available on the design and operation of reactors with 
this thickness, an exploratory study was initiated. 

Initial work was done with a column having a 4-in.-
square cross section. A technique was developed for 
achieving continuous downward solids flow through the 
orifice that admits the fluidizing gas, thereby avoiding 
the use of downcomer pipes. Single-stage and two-stage 
columns were tested, each stage having an inverted-
pyramid-shaped gas inlet section. AVith the appropriate 
combination of gas-inlet orifice size (0.5-, 0.75-, and 
1-in. dia) and gas velocity, solids flow rates through the 
reactor of 10 to 9000 lb/(hr) (ft=) were achieved. With 
a variable-position plug inserted above the orifice, 
control over solids flow rate was improved. 

A two-stage, slab-shaped, fluidized-bed column of 
4-in. by 24-in. cross section and having six gas-inlet 
sections was mocked up of Lucite and tested qualita
tively—i.e., solids flow and the quality of fluidization 
were observed. Countercurrent flow of solids through 
the gas orifices could not be stabilized, indicating the 
need tor some improvement in design. 

A two-stage column of 4-in. by 24-in. cross section 
was fabricated, which incorporated (1) a weir section 
for overflow of solids from the upper stage to the stage 
below and (2) flat drilled-plate gas distributors. Re-
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suits for this design indicate that slab shapes should 
prove satisfactory for fluid-bed reactors. 

Pulsed-bed studies. Studies were continued on the 
pulsed-bed approach to fluidization. Pulsed beds are 
obtained by controlled, intermittent upflow of gas 
through a bed of solid particles, causing the bed to 
expand; the bed contracts during the period when the 
gas flow is shut off. A unique characteristic of pulsed 
beds is that good particle motion exists below the 
minimum fluidization velocity. Heat-transfer rates 
from an internal surface to a pulsed bed were deter
mined under a series of pulsing conditions. Data were 
obtained using four sizes of glass beads, ranging from 
73 /»m to 580 >im (average diameter). For operation 
with large sizes of particles and heavier particles, heat-
transfer rates are higher in pulsed beds than in con
ventional fluidized beds. A model for the heat-transfer 
mechanism in gas-solid particle systems has been 
proposed, which can be used to estimate heat-transfer 
coefficients in pulsed beds. 

Dense-phase transport of granular solids. Dense-
phase transport of granular solids through pipelines is 
a technique that may have api)lieation in nuclear fuel 
cycles. The results of recent exploratory studies in
dicate that solids typical of those contemplated for 
use in fluoride volatility processes can be transported 
by this technique. A mocked-up system consisting of a 
20-liter pressurized solids feed vessel, a %-in.-ID, 55-
ft-long polyethylene transport line, a solids collection 
vessel, and gas-flow instrumentation was used to in
vestigate the characteristics of this transport tech
nique. Solids flow rates of 127 to 694 g/min for 
nominally 48 to 100 mesh alumina were achieved with 
motivating air pressures of 40 to 60 psig in the solids 
feed vessel. The solids-to-gas ratios for this method 
of transport are much higher than for conventional 
pneumatic transport of solids. 

Alpha facility maintenance and cleanout. Useful 
information on the durability of gloves has been ob
tained during operation of the engineering-scale alpha 
facility. Deterioration of seamless, milled-neoprene 
gloves occurred, mainly in the form of cracking at folds 
and creases after relatively long periods when the 
gloves were not used. Polymer-coated neoprene gloves 
were superior to uncoated neoprene gloves in this 
regard and showed resistance to deterioration from 
room illumination and ozone attack. Little damage to 
gloves due to abrasion or wear was evident, even at 
locations in the box where fairly heavy mechanical 
work had been performed. Recommendations arc that 
gloves be left fully extended when not in use, and that, 
as a minimum, gloves be inspected annually. 

Cleanup and decontamination of the engineering-
scale alpha facility is planned for FY 1970 as part of 

the phasing-out of the fluoride volatility program in 
the Chemical Engineering Division. The large and 
small gloveboxcs were cleared of equipment, and 
decontamination work is in progress. The gloveboxes 
will be left in a clean, safe standby condition. 

Basic mechanisms of fluidization 

Fluidized-bed heat transfer. As a first step in in
vestigating the complex mechanism of heat transfer in 
a fluidized bed, the rate of heat transfer to the bed as a 
function of fluidized-particle residence time at a heater 
surface was considered. Two aspects of this problem 
were studied: (1) the case of infinite particle residence 
time (the bed at minimum fluidization with little or 
no particle motion) and (2) the case of finite particle 
residence time (the bed fluidized with particles in 
motion). 

A model was proposed which describes heat transfer 
from a heater to a bed of particles for gas flow through 
the bed equal to that required for minimum fluidiza
tion. It was assumed in this model that all of the heat 
is removed by the flowing gas. Predicted heat-transfer 
coefficients for both cylindrical and flat heaters were 
in good agreement with experimentally determined 
heat-transfer coefficients. 

Two other models were proposed for unsteady-state 
heat transfer from a wall to particles moving within a 
fluidized bed. One model was based on a bed of spheres 
in orthorhombic array, and a second, simplified model 
approximated a bed of spheres by a series of alternat
ing slabs to represent the gas and solid phases of a 
fluidized bed. 

Numeric^ analyses showed good agreement be
tween models. Good agreement between theory and 
experiment was also obtained. 

Preparation of Fuel Materials 

Oxidation of uranium to UOo in a fluidized bed. 
Stoichiometric UO2 of low carbon content was pre
pared in a fluidized-bed reactor by oxidation of ura
nium at 750 to 825°C with CO2 in helium or nitrogen 
diluent. Prior to oxidation, the bulk uranium (~300 g 
per run) was hydrided to produce a fine powder and 
then partially nitrided. The carbon content of the UO2 
product of one run was less than 100 ppm, which is 
within current specifications. In runs in which the 
nitriding step was omitted, the products contained up 
to 1.5 wt % carbon as a result of carbon deposition 
during the rapid initial reaction of uranium metal with 
CO2. 

Conversion of FBR oxide fuel to carbide fuel. 
Studies of the use of a plasma torch for the conversion 
of FBR oxide fuel to carbide fuel have been initiated. 
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The current work is devoted to the conversion of ura
nium oxide to uranium monocarbide, but the process is 
expected to be applicable to the production of (U-Pu)C 
in equipment installed in an alpha-tight enclosure. The 
jjresent objective is to determine the operating condi
tions required to produce high yields of reactor-grade 
uranium monocarbide in order to assess the feasibility 
of a continuous production process using a plasma-
torch reactor. 

A 25-kW, inductively heated plasma-torch reactor 
has been installed. Preliminary experiments were con
ducted with uranium dioxide-graphite agglomerates 
(~100 mesh particles). The agglomerated particles 

(containing 8.7 wt % C) were fed into the plasma flame 
at 0.6 to 0.9 kg/hr. The operating conditions were 
those that had earlier been established to be the opti
mum for spheroidizing crushed alumina. The carbon 
content of the UC product from these experiments 
ranged from 5.0 to 6.5 wt %, whereas the carbon con
tent of UC is 4.8 wt %. However, the oxygen content 
of the product was near that in the feed, indicating 
that the hot particles emanating from the plasma torch 
had reacted with atmospheric oxygen in the reaction 
chamber. Equipment modifications are under way 
whereby an atmosphere of argon can be maintained in 
the reaction chamber and oxygen excluded. 

II. Sodium Technology (pages 62 to 73) 

Beginning with FY 1970, the ANL program in so
dium technology was expanded. The major objectives 
of this program are to (1) provide base sodium tech
nology support to EBR-II and other ANL-operated 
national test facilities, (2) demonstrate selected proc
esses and equipment, with EBR-II being used as a test 
facility for the advanced equipment and procedures 
that are being developed for subsequent LMFBRs, and 
(3) advance sodium technology in selected funda
mental areas of sodium chemistry and materials com
patibility. The ANL program includes work in the 
following areas: sodium chemistry, sampling and anal
ysis of sodium, sodium purification and monitoring of 
sodium purity, fission product behavior and control, 
behavior and monitoring of cover gases, and materials 
compatibility. Most of the materials compatibility 
work is carried out in the Materials Science Division 
and is not reported here. 

Sodium Chemistry 

Decarburization of iron-carbon alloys and ferritic 
steels in sodium is believed to involve the formation 
of disodium acetylide (Na2C2). As part of a program 
to test this concept, the acetylide content of sodium 
equilibiated with an Fe-0.11 wt % C alloy was deter
mined at 400 and 650°C. Significant loss of carbon 
from the alloy and significant amounts of acetylide 
in the equilibrated sodium were found at both tempera
tures. Moreover, the levels of acetylide were invariant 
with time, suggesting that an equihbrium or steady-
state concentration was established. 

The stability of Na2C2 in sodium is being deter
mined. High-temperature X-ray powder diffraction 
patterns have shown that acetylide undergoes a transi
tion from tetragonal to cubic structure at 275°C, and 
that the cubic modification is stable to at least 450°C. 

The solubility of helium in sodium was measured as 

a function of temperature and pressure. Between 350 
and 550°C, the solubility, in terms of the Ostwald co
efficient X (volume of helium dissolved per unit volume 
of sodium), can be represented by the equation log \ = 
0.511 - 3070 r - ' , where T is in degrees Kelvin. The 
heat of solution calculated from this equation is 13.0 ± 
0.4 kcal/mol. Helium solubility was shown to obey 
Henry's law at 500°C over the pressure range 2 to 9 
atm; a Henry's law constant of 1.56 X 10~^ atm~^ was 
obtained. 

To elucidate the role of surface diffusivity in mass 
transfer in sodium systems, samples of a-iron were 
heated in liquid sodium at 800°C for different lengths 
of time, after which the surfaces were examined by 
interference microscopy. Well-developed grain-bound
ary grooves were observed. Preliminary analysis of 
the groove profiles and their growth rates has shown 
that surface diffusion is an important mechanism in the 
corrosion of a-iron by liquid sodium, and that surface 
diffusion proceeds more rapidly in a liquid sodium en
vironment than in vacuum. 

A study to establish the morphology of sodium oxide 
crystallites and the kinetics of their growth in sodium 
has been started. 

Sodium Analytical Development 

A center for sodium analytical chemistry, with the 
responsibility for coordinating analytical developments 
in the national LMFBR Sodium Technology Program, 
has been organized in the Chemical Engineering Divi
sion. This responsibility includes assessing the analyti
cal needs of the various laboratories and organizations 
in the national program, and then satisfying these 
needs with certified standard analytical procedures. 
Certification of standard methods is expected to in
volve either evaluation and improvement of existing 
analytical methods or development of new ones. 



Summary 9 

Prior to the formation of the center, the analytical 
effort was mainly concerned with the use of the Sodium 
.Vnalytical Loop (SAL) to evaluate and calibrate on
line instruments for sodium analysis. I t was found 
that a dip-sampling technique was superior to line-
sampling, and that oxygen analyses of dip samples 
gave reliable results. Two United Nuclear Corpora
tion (UNC) oxygen meters were calibrated on the 
S.\L and subsequently sent to EBR-II for use. The 
S-4L, originally located in the Reactor Engineering 
Division, was shut down, moved, and rebuilt in the 
Chemical Engineering Division, where it is once again 
in operation. 

Sodium Engineering 

Work has been initiated on the development, test
ing, evaluation, and improvement of on-line monitors 
for impurities in sodium. The on-line monitoring work 
includes the prooftesting of meters for oxygen, carbon, 
and hydrogen activities in sodium. The United Nuclear 
Corporation (UNC) electrolytic cell for oxygen and 

the UNC diffusion meter for carbon are both under 
test. The most reliable models of these meters that are 
developed will be installed in the Radioactive Sodium 
Chemistry Loop (RSCL) being constructed for the 
primary sodium system at EBR-II . A hydrogen dif
fusion meter is being developed to determine hydrogen 
activity in sodium, particularly in connection with the 
detection of water leaks into sodium in LMFBR steam 
generators. The meter will employ a nickel diffusion 
membrane in the sodium and a mass spectrometric de
tector on the vacuum side of the membrane. 

The technical problems in LMFBR plant operation 
that result from the release of fission product activity 
from the fuel elements into the sodium coolant are be
ing defined. Preliminary results of this continuing cal
culational study indicate the importance of investigat
ing the behavior of short-lived fission products. 

A study of the nature and control of aerosol forma
tion in sodium is being undertaken. In the initial ex
periments, sodium aerosols will be formed, visually 
observed, sampled, and analyzed to determine aerosol-
mass concentration. 

III. Materials Chemistry and Thermodynamics (pages 74 t o 100) 

High-Temperature Thermodynamic Studies 
The mass-spectrometric Knudsen effusion study of 

the plutonium, plutonium monoxide, and plutonium 
dioxide partial pressures over two-phase PU2O3-PUO1.61 
has been completed. The three gases are assumed to 
result from the reactions 

7.33 Pu203(s) = 13.66 PuOi.eils) + Pu(g) 
2.77 Pu203(s) = 454 PuOi,6i(s) -I- PuO(g) 

4.54 PuOi.ei(s) = 1.77 Pu203(s) + Pu02(g) 
with heats of reaction of 110.0, 118.4, and 132.0 kcal/ 
mol, respectively. Measurements of the partial pres
sures of the vapor species over U0.8PU0.2O2-1 have been 
initiated. 

The metal-rich boundary of the U-Pu-0 fluorite 
phase has been established from 1868 to 2168°C for a 
uranium-plutonium mixed oxide containing 19.8 at. % 
plutonium. Measurements at other plutonium concen
trations and at the oxygen-rich boundary are in prog
ress. 

Vapor transport experiments are being carried out to 
establish the conditions required for fission product 
iodine attack on stainless steel cladding of nuclear 
fuel. The oxygen activity in the fuel determines the 
extent to which fission product cesium reacts with the 
fuel, thus freeing iodine from Csl. 

The ultrahigh-vacuum Knudsen effusion system has 
been modified to accept a quadrupole mass spectrome

ter. Measurements are in progress to establish relative 
ion cross sections of uranium and uranium oxide mole
cules. Plutonium compounds will be studied after com
pletion of the present investigations. 

The new high-temperature transpiration equipment 
is being tested by measuring O2 and UO3 pressures 
over UO2.i1 and U4O9-U3O8 prior to studies of the 
Pu-0 and U-Pu-0 systems. 

The pressures of plutonium gas over the two-phase 
regions PU2C3-C, PU2C3-PUC2, and PUC2-C have been 
measured mass-spectrometrically. Heats of reaction of 
97.6, 118.7, and 88.3 kcal/mol, respectively, were estab
lished for the reactions 

1/2 PU2C3(S) = % C(S) + Pu(g) 
2 Pu2C3(s) = 3 PuC2(s) + Pu(g) 

PuC2(s) = 2 C(s) + Pu(g) 

Carbon activities over the U-C system have been 
measured over C/U ratios of 0.98 to 1.85 at tempera
tures from 1882 to 2282°C. These data, when com
bined with literature values for uranium activities, 
yield heats of formation at 298°K of -22 .6 ± 0.5 and 
-23.7 :•: 1.0 kcal/mol for UC,,„o and UC.gs, respec
tively. 

Reactor Safety and Physical Property Studies 

Three calorimetric systems for the measurement of 
high-temperature enthalpy increments by the method 

http://UO2.i1
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of mixtures are in operation. These systems comple
ment each other; one uses resistance heating for tem
peratures to 1600°K, a second uses electron beam heat
ing for temperatures to 2500°K, and the third uses 
induction heating for temperatures to 3600°K. 

Enthalpy data from the first two calorimetric sys
tems are reported for UB2, NasBi, UO2, and AI2O3 
(N.B.S. standard sapphire) in the temperature range 
600 to 150O''K. The enthalpy of fusion of NajBi has 
been determined also. 

The induction-heated calorimetric system was used 
to measure the enthalpy of uranium dioxide to 3475°K. 
Values were determined for the heat of fusion and the 
heat capacity of molten uranium dioxide. At present, 
the equipment is being modified for use with (U,Pu)02-

A program has been initiated to provide high-tem
perature vapor pressure data for reactor fuels in order 
to reduce the extent to which presently available data 
must be extrapolated in reactor safety calculations. A 
high-temperature transpiration apparatus has been 
built and tested with apparent success in determining 
the vapor pressure of stoichiometric urania at 2600°K. 
The full range of the program calls for measurements 
extending to temperatures beyond the melting point of 
UO2. 

Studies have been initiated to obtain spectroscopic 
properties of gaseous oxides of uranium from which 
thermodynamic properties at high temperatures may 
be calculated. The purpose of the research is to pro
vide data needed by the reactor safety program to 
predict vapor pressures within fuel pins under reactor 
accident situations. By employing the technique of 
matrix-isolation infrared spectroscopy, one is able to 
obtain high-resolution spectra of species that are pres
ent in measurable concentration in the gas phase only 
at very high temperatures. Future studies will also in
clude visible and ultraviolet spectroscopic investiga
tions of these species so that information about ther-
modynamically important low-lying electronic .states 
can be obtained. 

A calculational scheme has been devised to deter
mine the contributions of fission product and fuel com
ponents to the internal pressure of a fuel \m, under 
both normal operating and hypothetical accident con
ditions. Although sufficient thermodynamic data exist 
to carry out simplified calculations for fuel pin tem
peratures up to 2500°K, very few data are available 
for the higher temperatures (4000-800O°K) of interest 
to reactor safety analysts. Because these data cannot 
be obtained directly by experimental means, studies 
are being undertaken to find a suitable theoretical-
basis on which to extrapolate existing low-temperature 
data. 

Work has begun to measure the speed of sound in 

liquid sodium, liquid uranium dioxide, and other molten 
materials of importance to reactor safety. Electronic 
equipment and a suitable furnace for these measure
ments have been acquired. At present some cell and 
furnace modifications are in progress. 

Studies of migration of plutonium in a thermal gra
dient (~1000°C/cm) for metal oxide fuels were con
tinued. Previous experiments utilizing slightly hy-
perstoichiometric ( 0 / M = 2.01) mixed oxide gave 
indications of enhancement of plutonium concentra
tion at the hotter end of the specimens; similar ex
periments employing hypostoichiometric materials 
( 0 / M = 1.97) showed no significant plutonium con
centration changes. Plutonium migration studies were 
also initiated using (Uo,85Puo.i5)C pellets. 

Calorimetry 

Calorimetric measurements of the low-temperature 
thermal properties from 1 to 350°K, enthalpy of for
mation at 298°K, and high-temperature enthalpy in
crements from 600 to 1500°K of uranium diboride have 
been completed in a cooperative effort with other ANL 
scientists. In other studies on uranium compounds, 
work has been started on the determination of the en
thalpy of formation of USi g (tetrag.). 

In a continuing program to provide accurate thermo
chemical data for plutonium compounds, the standard 
enthalpy of formation of plutonium monocarbide has 
been determined to be AK/S98(PUC,I.S78±O.OOI,C) = 
- n . . 5 3 ± 0.64 kcal mol" ' . If a sample now being pre
pared at Los Alamos Scientific Laboratory turns out 
to be suitable, measurements will also be carried out 
on PU2C3. 

As part of an effort that has been going on for some 
years to clear up the uncertainties in the thermochem
istry of hydrogen fluoride, (1) the enthalpy of forma
tion of liquid hydrogen fluoride was determined by 
direct combination of the elements in a calorimeter, 
and (2) the enthalpy of solution of liquid hydrogen 
fluoride in water was measured in the dilution range 
H F - 2 0 0 H 2 0 to HF-5551H20. 

Measurements of the energy of combustion of N s 
SF3 in fluorine yielded Ai/f°(NSF3); the latter result, 
combined with mass spectrometric appearance poten
tial data, gave the enthalpy of formation of N=SF 
and the N = S bond strength in both NSF3 and 
NSF. Values were also deduced for Ai//;(NS) and 
Ai/ / ; (NS+). A Hartree-Fock-Roothaan ab initio cal
culation for NS yielded an ionization potential, based 
on Koopmans' theorem, within 3% of the experimental 
value. 

Several years ago, an oxygen bomb calorimetric 
study of the energy of combustion of M3S, was car-
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ried out at this laboratory. However, because the chem
ical processes in the bomb were difficult to define, a 
reliable result could not be obtained. A determination 
of A H / " ( M O S 2 ) by combustion in fluorine has now 
been completed. 

Miscellaneous fluorine bomb calorimetric studies are 
reported for SiC(hex.), SiC(cubic), PF3(gas), I F s d ) , 
IF7(gas), B203(c), and B203tamorph.). The last two 
compounds were also studied by solution calorimetry 
in aqueous media. 

The solution calorimeter was also used to study (1) 
the reaction between aqueous Xe03 and aqueous HI 
and (2) the reaction between crystalline I2 and aque
ous HI. These studies resulted in a precise value for 
Ai//"'tXe03,aqueous). 

The recent discovery in the Chemistry Division of 
preparative methods for perbromates leads logically to 
a study of their stability relative to the bromates. The 
enthalpies of decomposition of KBr04 and KBr03 to 
KBr and O2 were measured in a bomb calorimeter. 
Those measurements yielded values for AH/"(KBr04) 
and A/// ' '(KBr03). The compounds were also studied 
in the solution calorimeter to obtain enthalpies of for
mation of the aqueous perbromate and bromate ions. 

In connection with the sodium-cooled reactor pro
gram, methods for the determination of the enthalpy 
of formation of Na2C2 are being explored. Na2C2 is 
of interest because it has been postulated that it is the 
species responsible for carbon transport in liquid so
dium systems. 

IV. Analytical and Reactor Chemistry (pages 101 to 123) 

Chemistry of Irradiated Fuels and Materials 
The program to study the chemical behavior of ir

radiated fast reactor fuels has continued. Shakedown 
tests of a helium-atmosphere cave facility in the Chem
istry Division have been completed. The moisture and 
oxygen levels of the helium atmosphere (0.5 and 5 
ppm, respectively) are lower than design specifications. 

.\n analytical technique combining laser-beam sam
pling and spark-source mass spectrometery was found 
to have limited applicability to the study of the mi-
crostructure of irradiated fuels. Work was recently ini
tiated on the development of a method for microsam
pling and analysis of fission product gases retained in 
irradiated ceramic fuels. 

Electron microprobe studies have continued, with 
principal emphasis being placed on the study of fuel-
cladding interactions. Examination of a UO2-2O wt % 
PuOj fuel pm irradiated in EBR-II to 3.7 at. % burnup 
showed that (1) an interaction had occurred between 
the fuel and the type 304 stainless steel cladding, (2) 
fission product iodine was present at the fuel-cladding 
interface, and (3) iron from the cladding had been 
transported into the fuel matrix. A postulated mecha
nism for this reaction is discussed. Examination of a 
UC-20 wt % PuC fuel pin irradiated in EBR-II to 6.9 
at. % burnup showed that an interaction had also oc
curred between the carbide fuel and the type 304 stain
less steel cladding, but to a lesser extent than in the 
UO2-PUO2 fuel. In the carbide fuel, nickel from the 
cladding had been transported into the carbide matrix. 
Pos.sible mechanisms for the nickel tran.sport are pre
sented. 

In the program to develop methods for identifying 
the position of fuel failure in EBR-II by means of 

sodium-soluble tags, two tagging methods have been 
devised. In one method, each fuel clement in a sub
assembly would be tagged with the same mixture of 
'- 'Sb and ""An; the weight ratios would be varied to 
produce multiple tags. In the event of fuel failure, the 
tags would be released to the primary sodium coolant. 
The sodium would be assayed gamma spectrometrically 
for the tag activation products '--Sb (2.8 days) and 
'^^Au (2.7 days), and the ratio of these activities would 
identify the faulty subassembly. The second method, 
which utilizes mixtures of '^^Au and '^^Pt, would op
erate on the same general principles, and tag identi
fication would be made on the basis of the ratio '*'Au/ 
'^°Au. The ''^"Au (3.15 days) is produced by beta de
cay of th^ platinum activation product '""Pt. 

Insufficient funding has required the termination of 
the sodium-soluble tagging program; however, these 
proposed methods may find application in future fast 
reactors. 

Xenon Tagging of Fuel Elements in EBR-II 

A xenon-tag method for the identification of failed 
fuel elements is being used in EBR-II with experimen
tal fuel elements. Each fuel element in a subassembly 
is tagged with 1 ml of a mixture of xenon isotopes 
which is unique for that subassembly. In the event of 
cladding failure, mass-spectrometric analysis of the 
reactor cover gas will permit rapid identification of the 
affected subassembly and its location in the reactor. 
This rapid identification .should enhance the EBR-II 
plant factor. 

Eighteen tag mixtures have been prepared by blend
ing light-isotope-enriched xenon with natural xenon. 
Twenty-three additional tag mixtures can be made by 
blending available enriched mixtures and by adding 
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natural xenon to some of the blends. A larger number 
of tag mixtures can be prepared by blending available 
xenon mixtures with pure '-*Xe; a contract has been 
awarded for preparation of '^'Xe by thermal irradia
tion of '^ ' I . Three methods of adding a tag to a fuel 
element have been developed and used. 

The effect of a xenon tag upon the thermal conduct
ance of the fuel-to-cladding gap is being examined fur
ther; an instrumented subassembly has been prepared 
which will allow a study of the conductance to be made 
over a range of power levels in EBR-II. 

A cover-gas sampling system has been developed and 
a mass spectrometer procured for identification of a 
released tag. The spectrometer incorporates a dual col
lector system and three sample inlet modes to permit 
rapid tag identification for a variety of sample condi
tions. 

Fast-Reactor Cross-Section Measurements 

Measurements of cross sections for materials of in
terest to the fast breeder reactor program are contin
uing. Principal effort is being devoted to determining 
cross sections in the broad neutron energy- spectrum of 
EBR-H. Irradiations of various materials (monitors) 
such as stainless steel, scandium, and gold, have pro
vided activation-rate data necessary to calculate the 
neutron flux in EBR-II as a function of radial position. 
These flux values have been used, along with appro
priate activation rate data, to determine spectrum-
averaged cross sections for other reactions in EBR-II . 

A discussion is presented of the feasibility of using 
the ratio of the reaction rates of the ''*Fe(n,p)'*Mn 
and ^*Fe(n,i>)°°Fe reactions as an indicator of neutron 
spectral shape (spectral index). Such an index would 
be extremely valuable in correlating spectrum-averaged 
cross sections obtained in different reactor positions or 
in different reactors. 

Capture-to-fission ratios (alpha) for samples of -^"U 
and =2'Pu irradiated in EBR-II are presented as a 
function of radial position in EBR-II. The status of 
the experimental program to measure the fast-fission 

yields of low-mass particles (tritium, h: .rogen, he
lium) is also described. 

Determination of Burnup of Fast Reactor Fuels 

A method is under development for the measurement 
of burnup in fast reactor fuels by X-ray spectrometric 
assay of the four principal rare earth fission products: 
lanthanum, cerium, praseodymium, and neodymium. 
The procedure consists of the following steps: (1) ter
bium is added as an internal standard, (2) the rare 
earth fission products and terbium are separated from 
interferences by anion exchange, and (3) the separated 
rare earths are electroplated on a metal plate and as
sayed by X-ray spectrometry by means of line-inten
sity ratios (rare earth-to-terbium internal standard). 

The procedure was tested in two experiments. In the 
first, a standard mixture of rare earths was taken 
through the entire procedure. In the second, the rare 
earth mixture was spiked with uranium and the other 
major fission product elements (to simulate a 1 at. % 
burnup sample). These tests revealed no major diffi
culties in the procedure, although minor refinements 
are needed to achieve the desired accuracy of ±1%. 
The analysis of a sample of highly irradiated UO2 
(~6.5 at. % burnup) was in good agreement with 
analyses of the same sample by several other methods. 

A new method is being developed for determining 
the number of fissions that have occurred in fast re
actor fuel. This method is expected to provide a means 
for determining fast fission yields more easily than ex
isting methods and with comparable accuracy. Two 
irradiations are required: one of about 2-hr duration 
and one of about 3-month duration. The short (cali
bration) irradiation establishes a factor relating the 
number of fissions to the activity of a particular fission 
product (e.g., '<<Ce). The number of fissions in the long 
irradiation is then established from the '*'Ce activity 
and the previously determined factor. An evaluation 
of this approach, which was made in work supporting 
an experiment of the Reactor Physics Division, has 
demonstrated its feasibility. 

V. Chemistry of Liquid Metals and Molten Salts (pages 124 t o 164) 

An important area of scientific and technological in
terest is that devoted to the chemistry and thermody
namics of liquid metals, alloys, and molten salts. The 
continuing programs in this area include studies of the 
thermodynamic behavior of various systems as ex
pressed by liquid-solid phase diagrams, liquid-phase 
activity coefficients, vapor-liquid equilibria, and solu-' 
bilities of various gases and solids in liquids. Recently, 
greater interest has developed in transport properties, 

especially those relating to the transport of both 
charged and uncharged species in molten phases. Con
tinuing investigations of the structure of liquid metals 
and molten salts have been made primarily by ultra
sonic methods and Raman spectroscopy. The studies of 
electrochemical energy conversion by means of cells 
with liquid metal electrodes and moIten-.-alt electro
lytes have led to the development of ce ' which show 
promise for energy storage. New prograi;. ,, (-jje areas 
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of cell scale-up and battery, design, construction, and 
evaluation have been initiated as a result of funding 
from various government departments. 

Liquid Metals Studies 

The studies on the sodium-bismuth system have con
tinued with the extension of the quasi-ideal solution 
theory to the calculation of the liquid-solid phase dia-
f^ram. Good agreement between calculated and ob
served phase boundaries was obtained when a value of 
11.1 kcabmol was used for the heat of fusion of Na3Bi. 
However, when the recently measured value of '—7 
kcal mol is used in the calculations, the NasBi phase 
boundaries lie well below the experimentally deter
mined boundaries. This disagreement between theory 
and experiment is being investigated further. 

The experimental studies of the vapor-liquid equi
libria in the lithium-tin system have been completed, 
and a vapor-liquid temperature-composition diagram 
for a pressure of 0.7 Torr has been constructed. This 
diagram shows that excellent separation of lithium 
from lithium-tin alloys can be achieved at a pressure 
of 0.7 Torr, a conclusion of importance in the design 
of thermally regenerative galvanic cells. 

The thermodynamics of the lithium-selenium system 
is being investigated by emf, thermal analysis and 
other techniques. The emf measurements have yielded 
values for the activity coefficient of lithium in selenium 
as a function of concentration and temperature, and 
approximate locations for liquid-liquid and liquid-
solid phase boundaries. These results, coupled with 
those from thermal analysis and microscopic examina
tion of quenched samples, have permitted the construc
tion of a partial phase diagram for the lithium-selenium 
system showing the presence of the very stable com
pound Li2Se and a large lit|uid-liquid immiscibility 
region. Initial investigations of the phase diagram of 
the lithium-sulfur system indicate that it is likely to 
be similar to the lithium-selenium phase diagram. 

The solubilities of Se, LizSe, and LijS in molten 
lithium halide mixtures were measured over a range of 
temperatures. The solubilities of Se and US are in the 
range from 0.02 to 0.2 mol % at 350 to 550°C, whereas 
the solubility of Li2Se is 2 to 6 mol % at 500 to 700°C. 
In general, addition of Lil to the fused-salt phase 
caused an increase in the heat of solution values ob
served. 

A model for predicting gas solubilities in liquid met
als has been prepared. The model successfully accounts 
for the molar excess Gibbs free energies of solution of 
noble gases (He, Ar, Kr) dissolved in sodium at 400°C. 

The principle of corresponding states, which pro
vides a relationship between the surface tension of a 

liquid at absolute zero (-yo), the critical molar volume 
(Vc), and the critical temperature (Tc), was demon
strated not to be in accord with available critical data 
for mercury or the alkali metals. A new empirical equa
tion of the form y„(V^- B)''^ = AT^, where A = 1.67 
erg/(°K) (mol-'^) and B = 31 cmVmol, was devel
oped which does relate -yo, ^o, and T^ for these metals. 
This relationship was used to estimate To and Vc for a 
variety of other liquid metals. 

The electronic conductivities of liquid semiconduc
tors such as selenium and sulfur are being investigated. 
Our measurements indicate that Group V and VII 
dopants (such as phosphorus and iodine) increase the 
conductivity of selenium and sulfur more than Group 
VI dopants (such as tellurium). These studies are ex
pected to aid in the formulation of a theory of liquid 
semiconductors. 

The absorption of sound (135 MHz) in liquid gal
lium was measured between KM and 500°C. The ab
sorption was anomalous in the saine regions where the 
density, viscosity, and surface tension exhibit discon
tinuities. 

Molten Salt Studies 

In the area of molten salts, the studies of thermo
dynamics have been concerned primarily with phase 
diagrams of systems containing lithium halides. The 
binary systems Lil-KI and Lil-Rbl have been stud
ied by themial analysis methods; the experimental re
sults agree well with theoretical predictions. The melt
ing point of the Lil-Rbl eutectic was found to be 
252°C; this electrolyte should, therefore, be useful for 
low-tempjrature electrochemical studies. A minimum 
melting point of 184°C was found in the system LiCl-
LiBr-Lil-KI-CsI; this is the lowest temperature that 
has bet̂ n reported for a molten alkali halide mixture. 

Structural studies of fused salts and other molten 
systems have been carried out by laser-Raman spectro-
photometty. The spectra of P4S3 and P4S10 (as solids 
and liquids) indicate that their structures are based 
upon P4 tetrahedra, with single sulfur atoms located 
between phosphorus atoms (P4Sici and P4S3), and ter
minally on the corners of the P4 tetrahedra (P4S10 
only). The terminal sulfur atoms tend to become dis
sociated from the P4 cage in the liquid phase. The Ra
man spectra of molten Mgl2-KI mixtures supplement 
similar studies reported earlier (ANL-7575) for the 
corresponding bromide and chloride systems, and sup
port the conclusion that the ion MgX^* (where X is Cl, 
Br, or I) exists in significant concentrations ( > I 0 
mol %) in these melts. The Raman spectra of molten 
carbonates are reported for the first time. The structure 
and behavior of the carbonate ion was found to be very 
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similar to that of the nitrate ion, with respect to the 
influence of the alkali metal cation environment on the 
molecular vibrations of the anion. 

Energy Conversion Studies 

The investigations of new liquid-metal, fused-salt 
electrochemical cells for energy storage .ind conversion 
have continued. New sulfur- and phosphorus-contam-
ing cathodes have been investigated, includmg pure 
sulfur, P4S,„, and P4S3. These cells have proved capable 
of delivering power densit.es of 7.5 W/cm- or short 
periods of time and energy densities of at least 0.3 
W-hr/cm^ over longer periods of time. The operatmg 
temperature of the lithium/selenium cell has been re
duced below 300°C, without loss of power density by 
using mixed-cation electrolytes (such as LiCl-LiI-KI) 
and bv adding some tellurium to the selenium to im
prove "the electronic conductivity of the cathode ma
terial. Lithium/selenium cells with paste electrolytes 
have been shown to be capable of delivering 2.7 W/cm= 
for short periods of time and storing over 0.3 W-hr/ 
cm2; the latter value corresponds to greater than 80% 
utilization of the cathode material. 

The immobilization of at least one of the liquid 
phases in the electrochemical cells is important in the 
evolution of cells that will be insensitive to motion. In 
this connection, pastes formed from a mixture of 
molten-salt electrolytes and high-specific-area ceramic 
fillers have been developed. The inorganic syntheses 
and reactions of a number of double oxides including 
LiAlOo, Li5A104, and LiAljOs for use as fillers have 
been studied. The properties of paste electrolytes pre
pared using these fillers are being investigated in an 
attempt to maximize the strength and minimize the re
sistivity of the paste. 

Materials stability and corrosion studies are con
tinuing in a program to identify suitable materials of 
construction for experiments involving highly corrosive 
alkah metals, chalcogens, and alkali halides. 

Battery Development 

New programs have been initiated for the scale-up 
of electrochemical cells and the development and eval
uation of secondary batteries. These programs are 
sponsored by the National Heart and Lung Institute, 
the U. S. Army, and the National Air Pollution Con
trol Administration (NAPCA). 

The ultimate goal of the National Heart and Lung 
Institute program is the development of an implantable 
10-W, 120-W-hr battery weighing 1 kg or less for arti
ficial heart application. Lithium-selenium cells are cur
rently being scaled up to 7.5-cm dia for evaluation of 
various designs. Design calculations based on the re
sults of experiments with 2.5-cm dia laboratory cells 
indicate that it should be possible to develop a ther
mally insulated, implantable battery having the de
sired electrical capabilities and weighing less than 1 kg. 

The battery program for the U. S. Army (Ft. Bel-
voir, Va.) has as its ultimate goal the development of 
high-specific-power, multikilowatt, lithium/selenium 
secondary batteries to provide acceleration and hiU-
chmbing power for electrically driven Army vehicles. 
The present, shorter-term objective is to develop sealed 
7.5-cm dia cells with paste electrolytes capable of 1 to 
3 W/cm- at peak power and with lifetimes of 1000 to 
2000 hr and 1000 to 2000 charge-discharge cycles. En
ergy densities in excess of 0.3 W-hr/cm- and peak 
power densities of 2 W/cm^ have been demonstrated. 

The work sponsored by NAPCA includes laboratory 
studies aimed toward the development of economical 
secondary batteries for pollution-free vehicle propul
sion. The laboratory work has centered around the 
study of small-scale lithium/sulfur cells (0.7 to 4 cm^ 
electrodes) and the achievement of high power densi
ties ( > 5 W/cm^ with liquid electrolytes) and high 
capacity densities (>0.3 A-hr/em- with liquid elec
trolytes) . The development of suitable cell designs for 
mobile applications and efficient current collection and 
mass transport in the cathode are the most prominent 
problem areas. 

VI. Fluidized-Bed C o m b u s t i o n of Fossi l Fuels (pages 165 to 167) 

The combustion of coal in a fluidized bed to which 
particulate limestone is added is being studied as a 
means of reducing emission of the sulfur dioxide re
leased during combustion. Results of a literature sur
vey and supporting investigations conducted on a va
riety of proposed additives indicated limestones to be 
the most favorable for SO2 reaction. An empirical 
model was developed to relate laboratory-obtained 
kinetic data on the reaction rates of limestone and SO2 
to the fluidized-bed operating parameters of bed height. 

superficial gas velocity, and additive particle size. The 
model predicts that the reduction in emission of SO2 
would be enhanced by decreasing the additive particle 
size and superficial gas velocity and by increasing the 
bed height. 

Bench-scale experiments in a 6-in. dia fluidized-bed 
combustor are being performed to investigate the emis
sion of SO2 under conditions applicable to conceptual 
designs of both utility-sized power-generating stations 
and industrial steam boilers. The major results of the 

http://densit.es
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experiments performed thus far, which were all con
ducted at a combustion temperature of 1600°F and a 
superficial gas velocity of 3 ft/sec, are as follows: 

1) The emission of SO2 in the flue gas was reduced 
to 29 to 87% of the SO2 concentration without 
additive, depending on the type, particle size, and 
quantity of limestone added. 

2) The most favorable result thus far (87% reduc
tion in the emission of SO2) was obtained when a 
calcific limestone (designated BCR-1359) of 25-
fim average particle size was added at 2.2 times 
the stoichiometric requirement. 

3) For any particular type of limestone additive, 
greater SO2 removal was generally noted for 
fine-particle-sized material than for coarse par
ticle size. 

4) The maximum degree of CaO utilization achieved 
during the experiments was 38%. 

5) Partially reacted additive that accumulated in 
the fluidized bed contributed little to the overall 
reaction with SO2; apparently, CaO particles re
act with SO2 to a negligible extent after about 
30% of the CaO is converted to CaSOi. 

6) The combustion efficiencies in two experiments 
were 96.7 and 97.1% (expressed as the percent
age of carbon completely biuned). 

7) Solids elutriation rates determined during periods 
of no additive feeding indicate that virtually all 
of the ash associated with the coal used in these 
experiments was elutriated. The average particle 
size of elutriated solids was about 90 /im during 
periods of no additive feeding and decreased to 
about 60 ^m during an experiment in which 25-/im 
additive was being added to the fluidized bed. 
Analysis of solids elutriated during an experiment 
that employed a 25-iim particle-size additive in
dicated that the fines residence time in the fluid
ized bed was sufficient for about 80% of the ad
ditive to be calcined before it was elutriated. 

8) Bench-scale experiments conducted at 1600°F 
with argon substituted for nitrogen established 
that the source of NOj, compounds in the flue gas 
is nitrogen compounds contained in coal. 

9) A reduction of 30-40% in nitric oxide emission 
was noted when limestone additive (BCR-1359) 
was introduced into the fluidized-bed combustor. 
The reduction (concomitant with the reduction in 
SO2 concentration) could be due to catalysis or 
other enhancement of reactions to form NO2, or 
decompose NO, or react NO with CaO or CaS04. 





ARGONNE NATIONAL LABORATORY 

Chemical Engineering Division 
Annual Report 

U of C-AUA-USAEC 

1969 





Fuel Cycle Technology' 

(D. S. Webster, J. W. Simmons') 

A. LIQUID METAL-MOLTEN SALT TECHNOLOGY {R. K. Steunenberg) 

Compact pyrochemical processes employ high-tem
perature, nonaqueous solutions for separations of 
actinide metals from fission products and other im
purities. Liquid metals and molten salt systems are 
used as the process solvents. The liquid metals are 
usually binary alloys of magnesium with copper, zinc, 
or cadmium. The salts most frequently consist of 
MgCU in combination with alkali or alkaline earth 
chlorides. 

Certain technological and economic features of 
pyrochemical processes make them attractive for the 
processing of fast breeder reactor fuels. These features 
include (1) an ability to handle .short-cooled, high-
burnup fuels, which results in decreased out-of-reactor 
fuel inventory, (2) the simplification or elimination of 
chemical conversions, (3) the need for less shielded 
processing space because of small process volumes and 
compact equipment, and (4) the direct production of 
solid radioactive wastes. 

The objectives of a pyrochemical process for fast 
breeder reactor fuels are to remove fission products 

A .summary of this section is given on pages 1 to 8. 

from the spent fuel, to extract bred plutonium from 
the blanket, to enrich the core fuel with plutonium, and 
to repair irradiation damage. These objectives require 
that the cladding material, uranium, plutonium, and 
fission products be separated. 

Pyrochemical processes employing salt-transport 
separations have been under investigation. In separa
tions of this type, solute plutonium or uranium is 
transported from one liquid alloy (donor) to another 
liquid alloy (acceptor) by cycling a molten chloride 
salt between the two alloys and mixing the salt with 
each alloy in turn. Pyrochemical processes employing 
salt-transport separations show promise of high decon
tamination of actinides from fission products, together 
with high plutonium and uranium recoveries. 

Pyrochemical processing techniques have also been 
under investigation for the recoveiy and purification 
of plutonium-238 from recycled scrap material gen
erated in the preparation of isotopic power sources. 
The objective of this investigation is to remove (1) 
light elements that cause neutron emission through 
(a,n) reactions and (2) other impurities that appear 
in the recycle streams. 

1. Salt -Transport Process for LMFBR Fuels (R. K. Steunenberg) 

The salt transport process, which has been under 
development for the recovery of LMFBR fuels, is 
described in detail in the preceding annual report 
fANL-7575, p. 28). Briefly, this process consists of the 
following operations: Stainless steel cladding is re
moved from the oxide fuel by dissolution of the clad
ding in liquid zinc. The separated oxide fuel is then 
reduced to metal by a Cu-Mg-Ca alloy with the aid 
of a CaCl2-CaF2 flux, and the volatile fission products 
from the decladding and reduction steps are collected 

in the argon cover gas. The subsequent separations of 
plutonium and uranium from fission products are 
effected in a series of liquid metal-molten salt extrac
tion steps. After purification, metallic plutonium and 
uranium are recovered from product solutions by 
vacuum distillation of the solvent metal (Zn-Mg). The 
actinide metals are powdered by hydriding, then re
converted to the oxides by treatment with CO2 in a 
fluidized-bed reactor. 
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Most of the process chemistry has been investigated 
and is well understood. Much of the required basic 
engineering information is also available, and work was 
started on facilities for a bench-scale engineering 
demonstration of the process. In mid-1969, however, 
development work on the entire salt transport process 

was terminated because of an AEC decision to con
centrate on aqueous processes. At the present time a 
reduced effort is continuing on the development of the 
liquid metal decladding procedure as an alternative to 
a shear-leach step proposed as the head-end step for 
the aqueous processing of fast breeder reactor fuels. 

2 . L i q u i d M e t a l D e c l a d d i n g o f L M F B R F u e l s ( « . D. Pierce) 

a. Conceptual Design Studies on Zinc Decladding 
of Stainless Sleel-Clad LMFBR Fuels (N. M. 
Levitz, W. J. Walsh, G. J. Vogel, T. R. Johnson) 

A conceptual design study of a plant for decladding 
5 metric tons/day of stainless steel-clad LMFBR fuel 
assemblies in molten metal was initiated. This head
end facility is assumed to be coupled to a large, central 
aqueous reprocessing plant, although the concept is 
also applicable to smaller plants and to separate head
end plants. Objectives are to achieve process simplicity, 
to minimize the number of mechanical handling steps, 
and to minimize the required shielded area and number 
of process vessels. 

Decladding with molten metal is an alternative to 
mechanical decladding schemes,^ which require sodium 
removal, disassembly of the fuel assembly, and shear
ing operations. An advantage of a molten metal declad
ding step is that the fuel oxide does not react with the 
decladding chemicals and, once separated, can be fed 
either to an aqueous dissolution step or to another 
interfacing step. An additional advantage is that no 
special treatment is required for fuel pins that are 
sodium-logged as a result of cladding failure or for 
pins on which sodium adheres externally. 

An Atomics International stainless steel-clad UO2-2O 
wt % PUO2 fuel element^ has been selected as a refer
ence. Special attention must be given to the high 
plutonium content of this fuel, its high heat load, 
and its high gaseous fission product content. Other 
design bases for this study are similar to those selected 
for a recent fluoride volatihty plant design concept 
study.* 

The present study considers the fuel from the time it 
arrives at the reprocessing plant in sodium-filled ship
ping casks until it is charged to the step following 
decladding. Zinc, which dissolves stainless steel at 

L M F R H ^ F " ' , ' " ' " " P "'• , ' . '"«^d-End Proce.ssing of Spent 
LMFBIi Fuel, ,„ Proceedir.gs of Wlh Conference on Remote 
byslemx Terhnohgy, pp. 19-38 (1969). 

' H . Dieckamp, L. H. Roddis, Jr., "The GPU/AI Demon
stration Plant," Nvel. News 11(7), 41 (19C8) 

' N . \L Levit. et al, "A Conceptual De.sign Study ol a 
Fluonde Volaf ity Plant for Reprocessing LMFBR Fuels," 
ti.'^AI'X report ANL-7568 (1969). 

practical rates, has been selected as the decladding 
agent in preference to another candidate decladding 
solvent, antimony-copper, since zinc is capable of ade
quate stainless steel loadings at moderate tempera
tures, is considerably cheaper than antimony-copper, 
and appears to give less of a containment problem. 

The tentative operational scheme for the metal de
cladding operations, which will be performed in an 
inert-gas process cell, includes the following steps: 

1) Transport of fuel assemblies from a sodium-filled 
shipping cask to a cutting station or to the decladding 
vessel. The fuel assemblies are transported in turret
like fixtures; during steps 3 to 5 these turrets are at
tached to the top of the decladding vessel. 

2) Sawing of excess hardware from the inactive end 
of fuel assemblies for disposal as waste; alternatively, 
this step may be bypassed and the hardware dissolved 
with the cladding in the decladding vessel. The latter 
alternative might require larger vessels and a larger 
inventory of zinc. 

3) Loading of fuel assemblies into perforated, re
movable refractory metal baskets in the decladding 
vessel. The present design provides five loading sta
tions to which turrets may be attached. In this concept, 
two decladding vessels are employed on a 48-hr alter
nating cycle consisting of 24 hr to complete four suc
cessive dissolutions (approximately 50-60 fuel assem-
bhes per day) and 24 hr for cleanout. 

4) Partial stainless steel dissolution in molten zinc 
to release fission product gases. 

5) Completion of the dissolution of cladding in 
mildly agitated zinc solution. 

6) Fuel removal from the decladding vessel in bas
kets for subsequent charging of the fuel to the main 
processing plant. 

Evaluation and analysis of this decladding concept 
will establish priorities for required R&D work. For 
example, still to be determined is the extent of fuel 
fragmentation during decladding; this will be a factor 
in the design of both the process and the equipment. 

Graphite and tungsten are under initial consideration 
as materials of construction for containment of the 
molten metal systems. A tentative design of the de
cladding vessel designates graphite as the basic ma-
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terial of construction since graphite is more readily 
fabricated and far less expensive than tungsten. Nomi
nal dimensions of the vessel for the present scale of 
operation are an 8-ft length, 8-ft height, and 2-ft width. 
Vessel size was selected on the basis of achieving a 15 
wt % loading of stainless steel in zinc. 

The fuel assemblies will be charged vertically, from 
the top, into the refractory metal baskets. A function 
of the baskets is to separate batches of fuel from each 
other for criticality safety; each basket accommodates 
three fuel assemblies. 

Coarse fuel material will be readily contained in the 
baskets. Fines that migrate through the basket to the 
zinc phase will be recovered after each day's opera
tions by a technique demonstrated with UO2 fines 
(ANL-7575, pp. 29-31), namely, contacting of the 
molten zinc with a layer of molten salt above the metal, 
which effects transfer of the fuel to the salt phase. The 
layer of molten salt over the zinc in the decladding 
vessel may also serve other purposes, e.g., suppression 
of zinc vaporization and trapping of some fission prod
uct iodine. Total retention of the iodine and other fis
sion product gases is a basic goal of this concept study. 
Iodine and other volatile fission products that pene
trate the salt layer will be removed from the closed 
decladding vessel in a purge-gas stream. 

After decladding is completed, the baskets will be 
used for conveying the fuel to the next processing sta
tion (e.g., the voloxidizer- described by ORNL). 

The salt will be removed from the decladding vessel 
and kept in a storage vessel during cleanup of the de
cladding vessel, then recycled. Processing of the salt 
will be required only when the fuel concentration in 
the salt becomes high; the fuel loading limit for the 
salt needs to be establi-shed. Disposal of the zinc-stain
less steel solution will be by casting into rods for stor
age as waste after monitoring to verify that it does not 
contain actinides. 

Material and heat balances around the decladding 
vessel have been prepared, along with preliminary cell 
layouts, which show that an inert-gas process cell, ap
proximately cube-shaped and 30 ft on a side, would be 
adequate. The cell includes a floor-port fuel unload
ing station; a saw for trimming excess hardware from 
the fuel assemblies; two decladding vessels; turret 
storage racks; salt storage tanks; scales, hoists, and 
manipulators; and a number of auxiliarj' components. 

A criticality evaluation resulted in the selection of a 
decladder design using mass control rather than geome
try control. The evaluation was based on the following 
assumptions: 

1) A single basket will contain the fuel from three 
fuel assemblies and will be critically safe even if dou
ble-batching occurs. 

2) Simultaneous rupturing of two baskets, with the 
contents accumulating around a third basket in a 
"compact" geometry, is sufliciontly unlikely that on 
the basis of the "double contingency" principle, safety 
is maintained. 

3) Basket design will prevent excessive transfer of 
fuel fines out of the basket; regular inspection and 
some special instrumentation will help detect any ac
cumulation of fuel in the decladding vessel. 

4) Gross deterioration of the graphite vessel to form 
fine particulate graphite (moderator) in the zinc phase 
will not occur. 

5) Full graphite reflection. 
Computer calculations based on transport and dif

fusion theorj' indicate that the minimum critical mass 
of unmoderated UO2-20% PUO2 with graphite reflec
tion is about 300 kg or ~30 liters. 

A very brief, exploratory examination of a continu
ous decladding concept has been made. Continuous 
operation of a single decladding vessel, instead of al
ternating operation of two vessels, is one advantage of 
the continuous concept which merits further study. 

b. Glovebox Facility (G. J. Bernstein, D. E. Grosve-
nor, T. R. Johnson, W. E. Miller, I. 0. Winsch, 
T. F. Cannon, N. P. Quattropani, J. J. Stockbar) 

The Plutonium Salt Transport Facility (described in 
ANL-7575, pp. 34-35) was in the process of being built 
to provide equipment capable of demonstrating all of 
the steps in a complete pyrochemical process flowsheet 
when emphasis of the pyrochemical program was 
shifted from a complete pyrochemical process to a 
liquid met»l head-end step for aqueous processing of 
oxide fuel. The portion of the facility that will provide 
experimental apparatus for the study of pyrochemical 
decladding and head-end operations is being completed 
without major changes (work on the two gloveboxes 
that have solids-handling equipment and 12-in. dia 
furnace wells connected by transfer lines is nearly 
done, but there are no plans to complete the glovebox 
that would have contained metal-salt contactors and a 
retort). 

Plutonium will not be used in the initial liquid metal 
decladding studies planned for the facility. These ex
periments will be directed toward the investigation of 
a process that involves the dissolution of stainless steel 
cladding (containing fuel pellets) in liquid zinc at 
800°C, collection of fuel pellets in a basket (made of 
tungsten mesh), and introduction of the fuel into an 
aqueous process via an oxidation step. In the first series 
of experiments with simulated fuel assemblies, the 
stainless steel dissolution rate in zinc will be deter
mined as a function of dissolved stainless steel content 
and agitation intensity. In the next series of experi-
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ments, a simulated assembly will be surrounded by 
tungsten screens of various mesh sizes and designs to 
investigate (1) the effect of the different screens on the 
dissolution rate, (2) the ability of the screens to retain 
broken fuel pellets, and (3) the composition of the ma
terial retained in the basket when the basket is lifted 
out of the zinc. Other topics for investigation include 
(1) materials of construction for a full-scale decladding 
vessel, (2) behavior of sodium and certain fission prod
ucts in this step, (3) proportion of volatile fission 
products released and trapped, and (4) alternative 
pyrochemical head-end processes. 

c. Cladding Dissolution (TT'. J. Walsh, J. J. Stockbar, 
T. F. Cannon, L. Anderson^) 

Experimental studies of the removal of stainless steel 
cladding from oxide fuels have continued. Previous 
work (ANL-7575, pp. 29-31) demonstrated the feasi
bility of decladding large stainless steel fuel assemblies 
using liquid zinc at 800°C. The dissolutions were shown 
to be rapid and coinjdete. Satisfactory separation of the 
fuel from the zinc-stainless steel solution with negligi
ble losses of fuel was demonstrated. Recently, work has 
been concentrated on (1) the rate of zinc decladding 
for various candidate cladding materials and degrees of 
agitation, (2) the maximum loading of stainless steel 
in liquid zinc, and (3) the rate of decladding with a 
Sb-Cu solvent metal. 

A series of three experiments was conducted to de
termine the relative rates of dissolution in liquid zinc 
of ys-in. thick, l'/2-in. dia discs of Zircaloy-2 and types 
304 and 316 stainless .steel. In each test, a 4'/2-in. dia 
baffled tungsten crucible was charged with 3.67 kg of 
zinc and 100 g of salt (to retard zinc vaporization). The 
system was brought to a steady-state temperature of 
800°C, and a disc (attached rigidly to the bottom of a 
2-in. dia agitator and encased in tantalum except for a 
%-m. dia circular area of the bottom surface that was 
in direct contact with the zinc) was lowered into the 
melt. The tantalum enclosures served to prevent the 
changing configuration of the dissolving specimen from 

'Co-op student from Illinois Institute of Terhnologv. 
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altering the mixing characteristics and also to provide 
a fixed, known surface area in the early stages of dis
solution. The agitator was rotated at 350 rpm to ensure 
homogeneity of the liquid metal tor sampling. Samples 
of the liquid metal solution were taken during dissolu
tion. After about one hour of contact, the agitator-test 
coupon assembly was removed from the melt for in
spection and analysis. 

Another experiment was performed in which a type 
304 stainless steel coupon was dissolved in Sb-18 at. 
% Cu at 900°C; other experimental conditions were 
identical to those described above. Copper-antimony 
alloy, recommended by Payrissat and Wurm,° is cur
rently being studied as a backup decladding solvent. 

The results of these four tests are given in Fig. I-l . 
The slowest dissolution was observed for type 304 
stainless steel in zinc. Since this system had previously 
been demonstrated on an engineering scale to possess a 
satisfactory decladding rate (ANL-7575, pp. 29-31), it 
is clear that the other three systems tested would also 
have practical decladding rates. The initial rates of 
dis.solution are given in Table I - l . 

An experiment was conducted to test the effect of 
irradiation on the rate of dissolution of stainless steel 
in zinc. A type 304 stainless steel rod, 0.14 in. in dia by 
2.6 in. long, was used. This rod had been irradiated in 
EBR-II from August 29, 1965, to Januaiy 22, 1966, at 
a flux of 4.9 X 10" neutrons/(cm=)(sec)(MW) with 
an average neutron energy of ~400 keV. This irradia
tion would correspond to a burnup of ~2.2 at. % if 
LMFBR core fuel were exposed to this flux. The irra
diated rod was dissolved, along with several nonirra-

• M . Payrissat, J. G. Wurm, "Decladding of U02-PuOi/ 
Staiidess Steel Fast Reactor Fuels by Liquid Metals ," EAES 
Symposium, Mol, Belgium, 1968. 
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diated type 304 stainless steel rods of identical geom-
etiy, to allow comparison of the dissolution rates of 
irradiateil and nonirradiated alloys. 

In this experiment, an alumina crucible (5.6 in. in 
dia by 12 in. high) was charged with 10 kg of zinc and 
heated to 800°C in a furnace locatetl in a walk-in hood. 
The irradiated rod was charged into the zinc melt, to
gether with five nonirradiated rods. The solution was 
agitated mildly (150-300 rpm) to homogenize the liq
uid metal solution and allow representative samples to 
be taken. Eleven filtered samples of the zinc-stainless 
steel solution were taken at sampling times ranging 
from 4 to 252 min after introduction of the rods. The 
samples were analyzed for irradiated steel by measur
ing the radioactivity of the solution (the original 4-g 
rod yielded a 25-R beta-gamma contact dose rate, with 
the principal activity due to ^ 'Mn). The samples were 
also analyzed for total iron concentration by wet 
chemistrj-, and the dissolution rate for unirradiated 
stainless steel was obtained by subtraction. 

The results of this experiment are given in Fig. 1-2. 
The dissolution rate for irradiated steel rod was about 
twice the rate for unirradiated rods; the irradiated rods 
were completely dissolved in about 30 min. This result 
suggests that irradiation enhances the kinetics of stain
less steel dissolution in zinc. 

Based on an analysis of the binaiy phase diagrams of 
Zn-Fe, Zn-Cr, and Zn-Ni, it was estimated that the 
zinc would become saturated with chromium and iron 
at a loading of about 7-10 wt % stainless steel. A series 
of four experiments was made to investigate the maxi
mum loading of stainless steel in zinc at 800-850°C 
and to study the effects of loading on the dissolution 
rate. These experiments involved heating 4.8 kg of zinc 
and 0.1 kg of salt to a steady-state temperature in the 
range 800-850°C and introducing into the melt type 
304 stainless steel rods (H-in. dia by 1 in.) equivalent 
to 15 wt % loading. The systems were agitated mildly 
to promote homogenization of the zinc-stainless steel 
solution, and filtered samples were taken sequentially 
to monitor the rate and extent of dissolution. In all four 
experiments, the iron and chromium concentrations of 
the filtered samples of the liquid metal phase rose 
rapidly to about 5.8 wt % and 1.0 wt %, respectively, 
and remained essentially constant thereafter. About 
half of the stainless steel charged in each experiment 
was in solution in the zinc; however, examination of the 
frozen ingots at the end of the experiments showed that 
the rods had completely disintegrated. Sections of the 
ingots were metallographically examined and found to 
contain suspensions of finely divided grains of a-iron 
containing zinc and chromium in solid solution. 

The experiments led to the following conclusions: 
'1) the maximum "solubility" of stainless steel in zinc 

CONTACT TIME, 
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FIG. 1-2. Zinc Dissolution Kinetics of Irradiated and Un

irradiated Type 304 Stainless Steel Rods. 

is less than 8 wt %; (2) rapid disintegration of stainless 
steel continues after the zinc is saturated with chro
mium and iron; (3) loadings of 15 wt % (including the 
suspended solids) are readily achieved, and the result
ing mixtures appear to be quite fluid with no evidence 
of settling of solids; and (4) effective separation of the 
zinc slurry from an oxide fuel bed appears to be feasi
ble. Consequently, loadings of at least 15 wt % stain
less steel may be possible when decladding with zinc. 

The rate of disintegration of stainless steel may de
crease sharply when the zinc becomes saturated with 
nickel (corresponding to an estimated stainless steel 
loading of 65-70 wt % ) . Additional studies are planned 
to define the optimum decladding techniques and the 
maximum stainless steel loading. 

K. M. Myles of this Laboratory has investigated the 
mechanisms of formation of the solid suspensions (dis
cussed in Section I.A.5 of this report). 

d. Zinc Evaporation (/. 0. Winsch, T. F. Cannon) 

After transfer of the bulk of the zinc supernatant 
solution at the conclusion of a zinc decladding step in 
the salt-transport process (ANL-7.5.50, p. 8), a heel 
of zinc remains with the oxide fuel pellets in the de
cladding vessel. To develop equipment and techniques 
for removing this zinc heel prior to a subsequent 
process operation, seven experiments were completed in 
which the zinc was evaporated and the distillate was 
collected in a horizontal graphite-lined condenser. In 
these experiments, a tungsten crucible in the stainless 
steel well of a 20-kW resistance furnace was used, as 
shown in the schematic in Fig. 1-3. A typical charge 
consisted of 4 kg of zinc, 0.5 kg of UO2 pellets, and 4 kg 
of CaCl2-20 mol % CaF , (1-in. thick layer). The zinc 
was evaporated at 700-750°C; the initial pressure of 



24 
/ . Fuel Cycle Technology 

MILD STEEL BAFFLES 

FIBERFRAX INSULATION 

•GRAPHITE-LINED 
CONDENSER 

JVAC 

FURNACE VESSEL 
STAINLESS STEEL 

HEAT SHIELD 
Mo-30v.t7.W HEAT SHIELD 

TUNGSTEN CRUCIBLE 
CaClg-CoFg SALT 
ZINC • UO2 PELLETS 

20 kW RESISTANCE FURNACE 

FIG. 1-3. Zinc Condenser Assembly. 

125 Torr was slowly reduced to less than 1 Torr as 
evaporation progressed to completion. The distillate 
entered the condenser from one end and flowed hori
zontally, impinging and condensing on vertical baffles 
staggered along the length of the condenser. 

In the initial experiments, a number of difficulties 
were encountered: metal condensed on the heat shields, 

the condenser inlet plugged, and the salt-metal mixture 
"bumped" during evaporation. The position of the in
let to the condenser was changed to that shown in Fig. 
1-3, and insulation of the transfer tube leading from 
the furnace to the condenser was improved. The inside 
diameter of the transfer tube was reduced from 1% 
in. to Vs in. to increase the vapor velocity through the 
inlet, and a continuous purge of argon at 5 cfh was 
maintained through the furnace and condenser. These 
changes eliminated plugging and reduced condensation 
on the furnace heat shields. 

Mixing of the metal-salt mixture at about 300 rpm 
during evaporation prevented "bumping" and the re
sultant entrainment of salt in the vapor stream. The 
final design of the baffles in the condenser provided a 
relatively even distribution of the condensate in the 
condenser and prevented buildup of condensate near 
the inlet to the condenser. 

In the final experiment, 100% of the zinc was re
moved from the fuel by evaporation and 85% was col
lected in the condenser. Seven percent of the zinc con
densed on the top section of the stainless steel 
secondary vessel, and 8% condensed on the heat 
shields. With further refinement of the design, this type 
of condenser could be used successfully in a full-scale 
decladding operation. However, no further work is 
planned on the evaporation step. 

3 . P y r o c h e m i c a l P u r i f i c a t i o n o f P l u t o n i u m - 2 3 8 ( P . A. Nelson, J. Fischer, J. F. Lenc, 
J. R. Haley, J. D. Schilb) 

Pyrochemical processing techniques were investi
gated as a means of recovering and purifying plu
tonium-238 in plutonium scrap material. The facility 
described in ANL-7550, pp. 20-22, was used for work 
with plutonium-238. 

The procedure used in two initial laboratory-scale 
experiments with ^^*Pu consisted of suspending im
pure -^*Pu02 powder or microspheres in a molten 
chloride salt and reducing the plutonium to metal by 
mixing the salt with liquid Zn-Mg or Zn-Ca alloys. The 
salt and metal phases were separated, and then a me
tallic plutonium-238 product was recovered by vacuum 
distillation of the solvent metals. This process was ef
fective in removing the light-element impurities that 
contribute undesirable neutron emission from (a,n) 
reactions in impure plutonium-238. In one experiment, 
the neutron count of the product was 2930 n/(sec) (g 
-™Pu) [i.e., 2360 n/(sec)(g Pu)] as compared with a 
neutron count of 42,500 n/(sec) (g =3''Pu) for the start
ing material (10 g of ^sspuQj). The initial and final 
neutron counts in the other experiment were 89,300 and 
3980 n/(sec)(g ^^xpu). In the experiment in which 

Zn-Mg was used as the reduction alloy, 10.08 g of the 
10.8 g of plutonium charged was recovered in the resi
due from vacuum distillation. 

A total of seven experiments (two of which were re
ported in ANL-7575, pp. 40-43, and are not reported 
here) has been performed with materials containing 
plutonium-239 (a stand-in for plutonium-238). The 
materials were -^'*Pu02 microspheres, 239pu02-molyb-
denum cermets, and -"'Pu02-Zr02 solid solutions. 

In one experiment (PR-4) utilizing 10 g of ^^°Pu02 
microspheres, the procedure was (1) reduction of 
-^'Pu02 with a Mg-30 wt % Cd reduction-donor alloy 
in contact with a MgCl2-42 wt % CaCl2 salt system, 
(2) transport of the plutonium away from impurities 
that remain in the reduction-donor alloy by cycling the 
salt between the reduction-donor alloy and a Zn-25 
wt % Mg acceptor alloy having a high plutonium affin
ity, and (3) recovery of ^^"'Pu metal product by re
torting the acceptor alloy. Of the 8.82 g of plutonium 
charged in Run PR-4, 7.827 g was transferred to the 
acceptor alloy. Of 6.58 g plutonium retorted in this 
run, 6.05 g was recovered in the product. The light ele-
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ments and uranium were successfully removed in this 
run, in which high-purity zinc (nominally 99.9999 wt % 
Zn) and magnesium (nominally 99.995 wt % Mg) were 
used for the acceptor alloy. 

Another experiment with ^^''PuOo microspheres (in 
which stainless steel also was charged) utilized the 
following procedure: (1) reduction with Zn-Ca in con
tact with a CaCl2-KCI salt system, (2) addition of 
ZnCU to oxidize the -"'Pu and excess calcium in the 
reduction alloy to ="°PuCl:, and CaCl2 in the salt phase, 
(3) transfer of the -''PuCl.i-bearing salt phase to a 
Zn-Ca acceptor alloy and reduction of the -""PuCla in 
the salt to -^'Pu metal in the acceptor alloy, and (4) 
recovery of the purified -^'Pu metal by retorting the 
acceptor alloy. Spark-source mass spectrographic anal
ysis of the -"'Pu metal product indicated that the plu
tonium had been separated from the bulk of the iron 
and nickel but not from chromium. There had been no 
removal of uranium impurity, indicating that processes 
requiring high uranium removals should use magne
sium rather than calcium as the reducing agent. 

Two runs to evaluate the recovery of high-purity 
plutonium metal from Pu02-molybdenum cermet used 
the following steps: (1) dissolution of-"'Pu02-molyb-
denum cermet in a chloride salt system containing 
CuCl2 as a chlorinating agent, (2) reduction of the 
molybdenum and copper compounds in the salt by con
tacting the salt with a zinc metal phase, (3) transfer 
of the ^"'Pu-bearing salt phase away from the Zn-
Mo-Cu metal phase to a Zn-Mg or a Zn-Ca phase, (4) 
reduction of the ^"'Pu compounds to metal in the 
Zn-Mg or Zn-Ca phase, and (5) recovery of the ^^'Pu 
product by retorting the Zn-Mg or Zn-Ca metal phase. 

Disintegration of the cermet was achieved in both runs, 
but the ^"'Pu metal products contained excessive con
centrations of copper. 

A run was performed to determine whether ^ ' 'Pu02-
Zr02 suspended in CaC^-KCl salt could be reduced to 
238p ,̂ metal and zirconium metal in a Mg-Cd-Ca re
duction alloy at 725°C. After 3.75 hr of reduction with 
agitation, samples of the salt were analyzed and it was 
determined that 1.60% of the Pu02-Zr02 had been re
duced. This rate of reduction was too low for an ac
ceptable process. 

These results indicate that pyrochemical processes 
are generally feasible for these applications but that 
techniques have not been sufficiently developed for use 
in production. The results do, however, indicate that 
certain pyrochemical procedures may have immediate 
production applications. These include (1) reduction 
of ^"^Pu02 scrap material to produce a metal alloy for 
subsequent aqueous processing, (2) reduction of rela
tively pure ^^^Pu02 to remove light-element impurities 
and simultaneously produce plutonium-238 metal, and 
(3) disintegration of ^^'PuOo-Mo compacts in a CuClj-
containing molten salt for aqueous processing. 

This project was discontinued June 30, 1969. Com
prehensive reports have been prepared describing the 
experimental portion of this work' and the facility in 
which the experiments with plutonium-238 were con
ducted.* 

' P . A. Nelson, J. Fischer, J. F. Lenc, J. E . Haley, J. D. 
Schilb, "Pyrochemical Proce.ssing of Fuel Materials and Scrap 
Containing Plutonium-238," ANL report to be published, 

^ J. Fischer, "Glovebox Facility for Pyrochemical Research 
and Development Work with Plutonium-238," ANL-7568 
(1960); see also ANL-7575, pp. 40-41. 

4 . E n g i n e e r i n g D e v e l o p m e n t {R. D. Pierce) 

a. Ablator-Pump Mixer-Settler Investigations (G. 
J. Bernstein, J. B. Knighton, G. N. Vargo) 

The proposed design and mode of operation of a 
seven-stage mixer-settler for the separation of fission 
products from plutonium by molten salt-liquid metal 
extraction was described in ANL-7575, pp. 31-33. The 
mixer-settler is a box type having side-by-side stages 
in the form of boxes. 

During the past year, investigations of mixing and 
flow characteristics' culminated in the design of an 
agitator-pump and mixing chamber for one stage of 
a mixer-settler for such extractions. In a run, some of 

' R . D. Pierce, W. E. Miller, .1. B. Knighton, G. J . Bern
stein, "Multistage Contactors for Liquid Metal-Salt Extrac
tion," Nuctmr Metallurgy, Vol. 15, Reproreasing of Nuclear 
Fuels, CONF-690801, pp. 511-533 (1989). 

the phases flow continuously between stages; other 
phases (captive phases) are moved batchwise between 
runs. Figure 1-4 shows a captive-metal stage of the 
conceptual multistage mixer-settler. This design pro
vides a 1-liter mixing chamber and a 7.0-cm dia agita
tor that produces a high degree of agitation while re
ducing the bypassing of solutions to an acceptably low 
level. 

In normal operation with a two-phase system, both 
phases enter the zone above the mixing chamber and 
flow downward. A horizontal baffle and sleeve above 
the mixing chamber prevent entrainment of gas in the 
fluids if the liquid level is kept at least 3 cm above the 
baffle. (Gas entrainment decreases the effective mixing 
power at any mixing speed and depresses the normal 
rise in mixing power that accompanies increasing mix-
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FIG. 1-4. Arrangement of Mi-xing and ,Settling Chambers 

(captive-metal stage). 

ing speed.) In the mixing chamber, the two phases are 
mixed by blades attached to the pump rotor. 

A fixed horizontal baffle that has an 8.9-cm dia open
ing is located at about mid-elevation of the mixing 
chamber. A horizontal disk, 7.6-cm OD, is mounted on 
the agitator-pump at the same elevation. Thus the 
chamber is divided into two mixing zones with a 
0.65-cm annular connection. This configuration, by 
decreasing top-to-bottom mixing and approaching the 
performance of two total backmix^" stages operating in 
series, reduces the amount of material that might 
otherwise bypass the mixing region. In the two zones 
of the mixing chamber, the phases are vigorously agi-

'" A total backmix stage is one in which the composition of 
all the material in the stage is uniform at any instant so that 
the material leaving the stage has the same composition as 
the material in the stage. 

tated and eventually enter the bottom of the pump 
through the inlet orifice. The mixed phases are pumped 
up into the collecting chamber and then flow into the 
settling chamber. The inverted cup surrounding the 
pump outlet eliminates spraying of metal from the 
pump discharge ports and thereby controls magnesium 
evaporation in the high-temperature Mg-Cu system. 

In the settling chamber, the fluids separate. The 
light (salt) phase flows out through an overflow spout, 
and the heavy (metal) phase flows under a baffle and 
through an overflow spout. Flow is either back to the 
mixing chamber (as is the case for the metal phase in 
Fig. 1-4) or to the mixing chamber of a following stage 
(as is the case for the salt phase in Fig. 1-4). 

During development of the present design, a num
ber of tests were performed in a mockup mixing as
sembly consisting of a stainless steel agitator-pump 
(built for use in the high-temperature furnace) and a 
plastic chamber. Observation of two-phase mixing us
ing water and organic phases showed that good disper
sion could be achieved. However, it was desired to have 
a quantitative measure of mixing power input in order 
to compare the degree of mixing with other known sys
tems. 

Mixing power and pumping rate tests using water as 
a single phase also were conducted. Mixing power was 
determined with a dynamometer that measures drive-
motor torque. Pumping rates were measured for differ
ent lifts, pump-inlet-orifice sizes, and rotational speeds. 
The pumping rate decreases with the increased lift that 
results from reduced holdup (i.e., from a lower liquid 
level) in the mixing section. This holdup-flow relation
ship tends to stabilize operation of a multistage sys
tem. The mixing power is proportional to the cube of 
rotational speed. Pumping does not begin until a mini
mum speed is reached, and the maximum pumping rate 
is limited by the size of the pump-inlet orifice. 

Since the pumping rate and mixing power delivered 
to the mixing chamber are both dependent upon agita
tor-pump speed, it would be desirable to have a mixing 
chamber and pump design in which mixing power in
creases more rapidly with agitator-pump speed than 
docs pumping rate. Under such conditions, the reduced 
residence time that results from increased throughput 
at higher agitator-pump speeds would be offset by in
creased mixing intensity. Figure 1-5 shows the relation
ship between mixing power and pumping rate at vari
ous agitator-pump speeds for three different sizes of 
pump-inlet orifice. Over the range of probable operat
ing speeds (600-800 rpm), overall mixing intensity in
creases with increasing agitator-pump speed and with 
decreasing pump-inlet orifice size. 

I t would be desirable that the multistage mixer-
settler operate under continuous flow conditions with a 
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FIG. 1-5. Mixing Power-to-Pnmpiiig Rate Ratio for .Agita

tor-Pump as a Function of Agitator-Pump Speed and Size of 
Pump-Inlet Orifice (pump lift = 16 cm). 

mean residence time of one minute or less. In a total-
backmix stage, the residence time of any infinitesimal 
unit of material varies from zero to infinity. When 
ver>' high (^99%) stage efficiency is desired, the mean 
residence time is far less significant than is the fraction 
of material exposed for short times. Therefore, as de
scribed above, the mixing chamber was designed to 
minimize the quantity of material leaving the chamber 
after only a short residence time. In the salt-metal 
systems of interest, the rates of extraction are known to 
be rapid, but have not been precisely defined. 

A series of tests were conducted in a mockup mixing 
assembly to determine the residence-time distribution 
in the mixing chamber. The tests were conducted at 
various mixing speeds (400-1000 rpm) in a nonflow 
system with the pump-inlet orifice closed. The tests 
were designed to measure the rate of approach to 
equilibrium composition at the bottom of the mixing 
chamber after a small quantity of acid was injected 
just below the top horizontal baffle. A pair of platinum 
electrodes adjacent to the injection point signaled the 
start of injection, and a pair of electrodes at the bottom 
of the mixing chamber (close to the closed pump ori
fice) sensed the rise in solution conductivity at that 
point. From the data it was possible to calculate the 
stage efficiency achievable for any given mean resi
dence time and reaction rate." It has been reported" 
that in experiments involving batch extraction of 
cerium from Cd-Zn-Mg into MgCl2-Nacl-KCl at 
600°C, ~ 9 5 % of equilibrium was reached in 4 min. The 
measured power input in the experiments was almost 
a factor of 100 times lower than the expected power 

" T . R. Johnson, R. D. Pierce, W. J. Walsh, "Recent De
velopments in the Technology i»f Molten Metal Salt Kxtrac-
tions," presented at AIChK Kegiorial Symposium, University 
of Toledo, April 1966. 

input in the mixing chamber of the mixer-settler. Ac
cordingly, it was anticipated that 90% of equilibrium 
could be reached in a few secontls. Based upon a reac
tion rate in which 90% of equilibrium would be 
achieved in 4 sec, it was calculated that 99.8% stage 
efficiency would be achieved in the reference stage de
sign operating at a flow rate that provides a 1-min 
mean residence time. 

A high-temperature, single-stage mixer-settler was 
fabricated of type 304 stainless steel for operation with 
Mg-Cu alloy and MgClj-NaCl-KCl-MgFa salt at 
675°C. A view of the equipment is shown in Fig. 1-6. 
The components were designed to give experimental 
flexibility and to fit into an existing furnace. The mix
ing chamber and agitator-pump (located at the center 
of the lower section) have the same configuration as 
that shown in Fig. 1-4. The settling chamber surrounds 
the mixing chamber. In the lower foreground is the 
metering cup, which is used to measure the flow rate of 
the metal phase. An orifice (0.64-em dia) is located in 
the bottom of the cup; an induction probe located in a 
vertical tube passing through the cup indicates the 
level of metal in the cup; precalibration allows flow 
rate to be determined from the metal level in the cup. 
At the lower left is the flow divertcr, which can direct 
the flow from the collecting chamber into either the 

308-2008 
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settling chamber or the metering cup. When both 
phases flow into the settling chamber, the salt overflows 
through a port back into the mixing chamber, and the 
metal flows through an underflow weir into the meter
ing cup. The flow from the collecting chamber is di
verted to the metering cup only when metal alone is 
being pumped since the discharge from the metering 
cup flows into a large metal reservoir that provides 
metal feed to the mixing chamber. The corresponding 
salt reser\'oir is located in the settling chamber. Sepa
rate displacement (or trim) tanks in the metal and salt 
reservoirs can be seen in the back and right-hand sides 
of the bottom section. These tanks are raised and 
lowered by means of the drive screws at the rear of 
the upper section. These tanks are manipulated to ad
just the quantity of each phase in the mixing chamber 
and thereby vary the total volume of mixture as well as 
the ratio of the two phases. 

Three sample ports are also shown in the top section 
of the mixer-settler. These ports permit sampling of 
(1) the metal in the metering cup and the underflow 
weir and (2) the salt in the settling chamber. At the 
center of the upper section is the spindle and its drive-
shaft bearing. The spindle is a commercial unit and has 
given excellent performance for more than one thou
sand hours of operation. The 1-in. dia shaft passes 
through a shaft seal, which has also given excellent 
service. The pump and internal components of the 
furnace have shown high integrity and very little cor
rosion during the test operations. 

A series of extraction mns are being made to measure 
stage efficiency for the transfer of cerium (a stand-in 
for plutonium) from a metal phase to a salt phase. 
Cerium was selected because it distributes strongly to 
the salt phase, allowing precise determination of ex
traction out of the metal phase by analysis of samples 
of the metal phase. Cerium-141 tracer is used to fa
cilitate analyses. Prior to extraction, a small quantity 
of Cu-Mg-Ce-"'Ce is added to the Cu-Mg metal 
phase. This material is added to the metering cup and 
then distributed into the metal reservoir by circulating 
the metal overnight through the mixing chamber and 
metering cup. In a run, the cerium is extracted into the 
salt by passing both phases through the mixing and 
settling chambers. A spiral-shaped partition in the 
metal-phase reservoir makes a long, narrow passage in 
the reservoir. As a result, depleted metal returning to 
the reser^'oir through the metering cup is restricted in 
diluting the metal which has not yet entered the mixing 
chamber. 

One run has been completed in which cerium was 
transferred from Mg-Cu to MgCl2-NaCI-KCl-MgF2 
at 675°C in the stainless steel mixer-settler. A high 
stage efficiency (greater than 99%) was demonstrated, 

which would permit achieving the desired degree of ex
traction in a minimum number of stages. 

b. Development of a Large-Scale Mixer-Settler (7". 
R. Johnson, W. E. Miller, V. M. Kolba, R. C. Paul, 
F. G. Teats, G. N. Vargo, E. F. Johnston, W. J. 
Voss^'') 

A facility to test mixer-settler components under 
typical pyrochemical processing conditions was in
stalled in a large inert-atmosphere enclosure. Three ex
periments were completed at a temperature of 600°C 
for the purposes of demonstrating the transport of 
uranium from one mixer-settler to a second one through 
a salt phase, measuring the uranium extraction rate in 
the mixer-settlers, and determining the rate of entrain
ment of the metal phase in the flowing salt phase. The 
equi])ment (installed in an inert-gas enclosure) and the 
initial run are described in ANL-7425, pp. 38-39, and 
in ANL-7575, pp. 37-39. 

The equipment was fabricated of type 304 stainless 
steel and was resistance heated. A fraction of the 
liquid salt (MgCl2-30 mol % NaCI-20 mol % KCl) 
pumped into a constant-head tank flowed by gravity 
through two mixer-settlers, a weigh tank, and then 
back into a sump tank for recycle. The flow rate of this 
stream was controlled by the liquid head and with a 
valve in the constant-head tank. The remainder of the 
liquid salt in the constant-head tank flowed into a 
standpipe and directly back into the sump tank. 

At the start of each run, the first mixer-settler 
(mixer-settler 1) contained a Cd-2.2 at. % Mg alloy 
and uranium. Only part of the uranium could be dis
solved in this liquid alloy; thus most of the uranium in 
this unit was present as a solid. Uranium was extracted 
from this "donor" alloy into the flowing salt and then 
was extracted from the salt in mixer-settler 2 by a 
magnesium-rich cadmium alloy (the "acceptor" alloy). 
Since magnesium is exchanged for uranium when ura
nium is extracted, the magnesium concentration in
creased in the donor alloy and decreased in the acceptor 
alloy as transport of uranium progressed. Conse
quently, the transport rate of uranium from the first 
mixer-settler to the second decreased during a run. 

The salt flowed into the central, conical-shaped re
gion of a mixer-settler (Fig. 1-7) where it was mixed 
with the liquid metal alloy. The salt then flowed under 
the cone and baflJe assembly and into the quiescent re
gion outside the cone where metal droplets separated 
from the salt by gravity. The salt left the mixer-settler 
tank through a standpipe that maintained a constant 
salt level in the tank. 

The salt was circulated by a centrifugal pump in the 
sump tank. The general arrangement of the pump im-

" Central Shops, Argonne N ational Laboratory. 



A. Liquid Metal-Molten Salt Technology 29 

peller assembly is shown in Fig. 1-8. The vertictil puui]i 
shaft was supported by oil-cooled ball bearings above 
the sump tank and by a salt-lubricated, hydrostatic 
bearing above the impeller. The pump was coujiled to 
the sump tank by inserting the vertical discharge tube 
of the pump into the tank outlet pipe. It was estimated 
that this pump, when rotating at 1800 rpm, pumped 
about 4 gal, min of salt into the constant-head tank. 
This estimate is based on the measured performance of 
a similar smaller pump (.\NL-7325. pp. 3.5-37). 

Equipment performance. In the shakedown runs, 
salt could be circulatcil through the mixer-settlers for 
only short periods of time. The jirincipal problems were 
(1) the salt lines tended to plug with insoluble magnes
ium oxide, 12) the graphite sleeve bearings for the agi
tators in the mLxer-settlers galled and seized the shafts, 
and (31 the salt-lubricated bearing on the pump rubbed 
and galled the impeller shaft. 

Plugging of lines was eliminated by minimizing ex
posure of the liquid salt and metal to the enclosure at
mosphere (which contained small amounts of oxygen 
and water vapor). I t was not practical to seal the 
process vessels completely from the enclosure atmos
phere since the gas pressure in the vessels had to be 
maintained essentially at the [iressure of the enclosure. 
The performance of the agitator bearings was improved 
considerably by replacing the graphite bearings with 
ones made of polyimide filled with silver or tungsten 
disulfide. 

SLIP FIT BETWEEN PUMP 
DISCHARGE TUBE S SUMP 
TANK OUTLET PIPE 

FRl . 1-8. Salt Pump-Impeller Assembly. 

Installation of a newly designed salt-lubricated bear
ing in the centrifugal pump (Fig. 1-8) ended operating 
difficulties. In this new type of bearing, salt forms a 
flowing film separating the rotating shaft and the sta
tionary bearing. The design of the shaft and bearing 
should prevent their touching. If the shaft moves off-
center, a force develops to push the shaft back to the 
center. Althoiigh this force is small (the estimated force 
developed at 1600 rpm for this bearing is about 2 lb) ,^^ 
it is as effective in maintaining the position of the shaft 
as a much larger force applied to the top of the shaft, 
because the force is applied at the unsupported end. 
The chambers in the bearing help to develop the cen
tering force by increasing axial flow and decreasing 
tangential flow. The present pump bearing is made of 
graphite, which is not expected to be the final choice as 
material of construction for this application because 
the graphite may react with solutes to form carbides. 
A hard material will be selected that will minimize the 
likelihood of galling of the shaft if the rotating shaft 
and bearing touch occasionally. A bearing made of a 
cermet (type 304 stainless steel-52 wt % TiC) was 
fabricated and installed in a spare pump. 

In general, the equipment operated well during sub
sequent runs, indicating that the earlier problems had 
been solved. 

Run MSL 4—uranium transfer. To start this ex-

308-2152 
FIG. 1-7. Mixer-Settler (dimeiinioiiH in inches). 

" E. K. Bisaon, W. J. AiKler.s<.ri, 
nnlogy," NASA-SP-3H (l!)(i5}. 

"Advanced Bearing Tech-

file:///NL-7325


30 / . Fuel Cycle Technology 

periment, mixer-settler 1 was charged with 18.2 kg of 
Cd-2.2 at. % Mg and 3.055 kg of uranium, and mixer-
settler 2 was charged with 12.34 kg of Cd-45 at. % Mg. 
The salt in the sump tank had the approximate compo
sition MgCl2-30 mol % NaCl-20 mol % KCl. The 
equipment was heated to 600°C, the metal solutions in 
the mixer-settlers were agitated and sampled, and then 
salt was circulated through the mixer-settlers at a flow 
rate of 0.6 gpm for 312 min. A total of 1150 kg of salt 
was circulated through the mixer-settlers. The agita
tion rate was 640 rpm in mixer-settler 1 and 460 rpm in 
mixer-settler 2. Unfiltered samples were taken of (1) 
the salt entering the first mixer-settler, (2) the salt 
leaving each mixer-settler, and (3) the metal solution 
in each mixer-settler. Metal-phase samples taken dur
ing agitation were not representative of the metal solu
tions in the mixer-settlers since they were found to con
tain large amounts of undissolved uranium. 

Of the uranium charged to mixer-settler 1 in Run 
MSL 4, about 2.81 kg or 93A'/c, overall, was trans
ported to mixer-settler 2. The initial rate of uranium 
transfer was 72 g/min. The Cd-Mg donor-acceptor sys
tem was selected for this experiment because a salt-
transport process could be demonstrated in a stainless 
steel apparatus with this alloy system and not be
cause this alloy is an efficient system for the transport 

MAGNESIUM CONCENTRATION IN METAL PHASE, ot. fraclion 

308-2154 

FIG. 1-9. Uranium Distribution C.)efficient Between MgCb-
M mol % NaCl-20 mol % KCl and Cd-Mg Alloys at 600°C 
(data from .nvestigalio.is of J. Knighlon, 1964 through 1967). 
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FIG. I-IO. Salt Flow Kate Ihrough Mixer-Settlers During 

MSL 4. 

of uranium. Much higher rates (g material trans-
ported/g salt circulated) for the transport of uranium 
or plutonium can be achieved by using Cu-Mg donor 
alloys. 

To calculate mass-transfer coefficients, K,A, from 
the experimental data, the equilibrium distribution of 
uranium between the salt and metal phases must be 
known accurately. Uranium distribution measurements 
made by J. Knighton" were evaluated by means of a 
thermodynamic analysis. From the equilibrium con
stant for the reaction 

U,„«.„ -I- 3/2MgCl2(„,„ fS UCl3,„,., -I- 3/2Mg,.„.„ 

it can be shown that at constant temperature 

Dt 
1 

{Xu)(yMs) (.^Mg) 

where Dy distribution coefficient of uranium be
tween a salt phase and a saturated 
metal phase (mole fraction UCI3 in 
salt/atom fraction U in metal) 

X* = solubility of uranium in Cd-Mg alloy 
(atom fraction) 

VMB ~ activity coefficient of magnesium in 
metal phase^** 

Xj[j = atom fraction of magnesium in metal 
phase. 

The curve representing the best estimate of the distri
bution coefficients derived from this treatment of 
Knighton's data is compared with his data in Fig. 1-9 
(600°C). 

The experimental information obtained during ura
nium transport Run MSL 4 (salt flow rate, uranium 
content of salt streams entering and leaving the mixer-
settlers, and the magnesium concentration in the metal 
in mixer-settler 1) are shown in Figs. I-IO and I-ll . 

'*J, B. Knighton, ANL Chemical Engineering Division, 
private communication. 

" Data from R. Hultgren, R. L. Orr, P. D. Anderson, K. K, 
Kelley, Selected Values of Thermodynamic Properties of MetaU 
and Alloys, John Wiley, New York (1963). 
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FIG. I-ll . Solution Compositions During Mixrr-Settler 
Rini MSL 4 (note scale factor.s). 

The curve in Fig. I - l l that represents the magnesium 
concentration was calculated from the uranium trans
ported from mixer-settler 1 to mixer-settler 2 (see Fig. 
1-12). The amount of uranium transported was deter
mined from the uranium concentrations in the salt 
streams (Fig. I - l l ) . 

Mass-transfer coefficients for both mixer-settlers are 
shown in Fig. 1-12. The uranium mass-transfer coeffi
cient in mixer-settler 1 is defined as 

s(yi - ;/p) + ^ 
, dyi 

( i f ^ ) i 
yi - 1/1 

and in mixer-settler 2 as 

(K.A},= 
s(yi - yi) + '^2";jr 

Vl - V* 

where subscripts 1 and 2 refer to mixer-settlers 1 and 2, 
respectively, and 

« = salt flow rate, kg/min 
•S = inventory of salt in mixer-settler, kg 
y = V content of salt in mixer-settler, weight frac

tion 
V' = U content of salt in equilibrium with satu

rated metal phase, weight fraction 

.1/], = U content ot salt entering mixer-settler, 1, 
weight fraction 

Measurement of the values of the mass-transfer co
efficients was extremely sensitive to small errors in the 
distribution coefficient and to sampling errors. How
ever, it is believed that the observed variations in the 
mass-transfer coefficient in mixer-settler 1 during Run 
MSL 4 were not entirely due to experimental errors 
but could be partly attributed to the low rate of dis
solution of solid uranium into the metal phase. This 
was indicated by metal-phase samples (taken early in 
the run) for which the uranium content of the metal 
solution was less than the solubility of uranium. The 
initial mass-transfer coefficient was large because the 
Cd-Mg alloy in mixer-settler 1 was saturated with 
uranium, but its value decreased as the solution was 
depleted of uranium. After this brief initial period, the 
dissolution of the solid uranium metal was the rate-
limiting step in the extraction of uranium since the 
large uranium pieces were not suspended completely 
in the liquid metal by the agitation. (The uranium was 
charged originally as rods that were %2 î -̂ ^^ <̂ lî  "̂̂ d 
2 to 3 in. long.) In 70 min about 50% of the uranium 
had been removed, after which the mass-transfer co
efficient increased to values greater than 200 kg/ 
(min) (wt fraction U in the salt phase). This increase 
is attributed to the ability of the agitator to suspend 
more completely the smaller uranium pieces. When 
more than 75% of the uranium had been transferred, 
the value of the interfacial mass-transfer coefficient 
decreased, probably because the dissolution rate be-
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FIG. 1-12. Uranium TraiL-ilVi During Run MSL 4. 
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FIG. 1-13. Mi.ting Power Density 

Mixer-Settlers in Salt Transport Loop. 

Mixed Itegion of 

came limited by the decreased surface area of the 
remaining uranium rods. 

The mass-transfer coefficient in mixer-settler 2 was 
relatively constant at an average value of about 55 kg 
U/(min) (wt fraction U in salt phase) during the first 
200 min of Run MSL 4. The decrease in value of the 
mass-transfer coefficient after 200 min may have been 
caused by a decrease in the effectiveness of the agitator 
because a large ball of solid uranium collected on the 
agitator blades. The maximum mass-transfer coeffi
cient for mixer-settler 2 was lower than the maximum 
value measured for mixer-settler 1 because the agitator 
speed of the former unit was lower (460 rpm vs 640 
rpm). 

Because the power density imparted to the fluid by 
the agitator is often used to correlate mass-transfer 
rates in stirred vessels, the mixing power density in the 
mixed regions of the mixer-settlers was determined at 
various agitator speeds. The mixing power could not be 
calculated from published correlations because the 
geometry of the mixer-settlers used in this investiga
tion differs from standard geometries. Mixing powers 
were measured at room temperature with water and 
with a two-phase system of water and 1,1,2,2-tetra-' 
bromoethane to simulate the two-phase salt-metal 
system. The measured data and the estimated power 
for the salt-metal system are shown in Fig. 1-13. 

Melal entrainment. In a salt-transport process, the 
entrainment of donor metal would lower the achievable 
decontamination factor. Therefore, in Runs MSL 5 
and MSL 6, the amounts of metal entrained with the 
salt that flowed from mixer-settler 1 to mixer-settler 2 
were measured. At the start of these runs, the loop and 
the metal and salt charges remaining from Run MSL 4 
were heated to 600°C, and a 4-g piece of irradiated 
copper was added to mixer-settler 1 as a metal phase 
tracer in order to measure the entrainment of metal. 
The loop was operated with salt flow rates of 3.1 to 
4.7 kg/min and agitator speeds of 200 to 600 rpm to 
investigate the effects of these variables on the entrain
ment rate. 

Metal and salt samples were counted with a single-
channel gamma spectrometer. The 0.51-MeV annihila
tion gamma radiation from the positron decay of "Cu 
was counted and corrected for the background from the 
very large concentrations of uranium present in metal-
phase samples. The specific activity of the metal phase 
in mixer-settler 1 during Run MSL 5 was 2.9 X 10' 
counts/tmin) (g), and during Run MSL 6 it was 
8.5 X 10* counts/(min) (g). In both runs, the activity 
of the salt leaving mixer-settler 1 was not significantly 
above background, but there was a detectable increase 
in the activity of the metal phase in mixer-settler 2. 
The average amount of metal entrained in both runs 
was 0.02 g of Cd per kg of salt circulated. The entrain
ment rate apparently increased with increasing agita
tor speed, but because of the very low counting rates, 
the trend was only barely significant. If the uranium-
transport run, MSL 4, had been a process step to 
separate uranium from a fission product element (such 
as zirconium) that does not distribute significantly to 
the salt phase, the estimated decontamination factor 
for the product uranium (calculated from the meas
ured entrainment rate) would have been 750. With a 
more efficient salt-transport system, less salt would be 
circulated to transport the same amount of uranium; 
this would result in a higher decontamination factor. 

After Run MSL 6, the loop was shut down and 
partly disassembled for inspection. 

c. Liquid Level Probe Development (F. G. Teats, 
T. R. Johnson) 

A device has been needed in pyrochemical studies to 
measure the depth of liquid metals in process vessels. 
A probe based on a mutual inductance coil was devel
oped and has been described.'* This probe, however, 
could be used only in containment wells made of 300-
series stainless steels, graphite, or ceramic materials. 

•« T. R. Johnson, F. G. Teats, R. D. Pierce, "An Induction 
Probe for Measuring Levels in Liquid Metals ," Nucl. Appl 
4(1), 47 (1968). 
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Wells made of tungsten, molybdenum-tungsten alloys 
or tantalum are required for most pyrochemical appli
cations. A new mutual-induction probe design was 
developed which in preliminary tests easily detected 
changes in liquid metal level through a 30-niil thick 
tantalum well. I t is expected that containment wells 
made of other refractoiy metals will also be satisfac-
toiy. The new coil is a bifilar winding of 8-inil platinum 
wire wound on a ceramic form. Further tests are being 
made to investigate the stability and accuracy of the 
device. 

d. Materials Testing 

The suitability of various materials of construction 
for process applications is being evaluated. Materials 
for vessels, transfer lines, agitators, and associated 
components will be selected according to the specific 
application of each component. Corrosion rates of 
materials are being measured, and interaction between 
container materials and the solute uranium and plu
tonium in liquid metal and molten salt process solu
tions is being investigated. 

Emphasis has been placed on materials to be used 
with (1) zinc, which will be used for fuel element 
decladding, and (2) Mg-Cu and Zn-Mg alloys, which 
are used as donor and acceptor alloys in salt-transport 
separations. 

(1) Corros ion by Z i n c / H a l i d e Sal t , Z ine-Cop-
p e r / H a l i d e Sal t , a n d Z i n c - M a g n e s i u m / 
Hal ide Sal t S y s t e m s ( T . M. Kolba, L. F. 
Dorsey, R. C. 'Paul) 

Tungsten-coated grapliite crucible. Testing of a 
5^4-in. dia graphite crucible that has a 30-mil vapor-
deposited tungsten coating (described in ANL-7575, 
p. 37) was continued. The crucible was temperature-
cycled and then tested for containment of a molten 
salt. After these tests proved to be successful, the 
crucible was exposed to the metals and salts proposed 
for the decladding, reduction, and acceptor steps of the 
sah-transport loop. The liquid solutions were poured 
from the crucible at the conclusion of each experiment. 
No uranium or plutonium was contained in these solu
tions. 

The conditions for testing tungsten-coated graphite 
crucibles are listed in Table 1-2. All materials were 
contained successfully, and no cracking or spallation 
of the tungsten coating was observed. However, small 
amounts of tungsten (100-200 ppm) and carbon (~50 
ppm) were found in the metal and salt phases after 
the run. This method of coating graphite appears to 
offer promise for fabricating the head-end processing 
vessel and the acceptor alloy vessel, if equipment for 
coating large vessels becomes available. 

T.\HLM 1-2. Ti';sT CONDITIONS FOK TuNOSTKN-CoATiiD 
GRAPHITIC CUUCIDLI; 
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Brazing of tungsten. Brazing is a potential method 
of assembling tungsten components. To prevent expo
sure of brazed material to corrosive environments, 
brazing should be followed by a diffusion treatment 
to reduce the braze metal concentration at the braze 
interface. Two methods of brazing rolled tungsten sheet 
(produced by powder metallurgy techniques) with 
Coast Metals 60 braze alloy (Ni-20 wt % Cr-10 wt % 
Si-3 wt % Fe) were tested. 

One set of specimens was brazed in a dry (—51°C 
dewpoint) hydrogen atmosphere at 1100°C, followed 
by an 8-br diffusion ti-eatment at 1350°C. A second set 
was brazed in a vacuum (5 x 10~* Torr) at 1200°C, 
followed by an 8-br diffusion treatment at 1370°C. 
Specimens from the hydrogen-brazed set were tested 
in both the as-brazed and diffusion-treated conditions; 
vacuum-brazed samples were tested in the diffusion-
treated condition only. These tests involved exposure 
of specimens to a Zn/CaCl2-20 mol % CaFo system for 
up to 144 hr at 800°C. A small amount of undercutting 
of the as-brazed sample was noted; no undercutting 
of the diffusion-treated samples was observed. The 
diffusion treatment appeared to be effective in diffusing 
the braze material into the tungsten. A few areas in the 
vacuum-brazed samples were not wetted by the braze 
alloy. Therefore, hydrogen brazing appears to be the 
more desirable process. The latter process should be 
investigated further by fabricating and testing small 
prototype vessels. 

(2) Corros ion in C o p p e r - M a g n e s i i i m / H a l i d e 
Sal t S y s t e m s ( ) ' . M. Kolba, L. F. Dorsey, 
R. C. Paul) 

Corrosion testing. Corrosion tests were conducted 
to aid in the selection of a material for use in the con
struction of mixer-settler components. Previous testing 
(ANL-7375, p. 33; ANL-7425, p. 35; ANL-7675, p. 35) 
indicated that Fe-Cr alloys and refractory metals 
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WFTAL PHASE 

IM9-44 at 1 Cul 

-Nb, Welded Nb 
- M i l ' 
-Nb-1 wt % Zr 
-Mo-30 »1 % W 

-V-10 wt % Cr 

Cr Plated Carbon Steel 

Kanthal A-1* 0<idized 
at nii'C 

-405 Stainless Steel 
(1000 t in 

-405 Stainless Steel 
1500 hr l 

-Welded 405 Stainless Steel 

SAtT PHASE 

IM9CI2-30 mol •!• NaCI-20 mol ' 
KCl ± 3 mol X MgFj) 

- N b , T - IU . * Welded Nb 
-304. 405 Stainless Steel (iOOO hr) 
- N b - I wl % Zr 
-405 Stainless Steel 1500 t i r l 

-405 Stainless Steel 
-Kantha l k-\'> Oxidized al I275°C 

-17-4 Ph ' 
-C-276d 

.anthal k-l'' Oxidized at 1150°C 

-405 Stainless Steel 

-Kanthal A-l"^ Oxidized 
at 1150°C 

-304 Stainless Steel 

Alloy Compositions 

37-111: Ia-8.5 wt % W-2.5 wl 7. Ht 
^Kanthal A -1 : Fe-22 wt % Cr-5.5 wt 7. AI-0.5 wt % Co 
(̂ 17-4 Ph; Fe-16.5 wt % Cr-4 wt % Ni-4 wt % Cu-1 wl % 
Mn (maxl-1 wt % Si (maxi 

dC-276: Ni-15.5 wl -'. Cr-16 wt % Mo-3.75 wt % W-5.5 wt 7. 
Fe-1 wl % Mn lmaxl-2.5 wt % Co lmaxl-0.35 wt % V 
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FIG. 1-14. Corrosion Test Data for Proposed Materials of Conslrnction for Mixer-Settlers (700°C; exposures of at least 190 lir). 

attractive properties. The former have lower 
costs and better fabricability, while the latter have 
better corrosion resistance. The following materials 
were tested" as agitator blades at ~700°C for periods 
up to 1000 hr in Mg-44 at. % Cu/ternary or quater-

" M. L. Kyle, R. D. Pierce, V. M. Kolba, "Containment of 
Materials for Pyrochemical Processes," Nuclear Met.allurgy, 
Vol. 15, Reprocessing of Nuclear Fuels, P. Chiotti, Ed., USAEC 
CONF-690801 (1969). 

nary chloride systems: niobium, Nb-1 wt % Zr, T-IU 
(Ta-8.5 wt % W-2 wt % Hf), Kanthal A-1 (Fe-22 
wt % Cr-5.5 wt % Al-0.5 wt % Co), type 304 stainless 
steel, type 405 stainless steel, 17-4 Ph (Fe-16 wt % 
Cr-4 wt % Ni-4 wt % Cu-1 wt % Si-1 wt % Mn-0.07 
wt % C) , titanium (Ti-55A), and V-10 wt % Cr and 
welded specimens of niobium, type 405 stainless steel, 
Mo-30 wt % W, Hastelloy B-282 (Ni-28 wt % Mo-5 
wt % Fe-2 wt % V-0.6 wt % Cr-0.6 wt % Mn-0.35 
wt % Si-0.02 wt % C), and Haynes C-276 (Ni-16 wt % 
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Mo-15.5 wt % Cr-5.5 wt % Fe-3.8 wt % W-2.5 wt % 
Co-1 wt % iIn-0.35 wt % V). Corrosion rates observed 
for exposures of at least 190 hr at 700°C in the metal 
and salt phases are shown in Fig. 1-14. 

The refractory metals all have low corrosion rates 
and are probably desirable materials for long-term 
operation. Embrittlement was noted (as in earlier 
work) in blades of Nb-1 wt % Zr, niobium, and to a 
less extent in the T-111 alloy exposed to the salt phase. 
No accelerated corrosion in the weld zone of the 
welded niobium specimens was observed. Electron 
beam welds in Mo-30 wt % W were brittle, and cracks 
in the weld and weld zone tended to propagate during 
environmental testing. 

The Fe-Cr alloys, type 405 stainless steel, and 
Kanthal A-1 (oxidized) showed significant corrosion 
rates but could possibly be used for short-term expend
able components. No adverse corrosion effects were 
noted at the weld or weld zone of the type 405 stainless 
steel; however, the hardness of these regions was 
reduced by exposure. The behavior of any tentatively 
selected materials must be further evaluated with 
respect to the effect of uranium and plutonium in the 
liquid solutions. 

Eml>rittlement in salt. The embrittlement of nio
bium, tantalum, and their alloys when exposed to salt 
was investigated. Hardness and bend tests were used 
to evaluate the degree of embrittlement of the alloys 
after exposure times ranging from 0.5 to 195 hr at tem
peratures of 650 to 7(X)°C. 

Embrittlement of Nb-1 wi: % Zr alloy was found 
after as little as a 1-hr exposure at 700°C, and the 
maximum effect was evident after only about 2.5 hr. 
Impurities in the argon, salt, or equipment were sus
pected. Testing eliminated the argon as a major con
tributor (Table 1-3). Analyses of the gas in the region 
above the salt at 400°C and after 1 hr at 700°C (Table 
1-3) indicated that impurities in the salt were the ma
jor contributors to the embrittlement. 

The formation of niobium hydride or tantalum 
hydride appears to be the major factor contributing to 
embrittlement. The hydrogen is probably from resid
ual moisture or 0 H ~ in the purified salt or, to a lesser 
degree, from adsorbed moisture on the equipment. 
Methods of reducing the quantity of moisture in the 
salt prior to use are being evaluated. Further study of 
salt purification methods is needed. 

'r.Mll.i'; 1-3. IMPURITII:S IN FUKNACE ATMOsruKKe 

Impurity 

0 , 

N-, 
I I2 

CII, 
CU 

t'oncn. (l)pm) 
in Argon Supply 

~ 2 5 

~10 
50-100 

<50 

Concn. in Furnace Atmosphere 

400°C 

Interference 
the Oi 
^ 7 5 ppm 

1.0 ± 0 . 1 % 
~.30O ppm 

<50 ppm 

700°C 

of Hj masked 

--̂ tiO ppm 
5.3 ± 0.5% 
~1000 ppm 

<50 ppm 

(3) Solut ion S tab i l i ty S tudies (JT. J. JFalsh, I. 
O. W insch, T. F. Cannon) 

An experimental program was initiated to study the 
stability of plutonium solutions in contact with vari
ous materials of construction and in the presence of 
the impurities in standard grades of reagents and inert 
cover gas. The purpose of the study was to identify 
the conditions that could cause plutonium losses from 
solution and to determine the preventive action re
quired. High-precision liquid-metal sampling and plu
tonium analytical techniques were employed to allow 
detection and measurement of slight plutonium 
losses. 

Two runs with Mg-42 at. % Cu solutions containing 
plutonium (no salt present) were conducted at 800°C, 
each run having a duration of several days. Tungsten, 
tantalum, and Mo-30 wt % W metal surfaces were al
lowed to contact the metal solutions, and calcium was 
added to the solutions. In both runs, '—100% mate
rial balances for plutonium were achieved, and no 
losses of plutonium from solution were detected. I t was 
concluded that tungsten, tantalum, and Mo-30 wt % W 
are compatible with Mg-Cu-Ca-Pu solutions and that 
the use of standard grades of copper, magnesium, and 
calcium reagents does not result in detectable pluto
nium losses. At the conclusion of one run, two addi
tions of oven-dried CaClo-CaF^ salt were made; dupli
cate samples of the liquid metal and salt were taken 
before and after each addition. Introduction of the 
salt resulted in removal from the metal and salt solu
tions of about 3% of the plutonium in each run, prob
ably by reaction with impurities in the salt. I t was 
concluded that a salt pretreatment or purification will 
be required. Possible procedures for CaCl2-CaF2 puri
fication are being evaluated. 

5. L a b o r a t o r y I n v e s t i g a t i o n s ( / . Johnson) 

The objectives of the laboratory-scale investigations 
are to provide basic chemical data of importance to 
pyrochemical processing and to originate and evaluate 
new process concepts. During the period covered by 

this report, the major effort has been devoted to the 
further development of a pyrochemical process for 
fast breeder reactor fuels that employs a salt-transport 
separation. Salt-transport separations arc based on the 
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selective transfer of a solute from one liquid alloy to 
another by the circulation of a molten salt between 
the two alloys. Chemical studies in support of the proc
ess development include (1) studies of the mechanism 
of the dissolution of stainless steel in molten zinc, (2) 
measurements of the solubility of zirconium in liquid 
Cu-Mg-Ca alloys, (3) determination of the phase dia
gram for the Cu-Ca-Mg system, (4) computation of 
the activity coefficient of neptunium in liquid magne
sium, (5) study of the mechanism of UO2 reduction by 
magnesium or calcium dissolved in their chlorides, 

(6) study of the reaction of PuO^ with molten MgCla, 
(7) determination of the solubility of calcium in liquid 
CaCl2, and (8) study ot the radiolysis of a solid MgCl2-
NaCl-KCI salt mixture. 

a. Liquid Metal Systems 

Solubility and phase relations involving liquid metal 
systems are of importance in the development of liquid 
metal decladding methods, oxide reduction alloys, 
separation schemes based on solubility differences, and 
the evaluation of corrosion data. The reaction of stain
less steel with liquid zinc has been studied to obtain 
the basic chemical data needed for the development of 
a liquid zinc decladding method. The solubility of zir
conium in liquid Cu-Mg-Ca alloys was determined so 
that the behavior of fission product zirconium in the 
Pu-U separation step of the salt-transport process can 
be more accurately predicted. The phase fields and the 
approximate liquidus temperatures were determined 
for the ternary Cu-Mg-Ca alloy system used in the ox
ide reduction step of the salt-transport process. The 
activity coefficient of neptunium in liquid magnesium 
was computed and constituted additional thermody

namic data useful for the systematic development of 
processes for the separation of actinide metals. 

(1) Dissolut ion of Stainless Steel in Liquid Zinc 
( A . M. Myles, R. Yonco) 

In preliminary experiments, the dissolution-disinte
gration of type 304 stainless steel cladding by liquid 
zinc was studied to obtain data needed for the devel
opment of a liquid zinc decladding method. Known 
quantities of zinc shot and stainless steel bar stock 
were heated in quartz tubes. After heating for various 
times and temperatures, the alloys were cooled to room 
temperature. The nature of the dissolution-disintegra
tion process was deduced by metallographic, electron 
microprobe. X-ray, and thermal analysis techniques. 

The interrelationship between the phase diagram 
and the process can be seen in the photomicrograph of 
a partially dissolved stainless steel bar (Fig. 1-15). 
Adjacent to the unattacked steel in the upper right of 
the micrograph is a wide region of iron-zinc alloy in 
which the grain sizes increase with distance from the 
steel. The grain diameters vary from less than 0.04 mm 
to 0.1 mm. No relationship is apparent between the 
size of these grains and the size of the grains in the 
unreacted stainless steel. A large crack runs through 
this region toward the stainless steel. At the lower end 
of the crack, the grains are of fairly uniform size, but 
become more thinly dispersed close to the edge of the 
quartz tube. 

To provide a framework for explanation of the ex
perimental results, a tentative phase diagram of the 
Fe-Ni-Zn system was constructed based on published 
information for the Ni-Zn and Ni-Fe systems and on 
the postulates that chromium can be considered as if it 
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„ r f ' i f J i m ''^^"'^ ^°* ^"^''' 's^s ^'=e' Bar after Being Partially Dissolved by Liquid Zinc (original magt.ification of pholomicro-
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were iron and that the minor elements are in solid so
lution. The significant features of the diagram are the 
single-phase regions, gamma and delta, that extend 
across the ternary from the Fe-Zn binary to the Ni-Zn 
binary and the phase regions that contain the Ni-Zn 
beta phase and extend over to alpha iron. The occur
rence of any of these intermediate phases during the 
dissolution-disintegration process, a condition that is 
quite hkely at the proposed reaction temperature of 
800°C, would impede reaction by forming a barrier 
to diffusion. 

The evidence indicates that dissolution-disintegra
tion begins with penetration of liquid zinc into the 
grains of stainless steel and with the preferential dif
fusion of nickel from stainless steel into zinc. Iron and 
chromium also enter the zinc, but at rates lower than 
that for nickel. As the surface of the stainless steel is 
depleted of nickel, the structure of the austenitic 
gamma phase transforms into the ferritic alpha phase. 
The first-formed alpha grains are relatively large be
cause of their growth at the expense of small grains. 
The influx of zinc solution into the boundaries of the 
alpha grains alters the volume of the transformed re
gion, and cracks appear as a result of the volume in
crease. When dissolution-disintegration at ^800°C is 
complete, the alpha iron grains arc dispersed in the 
zinc and contain 11 wt % zinc. 

.\lthough the presence of the beta phase has not 
been conclusively shown by X-ray diffraction, photo
micrographs reveal a phase surrounding the alpha 
grains that is presumably the beta phase. The beta 
phase might cause the alpha grains to agglomerate as 
large clinker-like particles at high stainless steel load
ings in liquid zinc. 

\t least two additional phases, namely, gamma and 
delta FeNi-Zn, are formed as the zinc solution is 
cooled to room temperature. Since a large increase in 
volume, about 20%, accompanies formation of the 
delta phase, crucibles may fracture if the cooling rate 
is not controlled. Thermal analysis data indicate that 
the delta phase forms below 655°C. 

(2) Solubility of Zirconium in Liquid Copper-
Magnesium-Calcium Alloys (/ . Johnson, R. 
M.] Yonco) 

In a pyrochemical process (salt-transport process) 
for the recovery and purification of spent fuel from fast 
breeder reactors, the fuel oxide, after decladding, is re
duced to the metallic form by use of a liquid Cu-
Ca-Mg alloy. The less electropositive fission product 
metals, if present as oxides in the fuel, are also expected 
to be reduced to the metallic form. At completion of 
reduction, the plutonium is completely in solution in 
the liquid alloy and most of the uranium is present as 

a metallic precipitate. A study was performed to obtain 
the solubility data needed to predict the behavior of 
fission product zirconium in this step of the process. 

A saturated solution of zirconium in a liquid copper-
magnesium alloy was prepared by heating and stirring 
(500 rpm) 101.9 g of zirconium, 401.9 g of copper, and 
201.0 g of magnesium at 850°C for about 24 hr in a 
tantalum crucible. A filtered sample of the liquid was 
found to contain 5.95 wt % Zr-29.6 wt % Mg-59.6 wt 
% Cu, indicating that not all of the zirconium had 
dissolved. This was confirmed at the end of the ex
periment when several pieces of unreacted zirconium 
rod (weight ~ 5 5 g) were found in the ingot. The mag
nesium-to-copper weight ratio of the solution (0.497, 
compared with the ratio of 0.500 for the charge) indi
cates that about 1.4 g of magnesium was lost from the 
melt (by vaporization or oxidation) during the long 
holding period at 850°C. With the alloy at a specified 
temperature, the alloy was stirred for 2 hr and then 
allowed to settle for 20 min. A filtered sample of the 
liquid phase was taken. This procedure was repeated 
to obtain samples of the liquid pha.se at about 550, 630, 
700, 770, and 850°C. The temperature sequence was 
arranged so that equilibrium was approached from 
both lower and higher temperatures. Next, the system 
was cooled to room temperature, the furnace tube 
opened (in a dry-helium-atmosphcre glovebox), and 
calcium metal was added. Magnesium, which had col
lected on the cooler parts of the furnace tube, was re
turned to the melt. The melt was reheated and sampled 
at each of the temperatures listed above. Incremental 
additions of calcium were made to obtain a series of 
solutions containing between 1 and 34 wt % calcium. 
The samples were assayed for zirconium. Selected 
samples were also assayed for calcium, magnesium, 
and copper. The results are given in Table 1-4. 

An examination of the data obtained in the Series A 
solution (which contained no calcium) shows that the 
magnesium-to-copper atom ratio increases from about 
1.3 at 850''C to 1.5 at 558°C. Thus, as the zirconium 
content of the liquid phase decreases with decreasing 
temperature, the relative amount of magnesium dis
solved increases. The compositional changes observed 
as the temperature is lowered are consistent with pre
cipitation of a zirconium-copper intermetallic com
pound of the approximate formula ZrCu2. 

The addition of calcium suppresses the solubility of 
zirconium. The magnesium-to-copper ratio is found to 
increase with decreasing temperature for those series 
in which calcium is present, suggesting that a zir
conium-copper intermetallic compound precipitates as 
the temperature is lowered. For systems in which cal
cium is present, the formula of the precipitated phase 
is not well defined, ranging between ZrCuo.B and 
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ZrCu2 2- In view of the large uncertainty of these esti-
mates7it is not possible to specify the solubility equi
libria in detail. The lower solubility of zirconmm at 
higher calcium concentrations is probably due to an 
increase in the activity coefficient of zirconium with in
creasing calcium concentration. 

(3) Phase Diagram for the Ternary System 
Copper-Magnesium-Calcium (K. M. Myles, 
P. Mack) 

Interest in the Cu-Mg-Ca alloy system stems from 
the proposed use of a Cu42-Mg58 eutectic alloy that 
contains various amounts of calcium to reduce chemi
cally UO2-PUO2 to metal, separating uranium and plu
tonium from spent nuclear reactor fuel mixtures. No 
systematic attempt to study the phase relations of the 

TABLE 1-4. 

Series 

A 

li 

(.: 

D 

E 

F 

SOLUBILITY 

MAGNESIUM-CA 

Temp 
(°C) 

568 
627 
700 
771 
851 
852 

549 
625 
698 
771 
846 

550 
623 
699 
774 
849 

549 
620 
696 
773 
851 

550 
773 
851 

549 
849 

Zr (at. %) 

0.0931 
0.190 

(0.486)" 
1.041 
2.72 
2.93 

(0.0569) 
0.149 
(0.360) 
0.822 

(2.36) 

(0.041) 
(0.103) 
0.286 
0.558 

(1.34) 

(0.0425) 
(0.0612) 
(0.147) 
0.398 
0.675 

0.00764 
0.0771 

(0.138) 

(0.000913) 
0.0242 

3F ZIRCONIUM IN COPPEK-

LCIUM ALLOYS 

Ca (at. %) 

— 
— 
— 
— 
— 
~ 

(1.2)' 
1.07 

(1.2) 
1.34 

(1.2) 

(3.9) 
(3.9) 
3.34 
4.55 

(3.9) 

(7.8) 
(7.8) 
(7.8) 
7.07 
8.58 

19.7 
20.2 

(19.9) 

(35.4) 
35.4 

Mg (at. %) 

60.1 
58.2 

•> 
58.5 
54.8 
64.9 

b 

59.5 
b 

58.1 
h 

b 

b 

57.1 
55.6 

' 
K 

1' 

'• 

66.4 
52.8 

47.7 
46.9 

'• 
b 

38.4 

Cu 
(at. %) 

39.8 
41.6 

b 

40.6 
42.5 
42.2 

1. 

39.3 
b 

.39.7 

'' 
b 

b 

39.3 
39.3 

b 

b 

1' 

k 

37.2 
37,9 

.32.5 

.33.8 

" 
b 

26.2 

50 c t 7 . Mg 

' Values in parentheses were computed from the zirconium 
content (wt %) and average atomic weight of Cu-Mg-Ci 
alloy. 

^ Analyses not made for magnesium and copper. 
^ Average calcium content of series. 
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FIG. 1-16. The SSO^C Isothermal Section and the Liquidus 

Valleys of the Cu-Mg-Ca Phase Diagram. 

ternary system was previously undertaken, although a 
large amount of information is available about the 
binary diagrams. Accordingly, a phase diagram for 
the Cu-Mg-Ca system has been derived from metallo
graphic. X-ray diffraction, electron microprobe, and 
thermal analysis data. 

The phase diagram is shown in Fig. 1-16; the ob
served phases and reactions, as well as the methods by 
which they were observed, are listed in Table 1-6. In 
the figure are superimposed the liquidus valleys and an 
isotherm that delineates the equilibrium phase regions 
at 350°C. Whereas the isotherm is considered to be 
fairly accurate, the placement of the liquidus curves 
must be considered approximate to within ±3 at. %. 
The temperature dependence of the liquidus curves is 
not known, but it is apparent that the temperature 
decreases continuously across the diagram from the 
Cu-Mg binary toward the ternary eutectic near pure 
calcium. 

Two quasi-binary sections exist in the diagram: one 
between MgaCu and Mg2Ca and the other between 
Cu2Mg and CusCa (the CuoMg-CusCa section is not 
strictly a quasi-binary due to the partial solid solu
bility of the terminal compounds). Three examples of 
a Class I four-phase equilibrium (ternary eutectics) 
are found; 

L ^ Mg -f MgiCu -I- MgjCa (430°C) 

L <=̂  Cu -f CujMg -f CusCa (700°C) 

L •=̂  Ca -I- Mg^Ca -|- CazCu (350°C) 
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TABLE 1-5. CoiaposiTloNS AND PHASES OF Cu-Mg-Ca ALLOYS 

39 

Composition (at. %) 

Cu 

90.0 
83.0 
79.8 
79.9 
74.9 
74.0 
75.0 
65.0 
55.0 
54.0 
54.9 
54.9 
50.1 
49.9 
48.0 
45.0 
41.4 
40.1 
40.0 
34.9 
34.9 
29.6 
30.0 
29.0 
30.0 
30.2 
30.0 
25.0 
25.0 
25.1 
22.1 
19.0 
19.9 
20.0 
13.0 
10.0 
10.0 
8.1 
5.0 
5.0 
4.8 
5.0 

-Mg 

5.0 
0.0 

15.2 
10.1 
20.0 
17.0 
5.1 

25.0 
40.0 
24.0 
5.1 
0.0 

49.9 
30.0 
2.0 

15.0 
54.6 
10.2 
0.0 

24.9 
5.3 

65.5 
60.0 
37.0 
30.0 
19.9 
5.0 

70.1 
14.8 
10.1 
20.0 
67.0 
25.2 
0.0 

80.0 
65.0 
55.0 
20.9 
90.1 
70.0 
45.1 
5.0 

Ca 

5.0 
17.0 
5.0 

10.0 
5.1 
9.0 

19.9 
10.0 
5.0 

22.0 
40.0 
45.1 
0.0 

20.1 
50.0 
40.0 
4.0 

49.7 
60.0 
40.2 
59.8 
4.9 

10.0 
34.0 
40.0 
49.9 
65.0 
4.9 

60.2 
64.8 
57.9 
14.0 
54.9 
80.0 

7.0 
25.0 
35.0 
71.0 
4.9 

25.0 
50.1 
90.0 

Observed Phases" 

Cu(d p), Cu -)- CuiCa(d p), Cu -(- CuiCa -|- Cu,Mg (d) 
CusCa(d p) 
Cu(d p), Cu -I- Cu,Ca(d p), Cu -I- CuiCa 4- Cu!Mg(d) 
CusCa(d p), CutCa -I- Cu2Mg(d), CujCa -|- CujMg -|- Cu(d) 
CusMg -)- CusCa(d p), CutMg -F CuiCa -(- Cu(d) 
CuiCa(d p), CuiCa -|- CuAlg(d p) 
CusCa(d p), CusCa -f- Cu!Mg(d), CusMg -|- CaCu 
Cu,Mg(d p), CujMg + CuiCa(d), CuiMg -|- CaCu 
Cu2Mg(d p), CuiMg -I- MgjCu(d) 
CuAIg(d p), CujMg -(- CaCu, CaCu -)- MgjCa 
CuiCa(d p), CusCa -|- CaCu(d p), CaCu -|- CuJVlg(d p) 
CusCa(d), CusCa -|- CaCu(d) 
Cu2Mg(d p), CusMg -I- Mg2Cu(d p) 
Cu,Mg(d p), CusMg -I- Mg2Ca(d p), MgsCa -|- CaCu 
CaCu(d), CaCu -I- Mg.,Ca, Mg,Ca -I- CasCu 
CuiCa(p), Cu..Ca -)- CaCu(d p), CaCu -|- Cu,Mg(d p), CaCu -)- Mg!Ca(d) 
CujMg -I- Mg!Cu(d p), Cu,Mg -I- Mg,Ca(d) 
CaCu(d p), CaCu -)- Mg,Ca(d p) , MgiCa -(- CajCu(p) 
CaiCu(p), CaCu(d p) 
Cu,Mg(d p), CuiMg + CaCu(d p) , CaCu -|- Mg,Ca(d) 
CaiCu(p), CajCu -I- CaCu(d p), CajCu -(- MgsCa 
Mg!Cu(d p), Mg.Cu -I- MgiCa(d), Mg,Ca -|- CuJMg(d) 
Mg,Cu(d), MgiCu -I- Mg!Ca(d), Mg,Ca -|- Cu,Mg(d) 
Mg,Ca(d p), Mg.Ca -|- Cu,Mg(d p), Mg.Ca -I- CaCu(d) 
Mg,Ca(d p), MgiCa -)- Cu!Mg(d p), MgsCa -|- CaCu(d p) 
CaCu(d p), CaCu -|- Mg,Ca(d p), Mg,Ca -I- Ca!Cu(p) 
Ca!Cu(d), Ca,Cu -)- CaCu, CajCu -f- MgjCa, Ca,Cu -|- Mg,Ca -^• Ca 
Mg,Cu(d p) , MgjCu -(- MgjCa(d p), MgjCu -(- MgjCa -I- Mg(d) 
CaCu(p), CaCu -|- MgiCa(p), MgjCa -f- CaiCu(p) 
CajCu(p), CajCu -|- CaCu(d), Ca^Cu -(- Mg,Ca 
CaCu(d p), CaCu -|- Mg,Ca(d p), Mg,Ca -I- Ca;Cu(p) 
MgjCa(d p), MgiCa -|- Mg,Cu(d) 
Mg,Ca(d p), Mg.Ca -(- CaCu(( ip) , Mg,Ca -I- Ca.Cu(p) 
C a ( d p ) , Ca -I- CajCu(p) 
specimen not examined 
MgiCatd p), MgiCa -|- Mg,Cu(d) 
Mg,Ca(d p), Mg.Ca -|- Cu,Mg(d p), Mg,Ca -)- CaCu(d p) 
Ca(p), Ca -I- Ca,Cu(p), Ca -I- Ca.,Cu -(- Mg.Ca 
Mg(d p), Mg -I- Mg,Ca(d p) , Mg -I- Mg.Ca -|- Mg,Cu(d) 
Mg!Ca(d p), MgjCa -|- Mg,Cu(d p), MgjCa -I- MgjCu -|- Mg(d) 
MgiCa(d p), MgiCa -f Ca(p), MgjCa -|- Ca -f Ca,Cu(p) 
Ca(d p), Ca 4- CaiCu, Ca -(- Ca.Cu -|- Mg,Ca 

Metallographic techniques identified all of the listed phases and reactions; the observations were supported by X-ray diffraction 
(d) and electron microprobe (p) methods. 

Four Class II type four-phase equilibria are found: 

L 4- Mg2Cu i=2 CuzMg -t- MgjCa 

L -H CusCa i=£ CujMg -)- CaCu 

L -(- CuiMg ?=! CaCu -(- Mg2Ca 

L 4- CaCu i=! CazCu -|- MgzCa 

rhe temperatures of these latter reactions were not de-
ermined. No Cla.ss III four-phase invariant reactions 
^ternary peritectics) were observed. 

The binary systems were not investigated per se; 
however, the results of this study necessitate revision 
of the tentative Ca-Cu binary diagram given by Han
sen and Anderko.'" A phase with the highly speculative 
stoichiometry of Ca4Cu was previously reported." The 
present microprobe results indicate that the actual 
stoichiometry is approximately Ca^Cu. In addition, a 

I" M. Ilau.scu, K. Anderko, "Constitution of Binary Alloys " 
|ip. 395, 401, and 504, Metlraw-llill, New York (1958). ' 

'• N. Baar, if. Anorg. Chem. 70, 377 (1911). 
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TABLE 1-6. DiFFEACTioN DATA or THE INTERMEDIATE 
PHASES CaCu ANU CaiCu (CuKa RADIATION) 

CaCu 

d(A} 

5.49 
4.49 
3.86 
2.858 
2.735 
2.305 
2.128 
1.939 
1.869 
1.682 
1.465 
1.434 
1.336 
1.305 
1.261 
1.234 
1.210 

/ 
60 
20 
60 
90 
80 

100 
90 
40 
40 
80 
50 
40 
40 
70 
80 
.30 
50 

CaiCu 

i(A) 

7.24 
5.63 
3.166 
3.112 
2.986 
2.811 
2.623 
2.586 
2.469 
2.333 

/ 
90 

70 
30 
40 
00 

100 
40 
60 
20 
80 

new phase has been discovered that has the stoichiom
etry CaCu. The existence of a compound of this com
position was previously assumed by Nowotny.^" This 
choice of stoichiometry is strengthened by the occur
rence ot the compound CaZn, which exhibits a similar 
powder pattern to CaCu.=' The d-spacings and relative 
intensities of the major lines associated with Ca2Cu 
and with CaCu are given in Table 1-6. Both Ca2Cu 
and CaCu are line compounds that melt congruently. 
Although the temperatures of the reactions in the 
CaCu binary were not determined, they may well be 
related to those given in Hansen and Anderko. Unfortu
nately, diflSculties in preparing oxide-free and nitride-
free melts precluded a careful investigation of the very 
calcium-rich alloys. 

The diagram shows that at 800°C (the proposed 
operating temperature for the pyrochemical process), 
roughly 80 at. % Ca can be added to the Cu-Mg eu
tectic alloy, and it will still remain completely liquid. 

(4) Activity Coefficient of Neptunium in Liquid 
Magnesium ( / . Johnson) 

The activity coefficient of neptunium in liquid mag
nesium has been computed from experimental data 
(see ANL-7425, p. 27) on the distribution of neptunium 
between a liquid MgCl2-NaCI-KCI salt mixture and 
various liquid Cd-Mg alloys. The distribution of nep
tunium between the molten ternary salt mixture and 
the liquid cadmium-magnesium alloy may be repre-

' "H . Nowotiiy, Z. Metallic. 34, 247 (1942). 
" A . F . Messing, M . D . Adams, R .K. Steunenberg, Transac

tions Quarterly 66, 345 (1963). 

sented by the equilibrium 

NpCl3(salt) -H 3.2Mg(alloy) <^ 

Np(alloy) -)- 3^MgCl2(salt) (1) 

The equilibrium constant relation may be used to de
rive the equation (see ANL-7125, p. 146 and ref. 22) 

In 7NP = In £» -h ?2 In ^M, + Vz In TM, + In K. (2) 
activity coeflScient of Np in liquid alloy 
A'JJPOIJA'NP (distribution coefficient) 
mole fraction NpCIs in the molten salt 
atom fraction Np in the liquid alloy 
atom fraction Mg in the liquid alloy 
activity coefficient of Mg in the liquid 

alloy 

Kn TNpCls/^MgCla 

thermodynamic (activity) equilibria con
stant for reaction 1 

activity coefficient of NpClj in the molten 
salt 

activity ot MgCl2 in the molten salt 
The procedure used to compute the activity coeffi

cient of neptunium in liquid magnesium utilizing Eq. 2 
has been reported.^^ Briefly, limiting values of the quan
tity In £> -f f2 In XMI are determined as X^g —> 0 and 
XM, ^-> 1, and these limiting values are then used to 
compute the activity coefficient using the equation 

In 7Np(Me) = [In D -f % In X M J Z M , - I 

where TNP 
D ' 

ANPCIS 

A N P 

A M K 

TMB 

K. 
K„ 

'^MgCl2 

[In Z» -I- % In XMJX„ .>O 

— % h i 7Ms(Cd) -i- In TNp(Cd) (3) 

where TNp(Me) and TNp<cd) are the activil^y coefficients 
of neptunium in dilute solutions of magnesium and 
cadmium and 7Mg{cd) is the activity coefficient of mag
nesium in an infinitely dilute solution of liquid cad
mium. 

The limiting values of In / ) + /^ In Xue were deter
mined by a graphical procedure (Fig. 1-17). Values of 
7Me(cd) were obtained from Hultgren's compilation,'̂ ^ 
and values of 7Np(cd) were computed from high-tem
perature galvanic cell data on the Np-Cd system (see 
AXL-7575, p. 27). Numerical details of the computa
tion are given in Table 1-7. 

No other data on the activity coefficient of neptunium 
in liquid magnesium have been reported. The large 
positive deviations from ideal behavior discovered in 
the present study suggest that the neptunium-mag-

" I. Johnson, J . B. Knighton, R. K. Steunenberg, Trans. 
TMS-AIME 23G, 1242 (1966). 

23 R. Hultgren, R. L. Orr, K. K. Kelley, Supplement io 
Selected Values of Thermodynamic Properties of Metals and 
Alloys, Cadmium-Magnesium System, Univ. of California, 
Berkeley, Calif. (1966). 
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308-2060 
FIG. 1-17. Dependence of In D -|- '2 In A M , on A M , for the 

Distribution of Neptunium Between 50 mol ',t MgCh-SO 
mol'^NaCl-20mol ^i KCl and Cadmium-Magnesium Alloys. 

nesium system should exhibit a litiuid-liquid miseibility 
gap. Another reason for expecting a miseibility gap in 
the neptunium-magnesium system is the existence of 
miseibility gaps in both the uranium-magnesium and 
plutonium-magnesium systems. 

The composition of the two liquid phases for the 
neptunium-magnesium system was estimated on the 
assumption that the concentration dependence of the 
activity coefficient of neptunium is similar to that of 
plutonium.-' At 6.50''C the neptunium content of the 
magnesium-rich phase is estimated to be 4.4 at. % 
(31 wt %) w-hile the neptunium-rich phase would con
tain only 0.02 wt % magne.sium. Thus, the mutual 
solubilities of liquid neptunium and magnesium are 
expected to be smaller than those observed in the 
plutonium-magnesium system, but much larger than 
those reported for the uranium-magnesium system.^' 

b. Molten Salt Systems 

The major separation processes of the pyrochemical 
process for FBR fuels involve the use of molten salts 
as reaction media. A study has been made of the role 
of the salt phase in the reduction of UO2. The reaction 
of PuOz with molten MgCb has been studied, and the 
solubility of calcium in molten CaCl2 has been meas
ured. 

(1) R e d u c t i o n of UO2 by M a g n e s i u m or Cal 
c ium Dissolved in Mol t en Chlor ides {R. A. 
Sharma, I. Johnson) 

A paper, "Study of the Reduction of UO2 by Magne
sium or Calcium Dissolved in Molten Chlorides" by 
Ram A. Sharma and Irving Johnson, has been pub
lished [Metallurgical Transactions 1, 291-297 (1970)]. 
The abstract of this paper is as follows; 

The reduction of solid UO2 to uranium by mag
nesium or calcium dissolved in their molten chlo
rides has been studied. The rate of reduction per 
unit area of UO2 surface, at constant temperature 
and concentration of reductant in the molten chlo
ride, was found to increase with time to a constant 
value. The rate of reduction per unit area was ob
served to be proportional to the concentration of 
reductant in the molten salt. The small increase 
observed in the reaction rate over the temperature 
range 750-850°C suggests that the reduction is 
controlled by transport of the reductant to the 
reaction site. 

Solidified salt, containing UO2 pellets which 
had been partially reduced, was sectioned, pol
ished, and examined microscopically. The prod
ucts of the reduction reaction form concentric 
layers around the UO2 pellets. Layers of metallic 
uranium and oxide containing small amounts of 
dispersed salt alternated with layers of salt con
taining small amounts of metallic uranium and 
oxide. The layers were ruptured, presumably be
cause the volume of the products (uranium and 
oxide) is greater than the volume of the UO2. 
Therefore, an impervious layer did not form on 
the oxide surface to inhibit the reduction reac
tion. 

(2) Reac t ion of PuOj wi th M o l t e n M g C h {D. 
A. Wenz, I. Johnson) 

In a study of the solubility of oxides in molten salts 
(ANL-7375, p. 30), it was found that PuOa is much 

T A B L E 1-7. CoMCtlTATION OF THE AcTIVITV CoiCFFICI K-NT 
OF N K P T C N I U M D I S S O L V K I ) I N L I Q U I D M A G N K S I U M F U O M 

DisTRi i iuTioN D A T A 

" W . Knoch, J . B. Knighton, R. K. Steunenberg, Sympo
sium on Reprocessing of Nuclear Fuels, P. Chiotti, Kd., USAl;C 
CONF-«!X)801, pp. M5-54fi (19B9). 

" P. Chiotti, H . K . .Shoemaker, Ind. Eng. Chem. 60, 137-140 
(19.58). 

(In Z) -^ % In . Y » , | i „ , . , 
|lu D -\-H In A».!;v„,-, 
H In 7"„,„-,„ (lief. 25) 
In 7N„(c,i> (ANL-7.W5, p 
In TNpiMgl 
fNp(M,) 

27) 

Temp 

6S0°C 

-4 .526 
-0 .700 
-3 .271 
-3 .946 

3.150 
23.3 

700°C 

-4 .170 
-0 .525 
-3 .084 
-3 .934 

2.775 
10,0 
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TABLE 1-8. SOLUBILITY OF CALCIUM IN LIOUID CaCb IN 

EQUILIBRIUM WITH LIQUID Ca-Cn ALLOYS 

Calcium 
(atom 

Ca-Cu Alloy 

0.30 
0.43 
0.55 
0.63 
0.70 
0.70 
1.00 

Mol % Calcium in CaCl. 

800°C 

0.203 
0.576 
0.820 
1.66 
1.737 
1.796 
2.142 

(2.45 at 830°C) 

850°C 

0.335 
0.024 
1.078 
1.926 
2.061 
2,322 
2.748 

900°C 

0.668 

3.257 

925 C 

0.473 

0.69 
1.647 
2.33 
2.435 
2.801 
3.466 

(3.598 at 940°C) 

more soluble than UO2 in molten salts that contain 
MgCl2. A more detailed study, described in a brief 
communication,^' showed that the reaction describing 
PuOo dissolution in molten MgCk salts may be written 

PuOo -I- MgClj -^ PuOCI -I- MgO -I- '/2CI2 

The reaction is very slow and incomplete when per
formed in fused silica equipment, but is rapid in tan
talum equipment. Tantalum reacts with the evolved 
chlorine and therefore provides more thermodynamic 
driving force for the reaction. It was also shown that 
lead or zinc provide a chloride sink. 

(3) Solubilitv of Calcium Meta l in Mol ten CaClz 
(R. A. Sharma) 

The reduction of UO2 under the conditions employed 
in the pyrochemical process has been shown to occur 
by a mechanism that involves the transport of the re
ductant metal (calcium) from the reductant alloy 
(Cu-Mg-Ca) through the reductant salt (CaCl2-CaF2) 
to the surface of the UO2 pellet. Thus, the rate of re
duction may be expected to depend upon the solu
bility of calcium in the molten salt. The calcium con
tent of liquid CaCU in equilibrium with liquid Ca-Cu 
alloys has been measured as a function of the calcium 
concentration in the alloy and the temperature. 

The experimental procedure has been described in 
connection with a study of the solubility of magnesium 
in molten MgCla.^' Briefly, a liquid Ca-Cu alloy of 
known composition and molten anhydrous CaCl2 were 
held in a tantalum crucible at a desired temperature 
(800, 8.50, 900, or 925°C) until equilibrium was estab
lished. Filtered samples of the salt were taken using 
tantalum samplers. When the calcium content of suc-

" D. A, Wenz, I. Johnson, Inorg. Nucl. Chem. Lett 4 735 
(1968), 

" M . Krumpell, J. Fi.scher, I. Johnson, .7. Phys Chem 72 
506 (1968), 

cessive samples indicated that the alloy and salt had 
come to equilibrium, the temperature was increased to 
the next value, and the equilibration and sampling pro
cedure repeated. Representative samples of the salt 
phase could not be obtained when a test temperature 
was approached from a higher value—as the tempera
ture was lowered, the calcium metal that precipitated 
from the molten CaCl2 apparently did not settle readily 
and was not separated from the salt by the filter in 
the tantalum sampler. 

The metallic calcium content of the molten salt was 
computed from the quantity of hydrogen liberated 
when the salt samples were dissolved in 1 Af HCl. Hy
drogen was determined by gas chromatography. The 
calcium solubilities at several temperatures and alloy 
compositions are given in Table 1-8. 

Several mechanisms have been suggested for the 
dissolution of alkaline earth metals in their chlorides; 
the two more plausible may be expressed by the equa
tions 

Ca -I- CaCl2 = 2CaCl 

Ca -t- CaCls = CajCU 

(1) 

(2) 

i.e., the formation of a subchloride (CaCl) or the dia
tomic cation (Caa ). In the present case, since a cal
cium-copper alloy was used, the dependence of the 
metallic calcium content of the CaCls on the calcium 
activity in the alloy may be used to determine which 
of the two equations best fits the data. If dissolution is 
by Reaction 1, the solubility of calcium in the salt is 
proportional to the square root of the calcium activity 
in the alloy 

^CaCCaCla) = (-^1 aCaCl2) ^ a (3) 

The solubility is directly proportional to the calcium 
activity in the alloy if dissolution is by the second reac
tion 

3^Ca(CaCl2> — K2 O c a C l j ^ a (4) 

where K, and if2 are the thermodynamic eiiuilibriura 
constants for Reactions 1 and 2, respectively; Occi, ^ 
the activity of CaCl2 in the molten salt (approximately 
unity); and Oc is the activity of calcium in the molten 
alloy. A plot of the solubility of calcium in CaClz vs. 
the activity of calcium in the alloy at 925°C is shown 
in Fig. 1-18. The values of the activity of calcium in the 
Ca-Cu alloys were estimated from the values of the 
activity of calcium in Ca-Zn alloys since no experi
mental data for the Ca-Cu .system have been reported. 
I t is seen that the data are in agreement with Eq. 3. 
Thus the dissolution of calcium in CaCIj probably oc
curs by the first reaction. 
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308-2159 
FIG. 1-18. Calcium Content of Liquid C a d s in Equilihrium 

with Ca-Cu Alloys at 925°C. 

c Radiolysis of MgClo-NaCl-KCI (M. Krumpelt, J. 
Heiberger) 

Ionic salts are known to be considerably more radi
ation resistant than covalently bonded substances. 
This higher radiation resistance was one reason for the 
development of pyrochemical fuel reprocessing 
schemes. In the salt-transport process (ANL-7575, p. 
29), the solvent salts would not only be exposed to in
tense irradiation during the reprocessing operation, but 
would, after solidification, also serve as a storage me
dium for fission products. The integrated absorbed dose 
from fission products could reach very high levels in 
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FIG. 1-20. Metal and Chlorine Content in Irradiated 
MgCIa-NaCl-KCl. 

the stored waste salt, and it was of interest to investi
gate whether a release of chlorine could result from 
the high exposure. 

A salt waste stream (MgClo-SO mol % NaCl-20 mol 
% KCl-3 mol % MgF2) that contains the rare earth 
fission products is estimated to absorb 10^^ eV g~^ 
hr~^ of beta and gamma energy during the early 
storage period. To evaluate the effects of high radia
tion fluxes, a MgCl2-30 mol % NaCl-20 mol % KCl 
salt was irradiated in the cobalt-60 cave of Argonne's 
Chemistry Division for a total of 236 hr. The appara
tus, schematically shown in Fig. 1-19, was fabricated 
of nickel and nickel alloys that were chlorinated prior 
to the experiment. The Inconel autoclave had a Con-
flat-^ flange and a copper gasket. About 100 g of 
purified salt, with a particle size ranging from 0,25 to 
0.59 mm, was irradiated in turn at 28, 58, and 150°C. 
The dose rate was 3.6 X 10-" eV g-» hr-^ for the 28 
and 58°C irradiations and 1.3 X 10-" for the 150°C 
irradiation. The apparatus was occasionally flushed 
with helium, which was passed through K l absorbers 
to trap any released chlorine. The salt was periodically 
sampled and analyzed for metal and elemental chlo
rine. The hydrolysis apparatus used for metal analysis 
has been described.^^ Chlorine was determined by dis
solving a sample in a 4% K l solution and titrating the 
liberated iodine with thiosulfate. 

Metal and chlorine concentrations in the salt sam
ples, plotted against absorbed dose, are given in Fig. 
1-20. Chlorine and metal concentrations are of the same 

308-21G0 
FIG. 1-19, RadiolysiH Apparatus. 

'*W. R. Wheeler, Trans. Tenth American Vacuum Sorieti/ 
Symp., p. 103, Macmillan Corp., New York (1963). 

*" M. Krumpelt, J. Fischer, I. Johnson, J. Phys. Chem. 72, 
506 (1968). 
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order. Radiolysis increased linearly with absorbed dose 
at each temperature. Yields for chlorine formation are 

r/o,,(2s°C) 

fioi,(150°C) 

.5 X IO-" 

4 X I0- ' 

Surprisingly, the yields were highest at 150°C. Chlo
rine in the salt was not released from the crystals. No 

chlorine was detected in the flushing gas, even after 
uninterrupted irradiation of 70 hr at 150°C. I t was also 
found that six weeks after the final irradiation, the 
levels of elemental chlorine and metal in the salt were 
unchanged. Since the small grain size of the salt would 
have been expected to favor chlorine release, it may be 
concluded from the results that there is no danger of 
chlorine release from stored waste salt. 

B. FLUroiZATION A N D VOLATILITY PROCESSING (A. A. Jonke) 

Fluidization and fluoride volatility studies conducted 
in the Chemical Engineering Division have made sig
nificant contributions to the technology of nuclear fuel 
cycles. The basis for the fluoride volatility processing 
method is the reaction of fluorinating agents with fuel 
materials in fluid-bed systems to produce the volatile 
hexafluorides of uranium and plutonium, which are 
separalile from nonvolatile fission product compounds. 
Since volatile fluorides of certain fission product ele
ments accompany UFc and PuFe, additional separation 
procedures ai-e necessary to produce purified products. 

Laboratory investigations during the report period 
concerned (II a method for the separation of uranium 
from plutonium in the fluorination step of the fluoride 
volatility process for oxidic FBR fuel, (2) the identifi
cation ot ruthenium fiuoride species in product streams 
from an oxyfluorination step, (3) the sorption of ru
thenium fluorides in cold traps, (4) the reaction of 
PuFe with LiF, and (5) the synthesis of PuFe by 

ultra^•ioIet irradiation of the system solid PuF4-gaseous 
fluorine. 

The conclusions of conceptual design studies of a 
large fluoride volatility plant for processing FBR fuels 
are reported, as are the results of supporting studies on 
pulsed beds; a continuous-feed, two-stage slab fluid-
bed reactor; dense-phase transport of granular solids; 
and heat transfer from a heated surface to a fluidized 
bed. 

The results of the conceptual design and evaluation 
study indicate that fiuoride volatility methods have 
good potential for application to LMFBR fuels. How
ever, owing to a decision by the AEC to emphasize the 
development of aqueous reprocessing methods for this 
application, the program on fluoride volatility process 
develojiment is being terminated. Work will continue 
on the application of fluidization technology to other 
portions of the fast breeder reactor fuel cycle. 

1. Laboratory Investigations (M. ./. Steindler) 

a. Fluorination of UOj-PuO^-Fission Product Pel
lets in a 2-in. Dia Fluid-Bed Reactor (L. J. 
Anastasia, D. Raue, M. Haas, R. V. Kinzler) 

A 2-in. dia fluid-bed reactor'" was used to study the 
fluorination of uranium and plutonium from simulated 
discharged reactor fuels containing nonradioactive fls-
sion products corresponding to burnups of 10,000 
MWd/metric ton for LWR fuels and 100,000 MWd/ 
metric ton for FBR fuels. In these studies, the UO2-
PuOa fuel was usually flrst oxidized to UsOs-PuOj 
fines with oxygen. Uranium was then fluorinated to the 

»L. Anastasia, P. Alfredson, M. Steindler, G. Redding, J. 
Rilia, M. Haas. "Laboratory Investigations in Support of' 
Hind-Bed Fluoride Volatility Processes. Part XVI. The Fluo
rination of TTOrPuOj-Fission-product Oxide Pellets with Flu
orine in a 2-inch-diameter Fluid-Bed Reactor," ANL-7.'!72 

volatile hexafluoride with BrFs or dilute fluorine, and 
plutonium was subsequently fluorinated to the vola
tile hexafluoride with concentrated fluorine at tem
peratures of 300 to 550°C. 

Experiments with simulated LWR fuels. The work 
with LWR fuels, in which BrFs and fluorine were used 
as fluorinating agents,^'-' ' showed that BrFs can fluo-

" L. J. Anastasia, P. G. Alfredson, M. J. Steindler, "Flu
idized-Bed Fluorination of UOj-PuOj-Fission Product Pellets 
with BrFs and Fluorine. Part I. The Fluorination of Uranium, 
Neptunium, and Plutonium," Nucl. Appl. Technol. 7(6), 425 
(1969). 

=̂ L. J. Anastasia, P. G. Alfredson, M. J. Steindler, "Flu
idized-Bed Fluorination of UOi-PuOj-Fission Product Pellets 
with B r F , and Fluorine. Part I I . Process Considerations," 
A'i(i7. Appl. Technol. 7(5), 43.'! (1%9,. 

" M . J. Steindler, L. J. Anastasia, L. E. Trevorrow, A. A. 
Chilenskas, "Laboratory Development, of the Fluoride Vola-
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TABLE 1-9. OpKR.\TiNa CONDITIONS FOK KXPKUIMKNTS WITH SIMULATKIJ FAST BHKKDKU HKACTOU FIIICLS, HUNS FF-Bl TO FF-Iid 

Kqnipmeut: 'i-iii. dia fluid-bed reactor 
Diluent gas: nilrosen 
Reactor pressure; 880 Io 1880 mm llg 
Alumina bed: 1100 g Alcoa T-fil alumina, - 4 0 +170 mesh 
Bed support: 150 g •i-iti. to 8-mesh alumina chips and one 0.5-in, dia HIUIIILIIII liall 
Charge: 050 g UOi-20 wt % Pu()2 ( -325 mesh) 

(19 g figsi(ui product oxide mixture 
0.75 gNpOs 

Oxidation with 20 vol ''c 0 , . 450°C 
Cumulative process time, hr 
Superficial gas velocity, ft/sec^ 

Fluorinaliun with 8 to 20 vol % F,, ' ' 350°C 
Cumulative process time, hr 
Superficial gas velocity, ft/sec 
Diluent gas 

Recycle-fluorinatiou with 90 vol % Fi 
Cumulative process time, hr 
Superficial gas velocit.v, ft/sec 
Cumulative time (hr) at 400°C 

500°C 
5oO°C 

FF-Bl 

— 
— 

0-3 
0.7 
N , 

3-11 
0.6 

3-7 
7-11 

FF-B2 

— 
~ 

0-3 
0,7 
N i 

3-11 
0.4 
3-7 

7-11 

FF-B3 

— 
— 

0-3 
0.6 

' 
3-11 
0,4 

3-7 
7-U 

FF-B4 

0-4 
0.8 

4-7 
0,7 
(h 

7-15 
0,4 

7-11 
11-15 

FF-BS 

0 ^ 
0.8 

4-7 
0.7 
0 , 

7-15 
0.4 
7-11 

11-15 

FF-B6 

0-4 
0.7 

4-7 
0.6 
Oi 

7-15 
0,4 
7-11 

11-15 

' Calculated for operating temperature and pressure. 
- 8 vol Cf F , for the first 0.5 hr, 20 vol '.i Fi thereafter. 
• '20 vol % F I , 20 vol C;, O,, and 60 vol % Ni used for this fluorination step. 

rinate more than 99% of the uranium at high rates un
der controlled conditions and with an acceptable utili
zation of BrFo. The BrFj fluorination provides a 
preliminary separation of uranium from plutonium, 
and then plutonium is recovered in a subsequent fluo
rination step with concentrated fluorine. Volatile NpFe 
forms in both fluorination steps, and the neptunium 
distributes about equally between the UFe and PuFa 
products. Fluorination conditions with BrFs and fluo
rine aff'ect the residual plutonium concentrations in the 
bed; if the BrFs step is carried out at 250 to 350°C and 
if the temperature in the subsequent fluorine step is 
gradually increased from 300°C to 550°C, then resid
ual plutonium in the fluidized bed following processing 
of a single batch of fuel is routinely held to 3% or less 
of the plutonium charged. Reuse of the alumina bed to 
process three batches of fuel reduces the plutonium loss 
to less than 1% of the plutonium charged. 

Experiments with simulated FBR fuels. Initial 
scoping experiments simulating the processing of fast 
reactor fuels (UO2-2O wt % PuOa) by fluoride volatil
ity methods consisted of a fractional factorial series of 
five experiments fANL-757.5, p. 491. Each experiment 
consisted of an oxidation step, followed by fluorination 
of rno.st of the uranium with dilute fluorine and then 
fluorination (recycle-fluorination) of the plutonium 
with 90 vol % fluorine. In these tests the eff'ects on 

lility Process for Oxidic Nuclear Fuels," Symposium on Kc-
proeessinK of Nuclear Fuels, Ames, Iowa, 1969, USAKC report 
CONF-690S01, 

]ilutonium in the final fluidized bed were determined 
for two levels of fuel-to-alumina ratio (0.3 and 0.6), 
two fluorination temperatures with 10 vol % F2 (350 
and 450°C), and two recycle-fluorination sequences 
(10 and 20 hr). Results indicated that the fraction of 
plutonium remaining in the final bed is increased by 
(1) using a fuel-to-aluniina ratio of 0.6 rather than 0.3, 
(2) fluorinating with dilute fluorine at 450°C rather 
than at 3o0°(?, and (3) using a 10-br recycle-fluorina
tion sequence rather than a 20-hr sequence. 

A second set of statistically designed fluorination ex
periments. Runs FF-Bl to FF-B6, was completed for 
two conditions of each of the following variables: (1) 
oxidation of the UO2-2O wt % PuOo fuel (yes or no), 
(2) recycle-fluorination sequence (4 hr at 400°C and 
4 hr at 550°C, or 4 hr at 500°C and 4 hr at 550°C), and 
(3) a slow or rapid increase in fluorine concentration 
during the first hour of recycle-fluorination. The fluo
rination steps consisted of (1) fluorination of the oxi
dized fuel or alternatively the as-charged fuel with 8 
to 20 vol % F2 at 350°C to remove uranium and (2) the 
recycle-fluorination step with 90 vol % Fo to remove 
plutonium. The charge for each experiment was 650 g 
of 20 wt % PUO2-UO2 powder, 1100 g of - 4 0 4-170 
mesh alumina, 69 g of nonradioactive fission product 
oxides simulating a burnup of 100,000 MWd/metric 
ton, and 0.75 g Np02. The operating conditions for 
these experiments are summarized in Table 1-9, and 
the experimental design and results are given in Table 
1-10. Ill Run FF-B3 (with no oxidation step), the fuel 
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TABLE I-IO. ExpEiiiMENTAi. DF.SIGN AND RESULTS FOK FLUORIDE VOLATILITY PROCESSING o r SIMULATED 

FAST REACTOR FUELS 

Fuel/AliOj: 0.6 
Initial fluorination: 8-20 vol % F , at 350°C for 3 hr 

Variables: 
Oxidation Step' 

-)-: Yes, 20 vo] % O,, 4 hr, 450°C 
- : No oxidation step 

Initial Temperature of Recycle-Fluorination 
-)-: 4 hr at 500°C and 4 hr at 550°C 
- : 4 hr at 400°C and 4 hr at 550''C 

Fluorine Buildup for Recycle-Fluorination 
-(-: Increase to 90 vol % as quickly as possible (—35 min) 
- : Increase to 90 vol % in 1 hr 

Run 

FF-Bl 
FF-B2 
FF-B3' 
FF-B4 
FF-B5 
FF-B6 

Variables 

Oxidation 

_ 
-
-
4-
4-

1 

Initial 
Fluorination 
Temperature 

-1-
-
-1-
4-

-
epeat of FF-B 

Buildup 

-\-
-
-
-
-1-

5 

Wt % Pu in Final Bed Samples 

Sample 

0.19 
0.16 

(0.10)' 
0.20 
0.09 
0.10 

Riffled 
Sample 

0.21 
0.16 

(0.18)' 
0.20 
0.18 
0.11 

Percent of Pu Charge in Final Bed'' 

Fluidized 
Sample 

1.9 
1.6 

(1.0) ' 
2.1 
0.9 
1.0 

Riffled 
Sample 

2.2 
1.6 

(1.8)' 
2.0 
1.8 
1.1 

' When an oxidation step was used, the uranium was first fluorinated with 8-20 vol < ^ Fa in oxygen (Runs FF-B4, -B5, and -B6); 
in two of the runs in which oxidation was omitted (FF-Bl and FF-B2), the diluent gas for the uranium fluorination step was ni
trogen. 

^ Based on wt (c Pu in sample. Bed was assumed to contain 1100 g AlaOa and 87 g fission product fluorides. 
Uranium was fluorinated with 20 vol ';r F2, 20 vol % Q2 and 60 vol "/(. N2; a bed cake developed, and this run was omitted from 
the statistical ev,aluation. 

was initially fluorinated with 20 vol % F2, 20 vol % 
O2, and 60 vol % No to remove uranium. Two agglom
erates (46 and 195 g) were recovered from the reactor 
after Run FF-B3; therefore, this run was omitted from 
the statistical evaluation of the experiments. In the 

308-2162 

FIG. 1-21. Plutonium in Fluidized Bed in Replicate Ex
periments Following Oxidation for 4 hr at 450°C. 

subsequent experiments, FF-B4 to FF-B6, an oxida
tion step was used before fluorination of the bulk of 
the uranium; fluorination was with 8 to 20 vol % r2 in 
oxygen. Oxygen rather than nitrogen was used as dil
uent in the uranium fluorination step of these experi
ments to simulate the proposed flowsheet for fast re
actor fuels (ANL-7575, p. 70). 

Results and discussion. The results listed in Table 
I-IO were obtained from two samples of the final fluid
ized bed; one sample was obtained while the bed was 
fluidized in the reactor, and the other was a riflied 
sample of the final bed after it had been dumped from 
the reactor. The statistical results indicate that the plu
tonium content of the final bed can be reduced by using 
an oxidation step, by increasing the fluorine concentra
tion quickly at the start ot the recycle-fluorination 
step, and by using 400°C rather than 500°C as the ini
tial recycle-fluorination temperature. 

The two replicate experiments. Runs FF-B5 and 
FF-B6, demonstrated that operating conditions can be 
chosen that will reduce residual plutonium in the fluid
ized bed to 1% or less of the charge; plutonium con
centrations in the fluidized bed throughout these two 
experiments were in excellent agreement, as shown in 
FigI-2I. 
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TllkflE. hr 

308-18C6 
Fit ; . 1-22. Plutonium Fluorination from Fluidized Bed 

at 400°C. 

The highest rates for plutonium fluorination were 
observed during the initial period of recycle-fluorina
tion. The reaction appears to follow the diminishing-
sphere model during this period, as shown by the 
curves in Fig. 1-22 for Runs FF-B2, -B5, and -B6. 
Rate constants calculated for the reaction for the cur
rent experiments and for ]>revious experiments (ANL-
7575, p. 54) are shown in Fig. 1-23 as a function of 
temperature. The slope of the least-squares fit for these 
data gives an apparent activation energj' of 8.6 kcal/ 
mol for the fluorination of PuF4 with fluorine, which is 
in good agreement with literature values'*"^" of 8.7 to 
15,o kcal/mol for the temperature range 170 to .500°C. 

-\s shown in Table I - l l . the production rates for 
PUFB are not materially lowered when recycle-fluorina
tion is started at the lower temperature. The average 
rate of production for PuF„ at 400°C was 2.2 lb/ 
(hr)(ft=) with the reactor operated at an average of 
53'; of equilibrium for the reaction PuF4(s) + 
Y-Ag) sa PuF6(g). At oOO°C the average PuFo pro
duction rate was 2.4 lb PuF6/(hr) (ft=) at only 28% of 
equilibrium. 

Distribution of actinides and selected fission 
products. In the initial set of experiments, Runs 
FF-Al to FF-A5 (ANL-7575, p. 53), separation of 

" li. Geudrc, "Preparation de L'Hcxafluoride de Pluto

nium," CEA-2162 (1962). 
" ( 1 . Vandcnbiiaschc, "Kinetic Study of the Fluoriiialion 

Ijy Fluorine of .Some Compounds of Uranium .•ind Pliiloiiium," 
CI :A-1{-2859 (1964), 

'* "Chemical ICngineering Oivisimi Summary Report July, 
August, September, 19.58," ANL-5!I24, p, 32, 

308-18(17 
FIC, 1-23, Effect of Temperature on Plutonium Fluorina

tion Rate Constants During Initial Recycle-Fluorination 
Period, 

uranium from plutonium during the fluorination step 
with dilute fluorine was demonstrated. Similar results 
were obtained for the second set of experiments as de
termined from the uranium and plutonium in two NaF 
jiroduct-collection traps. The U/Pu ratio in the product 
traps was 43 to 81 (Table 1-121, compared with a 
U/Pu ratio of 4 in the fuel charge. In the replicate 
experiments, FF-B5 and FF-B6, high U/Pu ratios in 
the first traft (5280 and 3700, respectively) were ob
served by switching product collection from the first 
to the second NaF trap when fluorine appeared in the 
off-gas, indicating that most of the uranium had been 
fluorinated. (In previous experiments, no fluorine was 
detected in the off-gas when the traps were switched 
after one hour of fluorination.) The U/Pu ratios in the 
second NaF trap were 8 and 5 for FF-B5 and FF-B6, 
respectively, indicating that more pluntonium fluori-
nates during the dilute fluorination step when excess 

T.\BLi; I - l l . PiioDUCTioN RATES FOR P U F S IHIRINO INITIAL 

U]:cvcLE-Fi.noRiNA']ioN Pi;HHni 

Run 

F F H l 
FF-B2 
FF-H4 
FF-1)5 
FK-Hli 

Temp. (°C) 

500 
400 
.500 
400 
400 

PuFe Production 
ilb/(hr)(ft')l 

2.3 
2.0 
2.5 
2.4 
2,2 

Reaction 
Equilit)rium" 

23.1 
46.5 
33.7 
61.1 
52.6 

' IJased oil the reaclicui lenii)eralnr(', the leacliim PuF4(s) -f 
Fs{g) ri PuFfl(g), and llic fluorine How rate. 



48 
/ . Fuel Cycle Technology 

TABLE 1-12. CONTENTS OF NaF PRODUCT TRAPS AFTER 3 

HR OF REACTION WITH DILUTE FLUORINE AT 350°C (NaF 

TRAP TEMPERATURE: 100°C) 

Run 

F F - B l ' 
FF-B2' 
FF-B4i>- ' 
FF-B5'- '' 
FF-B6'. " 

Percent of Quantity Charged* 

Mo 

55 
92 
56 
36 
40 

Ru 

9 
2 
5 

17 
~17 

Np 

2 
12 
8 
9 

20 

U 

67.6 
108.9 
64.6 
69.9 
04.0 

Pu 

5.9 
10.1 
3.2 
5.9 
5.8 

U/Pu 
(g/g) 

45 

43 
81 
47 
44 

» Total found in two traps, 
' Trap 1 was used 1 hr and trap 2 for subsequent 2 hr, 
" Only the bottom half of each trap was sampled, 
•" Trap 1 was used until F , appeared in off-gas (~1,5 hr) and 

trap 2 thereafter, 

fluorine is present in the reactor. As shown in Table 
1-13, about 1.7% of the uranium charged was found in 
NaF traps used for collection of the PuFe product. 

Tables 1-12 and 1-13 indicate that most of the molyb
denum was fluorinated during the dilute fluorination 
step and that ruthenium and neptunium were fluori
nated during both fluorination steps. The data for ru
thenium should be interpreted in relation to the results 
of previous laboratory, hot-cave, and 2-in. dia fluid-
bed tests that showed some ruthenium passing through 
NaF traps at 100 and 400°C (e.g., see Table 1-13 of 
this report; ANL-7375, p. 89; and ANL-7425, pp. 47 
and 59). 

The uranium, ruthenium, neptunium, and fluorine 
contents for the flnal fluidized beds are shown in Table 
1-14. The variables had no signiflcant effect upon the 
uranium, neptunium, and ruthenium contents of the 
final beds. The neptunium content of the final beds was 
less than 5% of the neptunium charged in three runs; 

TABLE 1-13. CONTENTS OF NaF PRODUCT TRAPS USED 

DURING RECYCLE-FLUORINATION STEP 

Trap temperature: 100°C 
Traps 1 and 2 used in series 
Gas-inlet half of each trap sampled 

Run 

FF-Bl 
FF-B2 
FF-B4 
FF-B5 
FF-B6 

Percent of Quantity Charged 

Trap 1 

U 

1,7 
1,6 
1,5 
1,7 
1,7 

Pu 

67,0 
73,4 
56,0 
64,8 
72,1 

Mo 

3 
8 
4 
3 
7 

Ru 

4 
1 
2 
5 

<4 

Np 

25 
20 
16 
b 

24 

Trap 2 

U 

0,001 
0,006 

— 
— 
— 

PU 

0,0006 
0,006 

— 
— 
— 

Mo 

<0,01 
0,2 
a 

. 
• 

Ru 

3 
0 8 

_ 
_ 
-

Np 

0 S 
n 6 

-

however, in Runs FF-B5 and FF-B6, more complete 
analytical results indicate that only 1 to 2% of the 
neptunium charged remained in the final bed. Uranium 
in the flnal beds averaged less than 0.1% of that 
charged, while residual ruthenium ranged from 5 to 
18% of that charged. The conversion of AI2O3 to AIF3 
ranged from 6.9 to 10.3%, and was calculated from the 
fluoride content of the bed by making an allowance 
for the presence of fission products and actinides in 
the bed. 

The average quantity of fines recovered by rapping 
and brushing the walls of the reactor after a run was 
24 g; the fines contained 8.8 wt % U and 23.8 wt % Pu; 
fines recovered from the filter averaged 11 g and con
tained 25.4 wt % U and 22.7 wt % Pu. These results 
correspond to a recovery of 35 g of fines per run, which 
contained 1% of the uranium and 7% of the plutonium 
charged to the reactor. 

b. Fission Product Chemistry (E. Rudzitis, J. Kin-
cinas, D. Steidl) 

A conceptual fluoride volatility process (ANL-7575, 
pp. 68-71) includes a step in which uranium is vola
tilized by the reaction of powdered fuel oxide with an 
oxygen-fluorine mixture at 350°C. The question was 
raised of how fission products behave in oxygen-fluo
rine mixtures, since oxidation may compete with fluo
rination. Of particular interest are the fluorides of the 
nominally volatile fission products: Nb, Mo, Tc, Ru, 
Sb, Te, I2, and Xe and their stable oxides (which may 
form by interaction of the elements with the UO2 ma
trix). 

A critical survey of the literature and an evaluation 
of chemical and physical properties of the fluorides 
and oxyfluorides suggested that oxyfluorination at ele
vated temperatures would yield M0OF4, TcOFi, and 
IOF5 in addition to the binary fluorides. If catalyti-
cally active Ni-NiF2 is available, XeF^, a relatively 
nonvolatile product, might form by combination of Xe 
with F2. 

Experimental work to determine the products formed 
when selected fission products (as the element or ox
ide) were reacted with 10:1 O2-F2 proceeded in the 

' Not sampled, 
^ Not analyzed. 

TABLE 

Run 

FF-Bl 
FF-B2 
FF-B4 
FF-B5 
FF-B6 

1-14, CoMPosITIo^ 

Uranium 
(%of 

charge) 

0,10 
0,05 
0.04 
0.06 
0.04 

Ruthe
nium 
(%of 

charge) 

13 
10 
5 

18 
12 

OF FINAL FLUIDIZED BED 

Neptu
nium 
(%of 

charge) 

< 5 
< 5 
< 5 

2 
1 

Fluorine 
(wt %) 

9.5 
12.2 
9.6 

12.6 
11.4 

A1,0. 
Converted 

to AlF, 

(%) 
6.9 

10.3 
7.1 

10,3 
9.1 
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following stages: (1) exploratory experimentation with 
provision for visual observation of the products; (2) 
thermogravimetric experiments with powdered sam
ples to determine reaction temperatures and reaction 
rates at specified temperatures and to examine inter
mediate and final reaction products; (3) special inves
tigations of Ru and Ru02. 

The results of the exploratory investigations are 
summarized in Table 1-15 and those of thermobalance 
experiments in Table 1-16. I t is evident from both ta
bles that in most cases a complex reaction takes place 
and that each of the fission product elements (or ox
ides) reacts differently, depending on the specific char
acter of the element-oxygen-fluorine system. If the 
product oxides or oxyfluorides are volatile (e.g., RUO4, 
MoOFi, IOF5), they are volatilized with the volatile 
binary fission product fluorides. The variation in ini
tial reaction temperatures (column 2, Table 1-16) in
dicates that the reactivities of different fission products 
differ widely. 

The investigation of ruthenium, which undergoes 
complex reactions, included the development of analyt
ical techniques for elemental analysis of ruthenium 
fluorides. These techniques were used to analyze the 
products of oxyfluorination experiments in which RUO2 
was reacted with a 10:1 oxygen-fluorine mixture at 
250°C and at 380°C. The fission products were col
lected in three weigbable traps at 0, —80, and — 183°C. 
Analysis of the trapped products for ruthenium and 
fluorine suggests the following mechanism in which 
RUO4 is a recurring intermediate and a, b, and c are 
numbers of molecules: 

1. (a-\-b) RuOj -f (O2-F2) 

2. bUuO, -^ bliuih -h O2 

/ a R u F s 
\bRuO, 

/ c R u F s 
'\(b - cjRuOi 

The formation of RUO4 appears to be catalyzed by 
fluorine. The formation of an unstable, volatile inter
mediate, Sb205, from antimony may be another in
stance of a fluorine-catalyzed reaction. The Sb206 
decomposes to Sb204, which was observed in the form 
of a fog inside the apparatus in thermobalance experi
ments. 

c. Decontamination of Plutonium Hexafluoride (J. 
G. Riha, L. E. Trevorrow) 

Separation by selective condensation. Recent ex
perimental studies of the separation of volatile fission 
product fluorides from PuFe have centered on PuFe-
ruthenium fluoride mixtures, since past experience 
showed that separation of ruthenium fluoride contami-

TABLE 1-15. RESULTS OF EXPLORATORY OxyFLUottiNATioN 

!:)XP10RIMENTS 

Reagent: 10:1 Oi-F, 
Temperature: -^350°C 

Reactant 

N B 

Nb.O,, 
M o 

MoO, 
R u 

RuOi 
Sb 
SbiOs 

Te 
TeO, 
h 
X e 

X e 

Product 

NbFs 

.-
MoOF, 
MoOF, 
RUFB 

RuO, (?) 
SbFil 
SbFs/ 

TeF,l 
T e F . / • 
lOFs 
X e F . 

— 

Remarks 

No siguifieant reaction 

Possibly MoOtF, 

Substantial decomposition to RuOj 

Fog formation (Sb,0»?) 

Transient low-volatility intermediate 

Ni helices in reactor 
AbOa in reactor; uo reaction 

nant might prove diflBcult. Early results caused atten
tion to be focussed on the operation in which ruthenium 
fluoride and plutonium fluoride were to be separated 
by (1) preferential condensation of ruthenium fluoride 
at —10°C and (2) condensation of most of the PuFe in 
cold traps at —78°C. At —10°C, the vapor pressure of 
pure PuFe is 7.89 Torr, which is greater than the par
tial pressure of PuFe in the effluent gas stream of the 
fluorination operation. The vapor pressure of RuFs at 
-10°C is 2.6 X 10-« Torr, suggesting that if all ru
thenium is in the form of RuFs, passage of the gases 

TABLE 1-16. RESULTS OF THERMOBALANCE EXPERIMENTS 

Reagent: 10:1 Oi-Fj 
• Flow rate : '-^100 cmVmin 

React
an t ' 

N b 

M o 

R u 

S b 

Te 
Ru02 

Temp' 
("C) 

270 

175 

300 

70 

25 

300 

Reaction 
Rates" 

315°C 

4.01 
7.34 

3.00 

4.14 

— 

355°C 

3.24 
6.48 

5.03 

3.55 

— 
7.12 

Intermediate 

N b ( I I I ) 0 , F , 
Mo,Oii(?) 

RuF, 

SbsO, plus 
unidentified 
phase 

None 
None 

Final 

NbFs 
MoOF, 
MoF . 
R u F . 
RuO, 
Sb ,0 , 

T e F , 
RuFs 
RuO, 

Relative 
Propor
tion (%) 
of Re

covered 
Product*' 

100 

78.5 
21.5 
68.8 
31.2 

100 

100 

44.5 
55.5 

• 1.01 ± 0.01 K of 300-350 mesh powder reiicted to approx. 20%. 
^ Initial reaction lemperature. 
' TemperatiirnH were kept within ±5°C of the nominal tem

peratures except that RuOi was reacted at 380°C. 
•^ Based on the weiKhta of cold-trap contents and relative vola

tilities. 

file:///bRuO
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RESIDUAL PuFe a F j ) 

308-2163 , „ , 
FIG 1-24. Sehematic Diagram of Apparatus for Heneh-

Scale Tests of Decontamination of Plutonium by a Series of 
Operations of the Fluoride Volatility Flowsheet. 

formed by fluorination of ruthcnium-plutonium mix
tures through a trap at -10°C should result in con
densation of nearly all of the ruthenium. 

The behavior of plutonium-ruthenium mixtures was 
tested in seven bench-scale experiments using equip
ment diagrammed in Fig. 1-24. The general procedure 
consisted of (1) fluorinating mixtures ot 200-400 mg of 
PuF4 and 15-20 mg of ruthenium metal (containing 
'""Ru to permit radiochemical analysis) in a reactor 
at 500°C, (2) transporting the resulting gaseous mix
ture by gas flow through a train of vessels, each simu
lating a process vessel and a corresponding process op
eration, and (3) determining the final distribution of 
plutonium and ruthenium in the cold traps and gas 
stream. 

Results presented in Table 1-17 indicate that al
though the amounts of ruthenium penetrating the traps 
at -10°C are small fractions of the total ruthenium 
charged to the fluorination reactor, they are neverthe
less several orders of magnitude greater than the theo
retical quantities calculated from the known vapor 
pressure of RuFs. This indicates that a ruthenium com
pound more volatile than RuF.-. was present. 

The quantities of ruthenium penetrating the cold 
traps at —78°C are of special interest, since at this 
temperature, the vapor pressures of ruthenium species 
are sufficiently low that a small quantity of any spe

cies forms a solid phase in the trap. Comparison ot the 
observed amounts ot ruthenium transpiring through 
the trap with the theoretical amounts calculated from 
the vapor pressures ot various ruthenium species (Ta
ble 1-17) could, therefore, identity the solid species in 
the trap. The agreement ot theoretical and observed 
moles of PuFe penetrating the - 7 8 ° C trap had shown 
that the trap efficiently condenses PuFe. 

For five ot the seven results in Table 1-17, the ob
served quantities ot ruthenium compound (s) transpired 
at -78°C have the same order ot magnitude as the 
quantities calculated tor RuOi. I t the RuOi is indeed 
formed, a source ot the oxygen must be identified. The 
formation of very small quantities of Ru04 might be 
explained by the presence ot traces ot moisture in the 
system or by the presence of an oxide film on the ru
thenium metal powder. 

The results ot the experiments listed in Table I-IV 
can be summarized as follows: (1) In the reaction of 
fluorine at 500°C with ruthenium metal, ruthenium 
metal-alumina mixtures, or ruthenium metal-PuF, 
mixtures, a small traction ot the total ruthenium 
charged to the system formed a compound more vola
tile than RuFs. (2) In five ot the seven experiments, 
the observed quantities ot ruthenium transpiring at 
-78°C had the same order of magnitude as the quan
tities calculated tor RuOi. (3) The volatility of ru
thenium compounds produced by fluorination ot ru
thenium in the presence of PUF4 or alumina does not 
differ consistently from the volatility ot ruthenium 
compounds produced by fluorination of ruthenium 
alone. 

Separation of PuFj by reaction witli lithium fluo
ride. In the proposed volatility flowsheet for processing 
LMFBR fuels, beds of LiF are used to remove PuFc 
from process gas streams. The reaction of PuFn with 
LiF is also potentially useful for decontamination of 
PuFe from volatile fission products such as ruthenium 
fluoride. Results ot previous experiments (ANL-7575, 
pp. 62-63) have indicated that at least two solid com-

TABLE 1-17. OBSKRVKD .\NO THEORETICAL QUANTITIES OF RUTHENIUM COMPOUNDS IN E X I T GASES FROM 

COLD TRAPS (FLUORINATION TEMPF.RATURE : 500°C) 

-10°C AND -78°C 

Material 
Fluorinated 

Ru-PuF, 
Ru-PuF* 
Rn powder 

only 
Ru-alnmina 
Ru-PuF, 
Ru powder 

Ru-PuF, 

Initial 
Moles 
of Ru 

17 X 10-' 
15 X 10-' 
14 X 10-' 

15 X 10-' 
17 X 10-' 
14 X 10-' 

10 X I0- ' 

Moles Transpired at — 10°C 

Ru(obs) 

1.3 X 10-' 
1.9 X 10-' 
2.4 X 10-' 

3.8 X 10-' 
2.0 X 10-' 
9.4 X 10-' 

5.8 X 10-' 

RuFsfth) 

3.7 X 10-> 
3.2 X 10-» 
3.7 X 10-» 

3.2 X 10-« 
3.2 X 10-" 
3.2 X 10-' 

3.2 X 10-= 

Ru(obs) 

1.7 X 10- ' 
2.7 X 10-' 
1.5 X 10-' 

2.B X 10-' 
4.8 X 10-' 
2.9 X 10-' 

1.6 X 10-' 

Moles Transpired at 

RuF.i(th) 

6.8 X 10-" 
6.3 X 10-" 
0.8 X 10-" 

6.3 X 10-" 
6.3 X 10-" 
6,3 X 10-" 

6.3 X 10-" 

RuF5(th) 

3.1 X 10- ' 
2.8 X 10- ' 
3.1 X 10- ' 

2.8 X 10- ' 
2.8 X 10- ' 
2.8 X 10- ' 

2.8 X 10- ' 

-78°C 

RuO.(th) 

1.1 X 10-' 
0.98 X 10-' 

1.1 X 10-' 

0.98 X 10-' 
0.98 X 10-' 
0.98 X 10-' 

0.98 X 10-' 

RuOF4(th) 

4.9 X 10-' 
4.6 X 10-' 
4.9 X 10-' 

4.6 X 10-' 
4.6 X 10-' 
4.6 X 10-' 

4.6 X 10-' 
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plexes ot plutonium(IV) corresponding to LiF/PuF4 
ratios ot 1:1 (LiPuFj) and 4:1 (LiiPuFj) can be 
formed by the reaction of PuFe and LiF. Recovery ot 
plutonium from the complexes is essential to keep proc
ess losses within acceptable limits. Therefore, addi
tional experimental work has been done to study the 
rate of PuFe volatilization from the complexes when 
they are reacted with fluorine. The effects ot tempera
ture, partial pressure ot fluorine, and partial pressure 
of PuFe on the rate ot PuFe volatilization are discussed 
in this report. 

The basic components ot the apparatus train were 
a boat reactor, a trap containing NaF to absorb ex
cess PuFe, and a trap containing alumina to absorb 
excess fluorine. The procedure consisted of passing re
actant gases over 40 to 280 mg ot a mixture of LiF and 
a complex contained in the boat antl then, after a reac
tion period, measuring the weight loss of the solid 
phase and mixing the solids before the succeeding reac
tion period. The fluorination of each sample was car
ried out in a series of successive reaction periods until 
the plutonium in the sample was nearly exhausted. 

In the reaction of a complex with pure fluorine (1 
atm) at various temperatures, a flow rate of 300 ml/ 
min (STP) was used since the reaction rate was found 
to be independent ot flow rates equal to or greater than 
300 ml,/min. The rates of fluorination observed were 
not suitably represented by models for which the rate 
of diminution ot an unreacted spherical core is eon-
trolled by (1) gas film diffusion, (2) diffusion through 
ash, or (3) chemical reaction.^' Rather, the data indi
cate that the reaction rate remained constant during 
the course ot the reaction even though the plutonium 
content of the sample decreased. Thus, the rate of the 
reaction might be described as zero order with respect 
to the concentration of PUF4 in the sohd phase; the 
data can be represented by the equation, FW„ = kt, 
where F is the fraction of PUF4 reacted after time t, TF„ 
is the initial weight ot PuFj in the complex, and k is 
the rate constant. 

When plutonium was initially present as LiPuFs, 
however, the fluorination rate underwent a sharp 
change at the point where the total composition of the 
remaining solid was Li4PuF8. Also, X-ray patterns 
analogous to X-ray patterns for the corresponding 
uranium complexes have shown that the solid com
pounds arc LiPuFs before the change in reaction rate 
and Li4PuF, after the change in reaction rate. Graphi
cal fitting ot the equation FW„ = kt to the data for the 
reaction ot LiPuF.r, with fluorine (1 atm) yielded the 
rate constants 1.36, 0.7, and 0.32 mg PuF4/min at 450, 
400, and 3.50°C, respectively. A similar fitting ot the 

data tor the reaction of Li4PuF8 with fluorine (1 atm) 
to the same equation yielded the rate constants 0.49, 
0.3, and 0.14 mg PuF4/min at 450, 400, and 350°C, re
spectively. Graphical fitting ot the Arrhenius equation 
to the data yielded activation energies of 12 kcal/mol 
PuF4 tor the reaction ot LiPuFo with fluorine (1 atm) 
and 10 kcal/mol PUF4 for the reaction ot Li4PuF8 with 
fluorine (1 atm). These activation energies are within 
the range listed in the chemical literature tor the reac
tion ot PUF4 with fluorine (1 atm).^' 

To obtain information on the effect of varying the 
partial pressure of fluorine on the rate of PuFe volatil
ization at a constant temperature of 400°C, nitrogen-
fluorine mixtures with partial pressures of 0.3 to 0.6 
atm fluorine were passed over solid mixtures that were 
initially LiPuFs and LiF (corresponding to a PUF4 
concentration of 30 mol % ) . The partial pressure ot 
fluorine was regulated by keeping the fluorine flow rate 
constant at 300 ml/min and varying the nitrogen flow 
rate. Graphical fltting of the equation FWa = kt to the 
data for the reaction of LiPuFs with fluorine yielded 
the rate constants 0.39 and 0.22 mg PuF4/min at 0.6 
and 0.3 atm of fluorine, respectively. A similar fltting 
for the reaction Li4PuF8 with fluorine yielded the rate 
constants 0.21 and 0.12 mg PuF4/min at 0.6 and 0.3 
atm of fluorine, respectively. 

The order n of the reaction with respect to fluorine 
pressure was obtained by graphically fitting the equa
tion fc = (PF2)" to the data obtained at 1, 0.6, and 0.3 
atm fluorine. Since the slopes of the graphs yielded 
values tor n ot 1 and 0.8 tor the reactions of fluorine 
with LiPuFs and Li4PuF8, respectively, the rates can 
be considered to be ot first order with respect to fluorine 
pressure. 

The relative effect ot back reaction on the rate of 
fluorination of both complexes at 400°C was deter
mined by measuring the rates ot reaction ot the solid 
complexes with PuFo-fluorine mixtures. The experi
mental system was the same as in previous experiments 
except that there were two additional vessels; one 
vessel was used to contain the PuFe supply and the 
other (a coiled trap ot %-in. dia nickel tubing) was 
used to regulate gas stream temperature and thereby 
obtain the selected vapor pressures ot PuFe. The gas 
stream was prepared by passing fluorine at 300 ml/min 
(STP) first through the PuFo supply vessel at a con
venient temperature, T, and then through the coil trap 
at a selected temperature lower than T. The resulting 
gaseous mixture of fluorine and PuFe was then passed 
over a mixture of LiPuFs and LiF (corresponding to 
30 mol % PuFi) at 400°C. After a period of fluorina
tion, the boat was reweighed and the solids were mixed 

" 0 . Levenepiel, Chemical Heartion Engineering, p. .338, 
John Wiley & Sons, New York (1962). 

" L. Trevorrow, T. Gerdiug, M. Steindler, ./. Inorg. Nucl. 
Chem. 30, 2071 (1968). 
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prior to the next fluorination period. The vessel supply
ing PuFe and the coil trap were weighed at intervals, 
and by means ot the ideal gas law the average pressure 
ot PuFe in the fluorinating gas stream was determined. 

Fitting of the equation f TF„ = kt to the data for the 
reaction ot LiPuFs with fluorine (1 atm) at 400°C 
yielded a rate constant of 0.7 mg PuFj/min for six 
different pressures of PuFe over the range 1.7 X 10" = 
to 5.1 X 1 0 - ' Torr. Since this value of the rate con
stant is the same as that obtained for pure fluorine, 
it is concluded that the back reaction, 3PuF6 -I-
Li4PuF8 -^ 4 (LiPuFs) -I- Fa. has no effect on the 
fluorination of LiPuFs at PuFo pressures up to 5.1 X 
10" ' Torr. On the other hand, the rate of reaction of 
LiiPuFs with fluorine (1 atm) was found to depend on 
the pressure of PuFs within a certain range; a rate 
constant of 0.32 mg PuF4/min was observed for PuFe 
pressures of 1.7 X 10"% 9.3 X 10-^ and 1.1 X 1 0 - ' 
Torr. A second trial at a PuFo pressure of 1.1 X 10~' 
yielded a rate constant of 0.24 mg PuF4/min. Also, rate 
constants ot 0.2, 0.18, 0.14, and 0.09 mg PuF4/min 
were observed for PuFo pressures ot 0.23, 0.29, 0.41, 
and 0.47 Torr, respectively. A graphical smoothing ot 
these data shows that the effect of PuFj pressure on the 
rate constant (d log k/d log pi.„Ke) is essentially zero 
for PuFe pressures less than 10" ' Torr. Since estimates 
of the partial pressures of PuFe in the product stream 
for the reaction of complexes with pure fluorine indicate 
that they are all less than 10" ' Torr, the back reaction 
can also be ignored in the treatment ot the rates of 
reaction of the complexes with pure fluorine (reported 
above). 

The rate constant for the reaction Li4PuF8 -I- F™ —> 
PuFe + 4LiF should approach zero as the pressure of 
PuFe approaches the equilibrium pressure of PuFe in 
the presence of fluorine (1 atm), Li4PuF8, and LiF. 
Smoothing of the graph of reaction rate as a function 

ot PuFe pressure (data given in previous paragraph) 
shows that the rate constant approaches zero at PuF, 
pressures of about 0.6 Torr. Also, tor PuFe pressures of 
7.6 X 1 0 - ' and 1.0 Torr, no net forward reaction 
occurred. Therefore, the equilibrium PuFe pressure at 
1 atm fluorine is between 0.6 and 0.76 Torr. The equi
librium constant (PFZ/PPUFS) tor the reaction LijPuFs 
-I- F2 «=s PuFo -I- 4LiF is therefore between 1.3 X 10' 
and 1 X 10^. Katz and Gathers'" also reported values 
tor the same reaction at 400''C. Their graph ot indi
vidual results indicates that the equilibrium constant 
is between 4 X 10' and 15 X 10', and their analytically 
smoothed value is 7.25 X 10'. 

d. Ultraviolet-Activated Synthesis of PuFe at Room 
Temperature [T. J. Gerding, L. E. Trevorrow) 

During experiments to compare the relative tend
encies of NpFe, PuFe, and UFe to decompose by 
various energy stimuli, it was discovered that PuFe can 
be formed at room temperature by ultraviolet irradia
tion (3125 A) ot the system solid PuF4-gaseous fluorine 
(300 Torr). Spectrophotometric measurements of the 
quantity ot PuFe produced and actinometric measure
ments of the number of light quanta incident on the 
static system were used to estimate an apparent yield 
ot 4 X 10--' molecules ot PuFe per quantum, i.e., 
7 X 10"^ kilowatt-hour of energy was required per 
gram ot PuFo produced. Possibly, the apparent quan
tum yield could be increased by optimizing the 
mechanics ot exposing this heterogeneous system to 
light. A more detailed account of this work has been 
accepted tor publication.'"' 

" S. Katz, G. I. Gathers, Nucl. Appl. 6, 5 (1968). 
*" L. E. Trevorrow, T. J. Gerding, M. J. Steindler, "Ultra

violet-Activated Synthesis of Plutonium Hexafluoride at Room 
Temperature," Inorg. Nucl. Chem. Letters 6, 837 (1969). 

2. E n g i n e e r i n g - S c a l e I n v e s t i g a t i o n s {N. M. Levitz) 

a. Conceptual Fluoride Volatility Process for Fast-
Reactor Fuels 

A conceptual design study was carried out to assess 
the potential of a fluoride volatility plant for reprocess
ing LMFBR fuels. The design basis was 1 metric ton 
of actinides per day from combined core and blanket 
fuel [15,000 MW(e) equivalent]. The flowsheet was 
described in detail in the preceding annual report 
(ANL-7575, pp. 68-71). Since the results of this study 
are presented in a topical report," only the conclusions 
ot the study are presented here. 

'• N. M. Levitz et al, "A Conceptual Design Study of a 
Fluoride Volatility Plant for Reprocessing LMFBR F'uels " 
USAEC report ANL-7583 (July 1969) 

The application ot fluoride volatility processing to 
LMFBR fuels is supported by a substantial body of 
basic and technological information that has been 
generated in reprocessing work on other nuclear fuel 
materials and in related processes. Existing informa
tion coupled with several innovative design features 
provided the basis for the design of a reference process 
and a reference plant tor LMFBR fuel reprocessing. 
The reference process shows a high potential for han
dling highly radioactive, short-cooled fuel, as well as 
considerable flexibility in processing feed materials 
with a wide range of fissile material concentrations. 
The conceptual plant has a practical size, comparable 
to the size of existing plants that process LWR fuels. 
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With optimization, a substantially improved process 
should be expected. 

The uniquely difficult characteristics of LMFBR 
fuels (namely, high plutonium content, high heat load, 
and high fission product content) can be accommodated 
by appropriate design. In the reference process, use is 
made of continuous, slab-shaped fluorination reactors. 
The continuous system minimizes plutonium inventory 
and permits operating conditions that promote high 
plutonium throughput. The slab shape eases the heat-
removal problem (provides higher wall area-to-bed 
volume ratios) and provides geometric control of criti
cality. The high content ot volatile fission products in 
the fuel is accommodated by utilizing a "total con
tainment" concept. Volatile wastes arc converted to a 
solid waste form by sorption; rare gases are separated, 
compressed, and stored. 

The process appears feasible since the techniques 
employed—continuous fluidized-bed fluorination, hexa
fluoride cold trapping, fractional distillation, and 
pneumatic conveying of solids—are basic to other 
nuclear and chemical processes. It is in their applica
tion to highly radioactive, high-plutonium fuel that un
certainty arises. Key problems can be summarized as 
follows: 

11 The mechanical decladtling procedure should be 
studied because ot possible difficulties owing to the high 
rate of heat generation. Also, it may be difficult to 
ensure that all fuel oxide is removed from the fuel hulls 
by the conceptual ball-milling procedure; supplemen
tary cleanup ot hulls may be required. 

2) The continuous fluorination step requires devel
opment of reliable solids-feeding devices and unique 
equipment such as slab-shaped fluorinators and dual-
stage reaction vessels. A requirement is that plutonium 
losses in the alumina waste from fluorination be low. 

3) Further development and testing is needed to 
determine whether plutonium decontamination will 
meet requirements. 

4) The preparation of mixed fuel oxides by direct 
fluid-bed conversion ot the mixed hexafluorides should 
be studied on an engineering scale since work to date 
has been on separate conversion of UFe to UO^ and 
PuFetoPuOz. 

5) Total containment of process gases, although not 
an essential requirement, is a highly desirable goal. 
This concept needs development. 

6) Further work is needed to insure that criticality 
safety and containment of PuFe will meet all require
ments. 

7) The role of sodium in the process and its possible 
effect on plutonium losses requires additional study, 
since it is known that PuFe can be sorbed irreversibly 
on sodium fluoride. 

These key problems, which have been defined by 

analysis ot one reference process that has not been 
optimized, are representative of problems existing in 
some alternative volatility flowsheets that also use 
fluorine gas as the sole fluorinating agent. These other 
flowsheets were examined only very qualitatively, since 
available time did not permit a more complete study. 

The conceptual plant design study has defined some 
areas of work involving the investigation and confirma
tion ot concepts that are already partially developed 
but not fully proven. Work on these problems would 
represent the first stage of a development program on 
the fluoride volatility process. 

b. Continuous-Feed, Two-Stage Slab Fluid-Bed 
Reactor (J. D. Gabor, A. A. Chilenskas, J. 
Hepperly, R. V. Kinzler, L. Marek) 

In the conceptual study of a fluoride volatility proc
essing plant for fast breeder fuels (Section B.2.a), a 
slab-shaped, 4-in.-thick fluorination reactor was 
adopted to meet criticality and heat-removal require
ments. The conceptual process incorporates a single-
stage reactor for uranium fluorination and a two-stage 
reactor for plutonium fluorination. Because of the lack 
of information on the practical design and operation of 
slab reactors ot approximately 4-in. thickness, ex
ploratory tests were conducted, first on gas-distributor 
designs, then on mocked-up reactor sections made ot 
Lucite. In all tests, alumina was fluidized with air at 
ambient temperature. 

Gas-distributor tests. Particle movement was ob
served in initial tests in a "two-dimensional" (H-in. 
thick by 12-in. wide) glass column. The gas distribu
tors in these tests had a saw-tooth shape correspond
ing to a "slice" ot the inverted-pyramid gas distribu
tors used in three-dimensional columns. The bed 
consisted of nominal 48-100 mesh alumina. Gas inlets 
(^6-in. dia holes) at the base ot each tooth were on 
2-in. centers, and "tooth" heights were % in. (37° wall 
angle from the horizontal) in one test and l'/2 in. (56° 
wall angle) in a second test. Stagnant regions of the 
fluidized bed observed in both tests were eliminated by 
changing the gas-distribution pattern: diamond-shaped 
inserts were positioned so that the lower tip ot the 
insert was about % in. above the gas inlet. 

Further testing was performed with a 4-in.-square 
Lucite column having an inverted-pyramid-shaped gas 
distributor 3 in. deep. In tests with a Vi g-in. gas inlet, 
spouting occurred. Gas-distributor dimensions that 
appeared to give good fluidization in the 4-in.-square 
column were Vs-in. dia gas inlet and 7-in. depth. Some 
downward flow of solids was observed when the '/2-in. 
dia gas inlet was used at su])erficial gas velocities ot 
about 1 tt /hr, indicating that continuous counter-
current solids flow might be possible without the use of 
ilowncomer pipes, thereby simplifying design. 
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Continuous-solids-flow tests were performed on a 
two-stage column by adding another stage having a 4-
in.-square cross section above the original column. 
Each stage was 36 in. tall. The gas distributor tor the 
upper stage was an inverted pyramid with the same 
nominal depth, 7 in., as the lower stage. Nominal 48-
100 mesh alumina (20-in. deep beds) was the bed 
material. Flow of alumina from the upper to the lower 
stage through 7i6-in. dia and 1-in. dia gas inlets was 
monitored. The solids level in each stage was main
tained constant by recycling solids from the lower stage 
to the upper stage via a pneumatic jet-conveyor device. 
Tests were also performed with a variable-position, 
truncated-pyramid-.shaped plug (1-in. by 1-in. base, 
254-in. by 2y4-in. top, 3'/8-in. height) inserted above 
the orifice of the upper stage. Results (Table 1-18) 
show that control of solids flow through a 1-in. orifice 
can be achieved over the range from 10 to 9000 lb/ 
(hr) (tt=) by adjustment of plug location and gas flow 
rate. Complete shutoff ot downward solids flow was 
achieved by a sufiiciently high gas velocity. 

A two-stage, slab-shaped fluidized-bed column of 4-
in. thickness and 2-tt width was next constructed of 
Lucite. Each stage had a gas-distributor section con
sisting ot six inverted-pyramid sections with dimen
sions similar to those given above. Only brief qualita
tive tests were performed in which the downward flow 
of solids through the multiple orifices and the overall 
quality of fluidization were observed. 

Complete fluidization, with all six gas inlets func
tioning simultaneously in both stages, was achieved tor 
only short periods (30 min or less). More frequently, 

TABLE 1-18. SOLIDS FLOW R.4TKS AT V.\RIOUS ORIFICIC 

SIZES AND PLUG POSITIONS 

a. Solids Flow Rate as a Function of Orifice Size and Gas 
Flow Rate 

/ . Fuel Cycle Technology 

Gas Flow Rate 
(ft/sec) 

0 to 1.45 
0 to 1.05 

Solids Flow Rates |lb/{hr) (ft')] 
at Given Orifice Sizes 

l in. 

9000 to 310 

Siin. 

4000 to 56 

H in. 

3900 to 10 

b. Solids Flow Kate Through a 1-in. Dia Orifice as a Function 
of Orifice Plug Position and Gas Flow Rate 

(ft/sec) 

0.5 
1.4 

SoUds Flow Rate [lb/(hr)(ft')] 

No Plug 

980 
330 

Plug H in. 
Above Seat 

980 
225 

Plug 14 in. 
Above Seat 

730 
85 

only tour of the six inlet sections functioned. Poor 
operation was attributed to electrostatic charge effects 
and to a low-pressure-drop gas distributor (~1 in. 
H , 0 at 0.4 ft/sec). The charge effect can be avoided by 
using an all-metal system. Since relatively large open
ings are needed to allow solids to pass downward from 
the upper stage, a "priming" device (such as an 
auxiliary gas jet) may have to be inserted in each 
opening. Reliable operation of such multistage units 
may be possible by proper design. 

A two-stage fluid-bed reactor with overflow weirs. 
A second two-stage unit was constructed ot Lucite for 
a brief study of the operating characteristics of a slab 
fluid-bed reactor with flat, drilled-plate (i/^2-m. dia 
holes) gas distributors and with a weir section as a 
downcomer for the solids. The stages were each 36 in. 
tall and had a cross section 4 in. by 24 in. Nominal 
48-100 mesh alumina beds (8- to 10-in. static depth) 
were used. The downcomer section had a 4-in. by 4-in. 
cross section. Solids were continuously recycled from 
the lower to the upper stage by pneumatic conveying, 
simulating a continuous feed. A cyclone was employed 
to trap solids entrained in the gas, which was fed on a 
once-through basis. 

With a gas velocity ot 0.75 ft/sec, fluidization 
quality was good in both stages during the 27-hr 
accumulative test period. At this velocity, the per
forated distributor plate performed well; few or no 
static bed regions were observed in either plate. Solids 
recirculation with a jet conveyor was good, as was 
solids movement from the upper stage to the lower 
stage via the downcomer. Slugging, observed in the 
downcomer at this velocity, should be avoided in 
future designs. 

Since overall evaluation ot the tests was mainly by 
visual observations, visibility was critical and was con
siderably enhanced by the use ot a new electrical 
grounding system tested tor the first time in these 
studies. The grounding system consisted ot a tew 
widely spaced aluminum rods (connected to a ground) 
mounted vertically in the column. This device signifi
cantly reduced fine alumina buildup on the walls due 
to electrostatic charges, which severely hampered 
visual observance of beds in plastic and glass columns 
in the past. 

Overall results indicate that fluidization quality and 
multistage contacting of gas and solids are satisfactory 
in slab-shaped fluid-bed reactors. Significant potential 
advantages are a higher wall area-to-volume ratio for 
heat transfer and a "critical" small dimension (thick
ness) that is important for nuclear criticality con
siderations. 
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c. Pulsed-Bed Studies" (D. Paniasu'uini. lU. 
Kobayashi." W. T. Brazclton^^) 

The pulsed-bed approach to fluiiiization (a jiulsed 
bed is achieved by controlled, intermittent gas flow) 
appears to have certain advantages in comparison with 
conventional fluidized beds for gas-solid contacting 
(see ANL-7575, p. 71). .\lthough the number ot appU-
cations of pulsed-bed operation has increased, pulsed-
bed characteristics such as bed behavior, heat transfer, 
and mass transfer have not yet been elucidated. An 
important objective of this investigation is to explore 
these characteristics. 

Four sizes ot glass beads, with average diameters 
ranging from 73 fim to 580 fim, were tested in a 4-in.-
OD and 1.25-in.-ID annular column to measure bed 
expansion and pressure drop. The following unique 
characteristics of pulsed beds were found: 

1) Pressure-drop patterns tor a given pulse cycle are 
reproducible. 

2) Maximum pressure drop increases linearly as the 
pulsed-gas velocity is increased. 

3) Bed-expansion ratio (maximum expandefl bed 
height (/(static bed height I increases with (a) in
creasing gas velocity, Ibl decreasing pulse frequency, 
and (c) decreasing fraction of on-period relative to off-
period. 

4) The characteristics ot beds composed of large or 
heavy particles are more regular at a given set of 
pulsing conditions than are the characteristics ot beds 
composed of small or light particles. 

5) Good particle motion continues in a pulsed bed 
at average gas velocities lower than the minimum 
fluidizing velocity ot a bed operated in a steady (non-
pulsed) state of fluidization. 

6) For pulsed-bed behavior to be fully controlled, 
the on-period should not exceed an upper limit that is 
equal to the time required for a gas bubble to form at 
the distributor and rise through the bed; nor should the 
off-period be below a lower limit equal to the time re
quired for the bed to settle to its height at minimum 
fluidization. The bed-expansion ratio can be predicted 
from on-period, gas velocity, and minimum bulibling 
velocity. 

The effects ot pulsing conditions (gas velocity and 
on- and off-period), particle properties (size, density, 
thermal conductivity, and heat capacity), gas proper-

" Fully reported as ANL-7502, a dissertation submitted to 
the Graduate School (jf Northwestern University in partial 
fulfillment of the requirements for the degree of Doctor of 
Philosophy, Chemical Engineering. 

" Itesident Studeiita.ssociate from Northwestern University. 
Candidate for a doctorate in chemical engiriooriog. 

" Faculty associate from Northwestern University. 

tics (density, viscosity, and thermal conductivity), 
heater position, heater length, and static befl height on 
heat transfer from a concentrically located heater to a 
pulsed bed also have been studied tor four sizes ot glass 
beads, aluminum shot, and copper shot. Heat transfer 
in pulsed beds was superior to that in conventional 
fluidized beds for beds consisting ot large or heavy 
particles and for a short heater or a heater located in 
the upper part of the bed. 

A model was proposed for the heat-transfer mecha
nism in gas-solid particle systems. The proposed model 
was used to calculate heat-transfer eoeflicients from 
particle residence times and particle fluxes (measured 
from high-speed motion pictures) in both conventional 
fluidized beds and pulsed beds. Comparison ot the cal
culated data with experimental heat-transfer data 
showed satisfactory agreement. The proposed heat-
transfer-mechanism model can be used to estimate the 
heat-transfer coefficients in a pulsed bed. 

d. Dense-Phase Transport of Granular Solids (D. 
Ramaswami, L. Marek) 

Dense-phase transj^ort of granular solids through 
pipelines has a number of potential applications in the 
nuclear fuel cycle, e.g., in the handling ot powdered 
nuclear fuels and ot particulate waste. This method ot 
transporting powders through pipes differs from the 
conventional dilute-phase model of pneumatic trans
port: in dense-phase transport, the solids are ted from 
a pressurized hopper, and the solids-to-gas ratio is 
comparatively very high. Also, in dense-phase trans
port, velocities for solids and for gas are low, which 
may result in^ess attrition of solids and less erosion of 
piping than in dilute-phase transport. 

Exploratory studies of the effects ot motivating air 
pressure and discharge orifice diameter on the trans
port rate of solids were conducted in an apparatus con
sisting of a 20-liter pressurized solids-feed vessel, a 
H-in.-ID, 55-ft-long polyethylene transport line (that 
permitted visual observations) with an orifice at the 
tip, a solids-collection vessel, and gas-flow instrumen
tation. Discharge orifices were %^, %o, or % in. in 
fliametcr. Nominal 48-100 mesh alumina was the test 
solid. 

Operating conditions and results (summarized in Ta
ble 1-19) show that higher pressures in the solids-teed 
vessel gave higher solids trausiiurt rates. For motivat
ing pre.s.sures ot 41.9, 49.7 and 60 psig in the solids 
reservoir, the transport rates for alumina were 127, 238, 
and 694 g/min at 0.02, 0.042, and 0.088 cfin of air flow 
at 78°F and 1 atm. 

Higher transport rates wei'e also achit'ved with 
greater discharge oiifice diameters. With air pressures 

file:///lthough
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TABLE 1-19. OPERATING CONDITIONS AND KKSULTS FOR 

TESTS OF DKNSE-PHASE TRANSPORT or SOLIDS 

(NOMINALLY 48-100 MESH ALUMINA) 

Discharge orifice diam
eter, in. 

Motivating air pres
sure, psig 

Air flow rate, cfm, at 
78°F and 1 atm 

Solids transport rate. 
g/min 

H2' 

50.1 

0.042 

167 

Ke 

41.9 

0.02 

127 

Ke 

49.7 

0.042 

2;i8 

« 6 

60 

0.088 

694 

H 

46.2 

0.042 

329 

• The inside of the orifice was tapered with an angle of 60' 

in the teed vessel of 50.1, 49.7, and 46.2 psig, the trans
port rates for the alumina at 0.042 cfm (at 78°F and 1 
atm) were 167, 238, and 329 g/min, respectively, with 
discharge-orifice diameters of %2. /io. f*"'! '/* ™-

Visual observations indicated that inside the trans
port line the bulk density of the moving solids was 
close to the packed-bed density. Additional preliminary 
data indicated that solids transport rates increased 
with the volume flow rate of air through the orifice. 
For a particular size of granular solids and transport 
line, an empirical relation may exist among the rate of 
solids transport, the motivating air pressure, the dis
charge orifice diameter, and the volume flow rate ot gas 
through the orifice. Overall results show that this 
technique is applicable to the transport of particulate 
materials typical of those contemplated for use in fluo
ride volatility processes. 

e. Alpha Facility Maintenance (A .̂ M. Levitz. J. 
Kincinas, R. Kinzler, C. Wach) 

Useful information on the durability of gloves has 
been obtained during the course ot approximately 3^2 
years of operations in the two gloveboxes that com
prised the engineering-scale alpha facility.*^ The 
smaller glovebox, a 3-module by 4-module unit, housed 
off-gas scrubbers, AEC filters, and process gas (oxygen 
and fluorine) manifolds, which supplied the process 
equipment located in the larger glovebox. The smaller 
glovebox was exposed mainly to filtered ventilation air 
at near-ambient temperatures. The larger glovebox, a 
5-module by 8-module unit, housed two pilot-scale 
fluidized-bed reactors and associated equipment. The 
large box was also exposed mainly to once-through 
filtered air, although, on occasion, very small amounts 
ot fluorine and UFc and PuFe W'ere released into the 

" G. J. Vogel, E. L. Carls, W. J. Mecham, "Engineering 
Development of Fluid-Bed Fluoride Volatility Processes. Part 
5. Description of a Pilot-Scale Facility for Uranium Dioxide-' 
Plutonium Dioxide Processing Studies," ANL-6901 (December 
19641 

box atmosphere. At glove ports near heated equipment, 
temperatures above 50°C were noted. 

In the smaller glovebox, 41 ot the 95 seamless, 
milled-neoprene gloves deteriorated, mostly by crack
ing at folds and creases after relatively long periods of 
nonuse. Polymer-coated neoprene gloves (installed in 
39 ot the 95 positions) showed no deterioration except 
discoloration. Little damage to gloves due to abrasion 
or wear was evident, although fairly heavy mechanical 
work had been performed in this box. 

Similar results were noted tor the larger glovebox— 
135 of the 303 gloves needed replacement. In contrast 
to experience with the smaller glovebox, however, 
about one-fourth ot the polymer-coated gloves (35 out 
of 149) showed deterioration. Defects noted near the 
clamped ends ot the gloves were attributed to deterio
ration caused by room illumination and ozone attack. 
The polymer-coated gloves showed less attack on the 
coated side. 

It was concluded that gloves should be left fully ex
tended when not in use. Annual inspections are recom
mended. Polymer-coated neoprene gloves, although 
somewhat thicker and stiffer, appear to be superior to 
uncoated neoprene gloves. Both inside and outside 
coatings might be desirable in some applications. Thin
ner neoprene gloves (gloves in current usage are nomi
nally 30 mils thick and have a 5-mil coating) are avail
able and should be field-tested. 

In response to a directive from the AEC, the fluoride 
volatility work in the Chemical Engineering Division 
will be phased out in FY 1970. Cleanup and decon
tamination ot the engineering-scale alpha facility*^ will 
be carried out as part ot the close-out effort. The glove
boxes will be left in a clean, sate standby condition. 

Decontamination of the boxes is proceeding. Both 
the large glovebox and the small glovebox have been 
cleared ot equipment, none ot which is being reclaimed. 
Electrical and pneumatic lines at the end walls have 
been disconnected. I t is intended to remove and salvage 
the windows, and to leave the boxes open tor ready in
stallation ot new equipment when the need arises. 

-A new method of bagging out equipment from a con
taminated glovebox has been developed that involves 
the use ot a sturdy fiber carton. The carton, inside a 
plastic bag, is supported on a lift at a bagout port while 
it is loaded with items from the glovebox. The pro
cedure, which was successfully tested, requires fewer 
bag seals, reduces the possibility of puncture by sharp 
objects, reduces the amount ot sawing and cutting of 
equipment in preparation for removal, requires fewer 
man-hours, and allows storage of dry waste at higher 
density. 
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3 . B a s i c M e c h a n i s m s o f F l u i d i z a t i o n (N. M. Levitz) 

a. Basic Mechanisms of Fluidized-Bed Heat Trans
fer \J. 1). Gabor. J. Ucpperhj) 

Tlie high rate of heat transfer at heating and cooling 
surfaces is probably the single most important property 
of fluidized beds. Despite the significance of this prop
erty and the relatively large effort expended in measur
ing fluidized-bed heat-transfer rates, correlations of 
heat-transfer coefficients have remained empirical and 
generally limited to the specific apparatus involved in 
the measurements. 

A mechanistic approach to the correlation of fluid
ized-bed heat transfer is confronted with the complex
ity of fluidization dynamics. The column geometry and 
dimensions, the geometry and dimensions of the heat-
transfer surface, the gas distributor design, and the 
properties of the particles and fluidizing gas are all 
factors in the heat-transfer process. 

As a first step in investigating the mechanism of heat 
transfer in a fluidized bed. the rate of heat transfer to 
the bed as a function of fluidized-particle residence 
time at a heater surface was considered. Two aspects of 
this problem were studied: (1) the case of infinite par
ticle residence time (the bed at minimum fluidization 
with little or no particle motioni and (2) the case of 
finite particle residence time (fluidized bed with parti
cles in motion I. 

Heat transfer to particle beds at minimum fluidi
zation. A model*® was proposed for predicting the rate 

" J . D. Gabor, "Heat Transfer to Particle Beds with <ia.s 
Flow.s Less than or Equal to that Required for Incipient Flu
idization," Chem. Eng. Set. (in press). 

of heat transfer from a heater to a bed of particles for 
gas flow through the bed equal to that required for 
minimum fluidization. The basis of the model is that 
all heat transfer by conduction is normal to the heater 
and can be defined by an effective bed thermal con
ductivity for an orthorhombic array of spherical par
ticles and that all of the heat is removed by the flowing 
gas. Predicted heat-transfer coefficients for both cylin
drical and flat heaters were in good agreement with ex
perimental data. It was also determined that the model 
adequately predicts heat-transfer rates for gas flows 
through the particle bed less than that required for 
minimunn fluidization (packed-bed case). 

Heat transfer to fluidized beds. Two models^^ 
were proposed for heat transfer from a wall to particles 
moving past a heater within a fluidized bed. One model, 
based on spheres in an orthorhombic array, was geo
metrically more accurate but required a large computa
tional effort. The second model approximated a bed of 
spheres by a series of alternate slabs of gas and solids 
to represent the gas and solid phases of a fluidized bed. 
The heat-transfer rates predicted by the second model 
were in good agreement with (1) rates predicted by the 
first model and (2) reported data for moving packed 
beds, which have similar features to particles moving 
past a heater in a fluidized bed. The equations describ
ing both models were solved by numerical analysis. 

I ' J . n . Gabor, "Wall-to-Bed Heat Transfer in Fluidized 
and Packed Beds," Chem. Eng. Progr. Symp. Ser. (in press). 

C. PREPARATION OF FUEL MATERIALS 

1. O x i d a t i o n o f U r a n i u m t o UO2 i n a F l u i d i z e d B e d (S . Vogler, P. A. Nelson) 

Currently, UO2 is the favored fuel for nuclear power 
reactors. After UO2 reactor fuel is irradiated in a re
actor, the uranium is separated from fission products 
and recovered—at present, by a solvent extraction 
process. Other recovery processes, such as the Salt 
Transport Process which yields a metallic product, 
have been investigated. The necessity of converting the 
metallic product of a pyrochemical process to the oxide 
resulted in this investigation of the oxidation of ura
nium metal. 

Considerable information on the reaction of uranium 

with water, steam, and CO2 has been obtained by other 
experimenters whose interest was reactor safety. Be
cause ot criticality limitations, it was decided to in
vestigate the C02-uranium reaction. 

The available data indicated that the rate ot reac
tion of bulk uranium with CO2 is low, and this was con
firmed in a preliminary experiment. To increase the 
reaction rate, the bulk metal was hydrided prior to oxi
dation to obtain fine particles with a large reacting 
surface. Hydriding and a subsequent oxidation were 
carried out in a 2-in. diameter fluidized-bed reactor 
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that was electrically heated (Fig. 1-25). The outer 
secondary vessel and the disengaging section of the re
actor were water-cooled by means of copper coils sol
dered to the units. 

Hydrogen, helium, nitrogen, and carbon dioxide were 
passed from cylinders through rotameters and a mani
fold into the fluidized-bed reactor at appropriate rates. 
The fluidizing gas was heated before it was fed into the 
reactor. 

The reaction w âs carried out as follows: approxi
mately 300 g of massive uranium metal pieces were 
cleaned in a 1:1 nitric acid-water solution, rinsed in 
water, and dried with acetone. The metal was placed 
in the reactor, and helium was passed through the re
actor for approximately 10 min to displace the air. 
Then hydrogen flow and heating w'ere started to initiate 
hydriding. Reaction at 275°C and 2-atm pressure w'as 
continued for about 5 hr to insure that reaction was 
completed. (In experiments discussed later, a nitriding 
step was interposed between the hydriding step and the 
oxidation step.) Next, oxidation was carried out in the 
fluidized bed by passing CO™ in a diluent through the 
heated fluidized particles. As the bed temperature 
reached approximately 420°C, the uranium hydride 
decomposed to metal. Reaction was usually carried out 
for 4 to 9 hr, sometimes over a period of two days ot 
operation. Different reaction temperatures, ranging 
from 400 to 825°C, were used in the experiments. 

Samples of the oxidized powder produced each day 
were analyzed for carbon content and extent of oxida
tion. The carbon content of the product material was 

fletermined by comparing the residue after the soluble 
portion ot the sample had been dissolved in 1:1 nitric 
acid with the original weight of the sample. The extent 
of oxidation was determined by comparison of sample 
weights before and after ignition** ot a sample of the 
product at 925°C for about 20 hr (appropriate correc
tions were made for the carbon content ot the product). 

The results of these experiments (Table I-20i indi
cate that a temperature of about 500°C is required for 
oxidation to UO2 to be completed in 41/2 to 5 hr. The 
carbon contents of the products were too high, reaching 
1.55 wt % in one run. Lower contents were obtained 
(1) after longer reaction time and (2) when higher CO2 
concentrations were used at lower temperatures 
(<500°C); however, the latter conditions resulted in 
incomplete oxidation for this set ot runs. The reduction 
of the carbon content during the second half of the re
action period was attributed to volatilization of the 
deposited carbon by reaction with CO2 to produce CO. 
The results shown in Table 1-20 agree with other data*^ 
that showed the carbon content ot the product vaiying 
with the duration ot reaction time, but not with tem
perature above a threshold temperature. 

In an effort to reduce the carbon content of the 
product, runs were conducted in which the oxidation 
step was carried out after the hydride had been par
tially converted to nitride. Nitriding was performed as 
follows: Uranium hydride prepared in the manner 

« E. A. Schaeffer, J. O. Hibbits, Anal. Chem. 41, 254 (1969). 
^̂  J. J. vStobbs, A. J. Woodward, Corrosion Science 6, 499 

(1906). 
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described above was fluidized with nitrogen gas while 
the reactor was gradually heated to 650°C in about 1 
hr. The partially nitrided ])roduct was subsequently 
reacted with 5 or 9 vol ':J CO2 diluted with either nitro
gen or helium. Four such experiments are summarized 
in Table 1-21. 

These results demonstrate the effectiveness ot this 
technique for preparing UO2 with a satisfactorily low 
carbon content. As expected, the percent conversion to 
UO2 increased with reaction temperature, and at the 
higher temperatures the product was slightly hyper-
stoichiometric. It was also apparent that after the bulk 
of the uranium oxide had been formed, continued reac
tion resulted in the carbon content ot the product be
ing reduced. The reaction was more rapid with a 
fluidizing gas containing 9 vol ^ COo than with 5 vol 
Tr CO2. Nitrogen would jirobably be a satisfactory 
carrier gas it used at 750°C or above. 

The lower carbon content ot the UO2 product when 
uranium nitride was oxidized than when uranium was 
oxidized may be explained as follows: Uranium metal 
reacts so rapidly with CO2 during the initial stages of 
the reaction that tree carbon is released. (The high re
action rate was sometimes indicated by a temperature 
spike on the recorder trace during heatup.) Carbon 
deposition probably continues tor several hours. When 
uranium nitride reacts with CO2, one of the products 
is nitrogen gas, which blankets the uranium nitride 

T.\BLK 1-20. RK.\CTION OF UK.VNIUM MKT.VL WITH C O I IN .\ 

FLUIDJZKD B E D 

Charge: 300 g uranium hydrided to produee a 
fine powder 

Pressure: 2 atm 
Superficial velocity of 

fluidiziriK gas: 15 cm sec 

T.\BLE 1-21. l{j:,\c'rioN OF P.VHII.M.LY NiTitiUKO I^KANIUM 
WTI'N CO2 IN A FLUIUIZIOD BKIJ 

CliaiKe: 

E.\pt. 

4 

3 
5 
6 

7 

8 

9 

11 

Reaction 
Temp. (°C) 

610 

575 
650 
740 

740 

400 

400 

4«5 

Reaction 
Time (hr) 

41/2 
5 
4 
5 
5 
Vi 
5 

4H 
6 
5 
5'2 
4'2 
5 

Gas Comp. 
(vol % 

COj in H,) 

9 
9 
9 
9 
9 
9 

IS
IS-
9 
9 

18 
18 
9 

Product 

C(wl %) 

1.55 

1.08 
1.51 
1.48 
0.77 
0.70 
0.32 
0.29 
0.24 
0.17 
O.Ki 
0.27 

Mole 
Ratio, 
0/U 

1.997 
2.041 
2.020 
2.034 
2.10 
2.007 
1.S9 
1.92 
0.63 
0.99 
0,96 
1.28 
1.31 

Pressure: 
Superficial velocity of 

fluidiziup K'ls: 
DiiriUi.Hi (if i-Ciu-tioTi: 

300 g uranium, hydrided in form a fine 
powder, then partially rcaclod with 
uilroKPu 

2 Him 

15 cm/sec 
apj)roxim!ilely 9 hr diiriim a period of 

two days 

Reaction 
lemp. 
(°C) 

650 
750 
825 
750 

Gas 
Cone." 
(vol % 
CO,) 

9 (N) 
9 (He) 
9 (He) 
5 (He) 

Carbon Content 
(«-t %) 

1st Day 
Product 

0.055 
0.15 
0.12 
0.085 

2nd Day 
Product 

O.OUl 
O.Olil 

<0.0005 
o.o;i9 

% Conversion'' 
to UOj 

1st Day 
Product 

05 
75 
87 
65 

2nd 
Day 

Product 

89 
100.5 
101 
92 

X-Ray 

Parameter 
(A) 

5.4707 
5.4702 
5.4712 

' Diluent gas was nitrogen (N) or helium (He). 
' A conversion greater than 100% indicates that hyperstoi-

chiometric UOi formed. 
• Not obtained. 

particles, thus reducing the probability of CO (another 
product of the reaction) reacting with the uranium 
nitride to produce carbon. Thus the following reaction 
is postulated 

U2N3 -f 4CO2 -^ 2UO2 -I- 4C0 -H 11/2 N2 

The UO2 was further characterized by obtaining the 
X-ray diffraction patterns of the products of several of 
the runs. The results in all eases show'ed the product to 
be essentially UO2, except that the product derived 
from the incomplete oxidation at 650°C (Table 1-21) 
was found to contain U2N;{ also. The stoichiometry of 
the products can be narrowly defined from their X-ray 
lattice parameters; the accepted room temperature 
lattice parameter tor stoichiometric UO2 is 5.4705 A.̂ ** 
The measured X-ray lattice parameters ot the products 
indicated a stoichiometry of U02,oo±o.oo7. 

The products from the last group of experiments 
(Table 1-21), especially those from reaction at 750 and 
825°C, were reddish-brown, which is typical of UO2. In 
earlier experiments, the products were black with a 
reddish cast. 

These experiments have demonstrated the feasibility 
of preparing UO2 from uranium in a fluidized bed. A 
stoichiometric product can be achieved with an accept
ably low carbon content, perhaps less than 100 ppm. 

Helium wafi the diluent gaw. 

" L . Lynd.s, W. A. Young, .1. S. Mohl, (1. (1. Libowitz, in 
Advances in Chemistry Series, Vol. 39, Nonstoichiometric Com
pounds, p. 58, American Chemical Society, Wa.shingtnu, D C 
(1963). 



60 /• Fuel Cycle Technology 

2. Conversion of FBR Oxide Fuel to Carbide Fuel (I». Ramaswami, J. Pavlik) 

Studies of the use of an inductively heated plasma-
torch reactor for the conversion of FBR oxide fuel to 
carbide fuel have been initiated. The current work is 
devoted to the conversion of uranium oxide to uranium 
monocarbide, but the process is expected to be applica
ble to the production of (U-Pu)C in equipment in
stalled in an alpha-tight enclosure. The method in
volves making small (-^100 mesh) composite particles 
of uranium oxide and graphite and reacting the parti
cles by passing them through the jilasma flame ot an 
inductively coupled plasma torch point downward. The 
carbide product, in the form of small, free-flowing 
spheres, is collected in a product receiver at the bottom 
ot the reactor. The CO reaction product is removed 
from the reaction chamber along with the inert plasma-
forming gas. Development of this process to a full-scale 
continuous process that is critically safe is expected to 
be accomplished more readily than would development 
of the standard carbothermic reduction technique for 
the preparation of (U-PulC or the fluid-bed process in
vestigated previously (ANL-7575, p. 128) at this site. 

The objective ot the current work is to determine the 
operating conditions required to produce high yields of 
reactor-grade uranium monocarbide in order to assess 
the feasibility of a continuous production process using 
a plasma-torch reactor. 

A 25-k\V, inductively heated plasma-torch"' reactor 
has been installed.== A schematic diagram of the in
stalled equipment is shown in Fig. 1-26. The equipment 
consists of four major parts: the plasma torch, the re
action chamber, the high-frequency power "tank" and 
power supply, and the powder feeder. 

In preliminary experiments,''-^ crushed alumina was 
used as a stand-in for the composite particles of ura-

" Manufactured by TAFA, a division of Hemphrey's 
Corporation, Concord, N. H. 

" During installation of the pla.sma-torch equipment, J. T, 
Holmes participated in this program. 

" During the initial experiments, T. E. Johnson participaled 
in this program. 

Ilium dioxide and graphite. The percentage ot alumina 
particles melted was used as the measure of heat trans
ferred to the solid, indicating the extent ot reaction to 
be expected in the processing ot U02-graphite particles. 
The independent variables investigated included gas 
composition, gas velocity, power level, and powder feed 
rate. It was found that the percentage ot melted alu
mina particles was greatly increased by adding a small 
percentage of a diatomic gas, such as 4 vol % hydrogen, 
to the argon carrier gas; more than 90% of the alu
mina particles were spheroidized. The other variables 
had minor effects. 

The ranges of operating conditions that had been 
established to be optimum in the experiments with 
crushed alumina were used in exploratoiy experiments 
tor the preiiaration of UC. Agglomerated particles 
(~100 mesh) ot UO2 and graphite were fed into the 
plasma flame. The carbon content ot the powder de
creased from 8.7 wt % in the feed to 5.0 to 6.5 wt % in 
the product, with solids feed rates ot 0.6 to 0.9 kg/hr, 
whereas uranium monocarbide contains 4.8 wt % C. In 
general, the carbon content ot the product was lower at 
a higher power level (20 kVA), with a lower gas flow 
rate (132 scth), and with a higher hydrogen concentra
tion in the plasma gas (6 vol % ) . However, the oxygen 
content of the product was nearly the same as that in 
the teed, indicating that the hot particles emanating 
from the torch might have reacted with atmosjiheric 
o.xygen in the reaction chamber. Equipment improve
ments are under way to exclude oxygen and maintain 
an atmosphere of argon in the reaction chamber. 

ilixtures ot uranium oxides and graphite will be 
reacted at various operating conditions with an argon 
atmosphere in the plasma-torch reactor to examine the 
effects of variables on the product characteristics. The 
effectiveness ot recycling the product to improve the 
yield will also be determined. The results from these 
experiments are expected to provide a basis for process 
evaluation. 
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Sodium Technology' 

(L. Burris, M. Ader) 

Beginning with FY 1970, the ANL iirogram in 
sodium technology was expanded. The major reason for 
assigning new sodium technology programs to ANL is 
the availability of EBR-II as a test facility. EBR-II 
and other national test facilities require a broad su]i-
porting base in sodium technology, and the program at 
ANL is designed to provide the necessary support. The 
ANL program strongly utilizes EBR-II as a test 
facility for the advanced equipment and procedures 
that are being developed for subsequent LMFBRs, 
namely, the Fast Flux Test Facility (FFTFl at the 
Pacific Northwest Laboratory (including the FFTF 
test loops), demonstration LMFBRs, and finally, com
mercial LMFBRs. The program is highly mission 
oriented. The major portion of this program is being 
carried out in the Chemical Engineering Division, the 
remainder in the Materials Science Division. Only the 
former w'ork is reported here. 

Objectives. The major objectives of the ANL So
dium Technology Program are to 

1) Provide base sodium technology support to EBR-
II and other ANL-operated national test facilities. 

2) Demonstrate selected processes and equipment, 
with EBR-II being used as a test facility. 

3) Advance sodium technology in selected funda
mental areas of sodium chemistry and materials 
compatibility. 

Scope. The ANL program includes work in the fol
lowing areas: 

1) Sodium chemistry. Work in this area is aimed 
primarily at identification of impurities, reactions, and 
corrosion mechanisms. The purpose is to generate in
formation, e.g., specifications of acceptable impurity 
levels, which will guide the design of purification 
methods and aid in the selection of construction mate
rials capable of a 30-year operating lite in the reactor. 

21 Sampling and analyses. ANL will have the 
responsibility for establishing reference and standard' 
analytical procedures and for certifying them for 

' A summarj' of thi.s s t pages 8 to 9. 

national use. This will involve the evaluation of 
analyses and, frequently, the development or modifica
tion of analyses tor the interstitial elements of stain
less steel (carbon, oxygen, hydrogen, and nitrogen), 
metallic impurities, halides, and fission products. 
Sampling is an integral part of analytical development. 
Although sampling methods arc available, often they 
are suspect, and good procedures for practical plant 
systems are not available. Development ot sampling 
methods and equipment is a considerable part of the 
program. 

31 Sodium purification and monitoring of sodium 
])urity. To keep impurity levels below specified limits 
requires effective means ot purifying sodium and 
reliable devices tor monitoring impurities. The work 
includes (a) evaluation of impurity sources; (b) im
provement and testing of on-line monitors (including 
calibration devices) tor oxygen, carbon, and hydrogen; 
(c) study of cold trapping to obtain better bases for 
design ot cold traps; and (d) development and evalua
tion ot insoluble getters and hot traps. 

4) Fission product behavior and control. This area 
includes studies of fission product behavior in sodium, 
an assessment of problems created by the presence of 
fission products, development of methods for removing 
fission products from sodium, development of on-line 
fission product monitors, and detection ot fuel-cladding 
failures. 

5) Cover-gas studies. This includes work on the 
mechanism and control ot aerosol formation in cover 
gases and on monitoring of cover gases for hydrogen 
and fission product activities. 

6) Materials compatibility. One objective is an 
early technical assessment of the candidacy of vana
dium alloy cladding and structural materials in 
LMFBRs. The assessment will be based on distribution 
coeflScients of oxygen, nitrogen, and hydrogen (to the 
extent that information on nitrogen and hydrogen is 
available) between sodium and vanadium alloys, 
kinetics ot dissolution of vanadium alloys, and me
chanical-property effects. An outgrowth of this work, 
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which also will be pursued, is the analytical |)otential 
of using the known distribution ot oxygen between 
refractorv- metals ami sodium to determine the oxygen 
activity in sodium. Distribution measurements be
tween refractory metals antl sodium mtiy also be 
applicable to iletermining the activities ot hydrogen, 
niti'ogen, and carbon in sodium. 

Intergranular attack ot stainless steel is also under 
study. In the future, increasing emphasis will be on 
corrosion of stainless steel, which will be studied by 
some of the s;»me techniques being used to assess the 
candidacy of vanadium alloys; namely, the interaction 
of sodium impurities with stainless steels, the deter
mination of their equilibria between stainless steels and 
sodium, and the measurement of the kinetics of dissolu
tion ot stainless steel constituents in sodium. 

Much of the materials compatibility work is being 
carried out in the Materials Science Division and is 
not reported here. 

In the above work, .Argonne's role lies principally in 
the development ot base technology and in the develop
ment of procedures and equijunent through testing of 
prototype models. Further development for installa

tion in large operating systems is the responsibility ot 
industry and AECJ laboratories directly concerned with 
design and operation of national LMFBR facilities. 
Close liaison with inilustry and otiier AKC laboratories 
will be maintained to ;issure tliat needs are being met. 

Relationship to the LMFBR Program Plan. The 
ANL Sodium Technology Program contains subtasks 
from seven of the nine major task areas in the sodium 
technology element ot the LMFBR Program Plan [see 
USAEC report WASH-1105, Vol. 5 (1968)]. Taken in 
total, these subtasks deal with the interaction of so
dium and cladding or construction materials and with 
achieving sufficient control of imjturities in the sodium 
to keep such interactions at an accejitalile level. 

Relationship to EBR-II and FFTF Projects. The 
ANL Soditiin Technology Progi'am will maintain a 
close, eoojierative relationship with the EBR-II Pro
ject and FFTF. The EBR-II Project is res|)onsible for 
testing equipment and jirocedures at EBR-II in ac-
cortlance with the experimental jilans designed in the 
ANL Soflium Technology Program. EBR-II will be 
used extensively to proottest equipment and procedures 
for eventual use at FFTF. 

A. CHEMICAL DEVELOPMENTS (f. A. Cafasso) 

The chemistrj' program on lifiuid .sodium is directed 
toward developing a sound scientific foundation for (11 
understanding the behavior of sodium's common non-
metallic eontaminantH (C, O, H, N ) , (2) interpreting 
and evaluating existing corrosion data, and (3) pre
dicting potential corrosion problems in reactor sodium 
systems. Of special interest, therefore, are the reactions 
of structural elements, such as iron and nickel, with 
elements that can enter metals interstitially, such as 
carbon, oxygen, hyrirogen, and nitrogen. Current re
search is centered largely on the elements carbon, 
oxygen, and iron, and their compounds. The immediate 

objectives are to ( 1 | understand the mechanisms of 
carbon transport in sodium systems, (2) determine the 
stability and iolululities in sodium of carbon-bearing 
compounds believed to l)e important in carbon trans
port, (3) assess the importance of surface diffusion in 
the corrosion of metals in sodium systems, and (4) 
characterize the behavior of oxygen-bearing com
pounds in sodium. Included in the program is a re
search effort whicli does not fall in the above categories 
but which provides information useful in the design of 
reactors, namely, determination of the solubility in 
sodium of |)otentiaI reactor cover gases. 

1. S o d i u m C h e m i s t r y (F . A. Cafasso) 

a. Studies on Carbon Transport in Sodium-Steel 
Syeteme (E. Veleckis, R. Wohon) 

A model for carbon transport has been develoi)ed." 
It involves the formation of disodium acetylide 

*C. Luner, H. M. Feder, F. A. Cafasso, "Carhnii TrniiH[i(trl 
in Liquid Sridium," in I'roreedings of the International Confer
ence on Sodium Terhnologj/ anil fjirgc Funl licailor Design,, 
t'SAKC repr.rl ANL-7i520. P:irt I, p. 455 i\mS). 

C^a-iC^) by the reaction of sodium with carbon at the 
apfirojiriate carbon activity in steel and the transport 
of carbon i)etween steels liy dissolved acetylide. To 
veiify this model, the dependence of acetylide con
centration in sodium on temperature, time, and activity 
of carbon in selected iron-carl)on l)inary alloys or 
ferritic steels is being studied. 

As a first step, experiments are being performed to 
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determine whether an equilibrium in^'olving acetylide 
exists between the sodium and the iron-carbon alloy or 
ferritic steel. Approximately 1 g of steel or alloy foil 
and 10 g of sodium are sealed in copper crucibles and 
heated for various jieriods ot time at temperatures 
ranging from 400 to 650°C. The acetylide content of 
the sodium is determined by dissolving the entire 
sample of sodium in water and analyzing the off-gas 
by gas chromatography. The change in carbon content 
ot the foil is determined by combustion analysis. 

In initial experiments with an iron-carbon binaiy 
alloy (a-iron in coexistence with FejCl containing 0.11 
wt % carbon, significant amounts ot acetylide were 
found in the equilibrated sodium: 8 =t 3 ppm at 650°C 
and 0.13 ± 0.04 ppm at 400°C. These levels were ob
tained within 24 hr and did not vary significantly over 
periods up to 5 days. Apparently, an equilibrium or 
steady-state concentration of acetylide was established 
rapidly in the liquid sodium. Analysis of the foils for 
total carbon after the equilibrium experiments indi
cated significant decreases, namely, from 0.11 to 0.05 
wt % carbon. The bulk of this carbon appeared in the 
sodium as particles, which presumably were produced 
by graphitization of the iron-carbon alloy and sul)-
sequent dislodgement. 

Similar equilibration experiments are being ]jer-
formed with ferritic steels. Prelituinary results with 
Croloy 2'4 show that at 400°C a small but significant 
amount of acetylide is produced. 

h. Characterization of the Disodium Acetylide-
Sodium System (J. Ackerman, J. Alleni 

As noted above, the decarburization of ferritic steels 
by liquid sodium may involve formation of Na2C2. 
-Accordingly, information on the stability and solu
bility ot Na2C2 in sodium is being obtained. A brief 
description ot the experimental methods and of the 
preliminary findings is presented below. 

Stability of Na^Cj. The thermal stability of solid 
Na^C^ (99.5% purity) is being studied by differential 
thermal-thermogravimetric analysis (under 1 atm of 
helium pressure! and by high-temperature X-ray 
powder diffraction. Differential thermal analysis re
vealed a reversible endothermic change at 275°C. This 
change was shown by the X-ray study to be associated 
with a transition of the solid from tetragonal (low-
temperature) to cubic (high-temperature) syminetry. 
No other significant features appeared in the thermo
gram up to about 700°C, where vaporization and con
sequent loss of sodium became significant. 

X-ray patterns were obtained up to about 450°C.. 
The cubic structure of the high-temperature modifica
tion of Na.C, persisted, sugge.sting that this compound 

is stable to at least 450°C. The X-ray study is being 
extended to higher temperatures to define better the 
limits of NajCa stability. In addition, experiments to 
test the stability of the acetylide in the presence of 
sodium are planned. 

Solubility of Na^C^ in sodium. An attempt is being 
made to measure the solubility of NaaCo in liquid so
dium over the temperature range in which it is stable. 
The method involves equilibrating reactor-grade so
dium with excess NaaCa at a preselected temperature, 
pressurizing a sample of the melt through a nickel-frit 
drain into a collector, dissolving the sample in water, 
and assaying the resulting off-gas for acetylene by gas 
chromatography. Preliminary results indicate that the 
acetylide (CJ) content in sodium is about 10 ppm near 
550°C and that this level is invariant over a period of 
at least 70 hr. 

c. Solubility of Helium in Liquid Sodium (E. 
Veleckis, G. Redding) 

Information on the solubility in sodium of potential 
eo^-er gases is needed by reactor designers and engi
neers to evaluate the possibility that exsolution of gas 
in the coolant circuit could lead to cavitation and/or 
bul)ble formation and thus result in diminished sodium 
flow. Of the three potential cover gases, argon,^ nitro
gen,^ and helium, the solubilities in sodium of the 
first two have already been measured. This work was 
undertaken to provide solubility data for helium. 

The measurements with helium were carried out in 
the same apparatus previously used to measure the 
solubility of argon and nitrogen in sodium. The experi
mental procedure, adapted from a method due to 
Grimes et al,'' was as follows. Approximately 2.5 liters 
of cold-trapped sodium was saturated with ^He-
enriched helium gas in a stainless steel vessel (satura-
tor) at a preselected temperature and pressure by cir
culating the gas through the metal for 2 hr. The 
saturated inetal was allowed to stand overnight in the 
saturator at the same temperature and pressure. Ap
proximately 2 liters of the equilibrated sodium was 
then transferred into another vessel (stripper) w ĥere 
the dissolved helium was stripped from the liquid 
sodium by sparging with an excess of recirculating 
argon. The argon-helium mixture in the stripper was 

•' E. Veleckis, R. Blomquist, R. Yonco, M. Perin, "Solubility 
of Argon in Liquid .Sodium," in ANL-7325, p. 128 (1967). 

^ E. Veleckis, K. Anderson, F. A. Cafasso, H. M. Feder, 
"Solubilities of Nitrogen Gas and Sodium Cyanide in Liquid 
Sodium," Proceedings of the International Conference on Sodium 
Technology and Large Fast Reactor Design, USAEC report 
ANL-7520, Part 1, p. 295 (1968). 

= W. R. Crimes, N . W , Smith, (1, M.Watson, . / . Phys. Chem. 
62, 802 (1968). 
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then drawn by a Toepler pump through a li(|uid-nitii)-
gen-cooled Molecular Sieve trap" into a calibrated 
bulb. Helium passed unadsoi-beil thiough the trap, 
whereas the argon was retained. The contents of the 
hulb were then assayed with a mass spectrometer. 
Helium-3 was included in the saturating gas to dis
tinguish between soluble helium and helium that was 
introduced inadvertently during the stripping step as 
a contaminant of the argon. 

The removal ot argon by the ilolecular Sieves con
centrated the helium ami thereby improved the analy
sis for helium. Tests were made to determine if helium 
was lost in this step. Known (|uantities of ''He gas were 
introduced into the strip]>er, and the sequence outlined 
above, lieginning with sparging, was carried out. The 
results ot these tests, given in Table I I - l , show that 
(a) 100"~r recover}- of helium was obtained when the 
total amount of helium in sodium exceeded 20 >unol, 
and (bl below 20 /miol, the recovery decreased rapiilly 
with decreasing helium content. In the actual soluliility 
measurements, helium recoveries ranged from 8 to 120 
;<mol. For the iew experiments (at 350 and 400°C) 
that yielded <20 /jmol of helium, corrections were 
applied for partial recovery. 

Solubilities were measured as functions of l)Oth i>res-
sure and temperature. The pressure dependence was 
determined from 14 experiments carried out at ~.500°C 
and at pressures ranging from 2 to 9 atm. Figure l l - l 
shows the variation ot the mole fraction solubility of 
helium (corrected to exactly .500°C) with helium pres
sure. The experimental points were fitted by the 
method of least squares to a linear equation with a 
slope (the Henry's law constant A'n) of 1.56 X 10"^ 
atm~'. On the basis of a statistical F-test made on 
the value ot the intercept, the displacement of the line 
from the origin is insignificant. This can be seen in 
Fig. II-l by the position of the 95'^ confidence limits. 
The solubility data, therefore, obey Henry's law. 

The temperature dependence of the solubility was 
determined from about 30 experiments carried out at 
approximately .50-degree intervals between 350 and 
.5.50''C. The data, shown in Fig. 11-2 in terms ot the 
Ostwald coefficient A (volume of helium dissolved per 
unit volume of sodium) and temperature in degrees 
Kelvin, were fittetl by the method ot least stpiares to 
a linear equation of the form log A vs \/T. The regres
sion line^ in Fig. II-2 can be representefl by 

TAHI.E i l l , MKI.II.M lit; 

(3.50-i5.50°C) log A = 0.511 - 3070 T- (1) 

•The trap consisted of a coiled etipper tube filled with ^1(X) 
g of Liride Molecular Sieve Type hA. 

' Equation 1 can also be expressed by log (He solubility, 
ppb/atm) = 5,08 - 2840 T', with the atomic weighl of niitunil 
helium taken as 4.003, 

Helium-3 Injected into 
Stripper (/xmol) 

1.3 
4.8 

11.0 
22.6 
66.4 

Helium-3 Recovered 

(%) 
1>7 ± 7 
84 ± 7 
87 ± 5 

100 
100 

Error analysis showed tliat at the 95S^ confidence level 
the deviation of the mean value of log A is ±0.015; the 
corresponding error in A is ±3.6%. 

The heat of solution was calculated by differentiat
ing Eq. 1 with respect to \/T. For the standard state 
defined as one gram-atom of ideal gas compressed at 
temperature T into the molar volume of sodium at that 
temperature (a standard state useful in theoretical 
calculations), the heat of solution is 14.1 ± 0.6 kcal/ 
mol. For the standai'd state defined as one gram-atom 
of ideal gas at one atmosphere pressure, the heat of 
solution is 13.0 ± 0.4 kcal/mol. 

No re|)orted experimental measurements of the solu-

HELIUM PRESSURE, olm 

;iOH-20Ufi 

FKI. I I - l . Fressiin- I )oppiKleiic('of ilio Soluhility (if Heliu 
ill Sodium at SOCC. 
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bility of lieliiiin in sodium exist with which to compare 
the present data. A theoretical model that satisfac
torily accounts for the measured helium solubility, 
however, has been developed in this laboratory. A 
descrijition of this theoretical work appears in Sec
tion V..\,l,e. 

(1. Surface Diffusivity Studies (J. G. Eberhart, W. 
Kreinsner) 

This study was undertaken to determine the im
portance of surface diffusion in the corrosion and trans
port of a-iron in a litiuid sodium environment. The 
techni(|ue emjiloyed is to observe by interference 
microsco|iy the development of grain-boundary grooves 
on polished a-iron surfaces. Ex|ieriments are carried 
out at teiuperatures between 600 and 880°C. Prelimi
nary data on groove profiles and on the kinetics of 
their development have been collected at 800°C. These 
data and their significance are discussed below. 

Groove growth. The kinetics of groove growth 
may be conveniently described in terms ot the width 
of the groove, ic, shown in the schematic draw-ing of a 
groove iirofile in Fig. 11-3. In a liquid inetal environ
ment, there are two possible mechanisms for groove 
formation: surface diffusion of iron atoms along the 

i IX IO- ' 
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FIG, II-2, Temperature IJependenoe of the Solubility of 

Helium in Sndi\ini, 

308-21(ili 
FRi , II-3, Schematic of 

(w = widtli, (/ = depth, h = 
LJrain-Boundary Croove Profile 
ridge height). 

solid-liquid interface and volume diffusion ot iron 
atoms through either the bulk solid or the bulk liquid. 
Mullins"' " has shown that these two mechanisms lead 
to different grooving kinetics, namely, 

for surface diffusion : 4.6(i;n'-'* 

: 5 . 0 ( / 1 0 ' " tor volume diffusion 

(2) 

(31 

where B and -4 are constants at a given temperature 
and t is time. 

Eight different a-iron specimens were heated at 
800°C for various times from 1 to 8 days. Many 
grooves on each specimen were examined. A typical 
interferogram is shown in Fig. II-4. The widest groove 
observed on each sample was selected for the kinetic 
analysis, and Fig. II-5 shows a log-log plot ot the 
groove width versus time at temperature. The linear 
relationship between log w and log t was fit by the 
method of least sciuares. A slope of 0.22 with a stand
ard deviation of 0.04 was obtained, in reasonable agree
ment with the exponent Vi that Eq. 2 indicates is 
appropriate for surface diffusion. Thus, surface rather 
than volume diffusion is indicated as the mechanism of 
mass transport responsible tor groove formation. 

MuUins' analysis ot grain-boundary grooving 
showed that the parameter B in Eq. 2 is 

B = (DSL) (V) (ysL) {n'-)/kT (4) 

where iJsL is the diffusion coefficient tor iron atom 
movement along the solid-liquid interface, v is the sur
face atom concentration of iron, -ysi, is the solid-liquid 
interfacial tension, (2 is the atomic volume, k is the 
Boltzmann constant, and T is the absolute tempera
ture. A surface diffusion coefficient of OSL = 3 X 10"° 
cmVsec is obtained from Eq. 4 by using the least-
squares value B = 5.3 X 10^=' cm-'/sec and assuming 
y.sL = 2000 erg/cm=, fi = 7.8 X IQ--* cmVatom, and 
il bee closest-packed surface plane with v = 2~''*n"-'". 
This result is somewhat larger than the surface diffu
sion coefficient obtained by Blakely and Mykura'" in 

" W. W, Mullins, ./. Appl. Phys. 28, 333 (1957), 
»W. W. Mulhns, Trans. Met. Soc. AIMS 218, 354 (1960), 
" J . M, Blakely, H. Mykura, Acta Met. 11, 399 (1963). 
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FKl . II-4. Interferogram »f an a-Iron Surface .\iinealed in Li(iuid Sodium al 800°C, 

their study ot a-iron grooving in vacuum, namely 
Dsr = 5 X I Q - ' cm-'/sec at 800°C. 

Croove profile. According to MuUins' theory, the 
profile of a grain-boundary groove formed by surface 
diffusion is different from one formed by volume diffu
sion. This difference is conveniently characterized Ity 
the relative ridge height ot the groove, h/d, where h 
is the height of the groove ridge and d is the depth of 

:i08-21ti7 „ . , , 
FIC, 11-5, Maximum (Groove Width Versus Time fora-Iron 

in Liquid Sodium at WWC, 

SURFACE 

VOLUME 

rl :d 
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h/d 

30H-2108 
FIC. II-O. lielative llidgc Heights for a-Iron 

Sodium at 800°C, 

0 5 

l,i 

the groove (see Fig. 11-31. Allen" has shown that 

h/d = 0.208 tor surface diff'usion (5) 

h/d = 0.149 for volume diffusion (6) 

Measurements of relative ridge height were made for 
.59 grooves on the specimens heated at 800°C. A his
togram ot the results is shown in Fig. II-6. The dis-

" B . C. Allen. Trous. Met. Soc. AIMIii3i. !ll.=. (lOtiC), 
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tril)ution has a maximum at h/d = 0.23, which agrees, 
witliin experimental error, with that expected for sur
face diffusion. 

In summary, the ]u-eliininary findings at 800°C in
dicate that surface diffusion is an important mecha
nism in the corrosion of a-iron l)y liquid sodium and 
that surface diffusion proceeds more rapidly in a 
liquid sodium environment than in vacuum. 

e. Nucleation Kinetics and Morphology of Sodium 
Oxide in Sodium Systems (M. Adams I 

Oxygen levels in reactor and experimental sodium 
looiis are generally controlled by the dissolution or 
precipitation of sodium oxide in cold traps. Until the 
work of McPheeters and Biery,'- little quantitative 
information was available on the parameters that 
might be important in the design of cold traps. These 
investigators studied the jirecipitation and dissolution 
of sodium oxide in unpacked regenerative cold traps. 
They developed a mathematical model ot cold-trap 
operation that successfully correlated the measured 
mass-transfer coefficients of oxygen with Reynolds 
number, temperature, and oxygen concentration. Their 

'^C. C. McPheeters, J. C. Bier.v, "Oxygen Transport in 
Sodium," in Proceedings of the International Conference on 
Sodium Technology and Large Font Reactor Design, USAEC re-
l>ort ANL-7520, Part I, p. 471 (1968), 

findings suggested that oxide precipitation occurs by 
a heterogeneous mechanism. However, no information 
was generated on the effects ot the nature ot the sur
face, rates of oxide deposition, rates ot crystal growth, 
or the mor|)liology of the deposits. A program to collect 
this kind of information is being undertaken because 
the information is directly applicable to cold-trap 
design and operation. 

The value of microscopy in determining crystal 
morjihologies, kinetics of crystal growth, and nuclea
tion properties of precipitates is, in general, well docu
mented. An approach that is largely microscopical in 
nature, therefore, is being adopted tor this work. The 
techniques that will be evaluated are optical polarized-
light microscopy and scanning electron microscopy. 

The initial effort is being directed to the procurement 
or development of equipment that will permit sodium 
specimens to be handled and studied in noncontaminat-
ing environments. An ultrahigh-vacuum chamber 
provided wdth mechanical manipulators for handling 
and preparing specimens and for conducting experi
ments has been ordered. A small facility with a 
refrigeratable microtome and a microscope, and capa
ble of prejiaring carbon replicas of surfaces ot sodium 
specimens, is being constructed. Work on developing 
expertise in sodium microscopy (a virtually unexplored 
area) will begin as soon as the above equipment be
comes available. 

2. Sodium Analytical Development (R. J. Meyer) 

A center for sodium analytical chemistry has been 
organized in the Chemical Engineering Division. This 
center has the responsibility for coordinating analytical 
developments in the national LMFBR Sodium Tech
nology Program. This resiionsibility includes assessing 
the analytical needs of the various laboratories and 
organizations in the national program and then satisfy
ing these needs with certified standard analytical 
procedures. Certification of standard methods, there
fore, will be an important part of the center's program. 
The certification process is ex|)ected to involve either 
evaluation and improvement of existing analytical 
methods or development ot new ones. 

Recent effort has Ijeeii devoted to 11) establishing 
avenues of communication with sodium analytical 
laboratories throughout the country for the |)urpose of 
assessing their needs, (2) estalilishing a mechanism by 
which standard methods may lie certified and effec
tively imjdemented through tlie LMFBR Sodium Tech
nology Program, and (3) initiating work in the follow
ing areas: 

a) Develojunent of reference methods to calibrate 
on-line monitors, to determine whether sodium meets 
liroeurement specifications, and to evaluate other 
standard methods. 

bl Development ot standard methods tor oxygen, 
carbon, hydrogen, and nitrogen species in soilium. 

cl Development ot standard methods for metallic 
and halide impurities in sodium. 

(1) Development of standard methods tor monitoring 
activated corrosion jjroducts and fission products in 
sodium. 

e I Review and assessment of sampling procedures. 
Prior to the formation of the sodium analytical 

center, the analytical effort was devoted mainly to the 
evaluation and calibration of on-line instruments for 
analysis of sodium. A Sodium Analytical Loop (SAL) 
that had lieen constructed by and located in the Reac
tor Engineering Division was used tor this ]iur|)0se. 
The following contains a description of the SAL 
facility and some preliminary experiments with it. 
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a. Sodium Analytical Loop (N. ,Skladzicn, P. \'ilin-

skas. L. liortholme] 

(1) Descr ip t ion ol' SAL 

The Sodium .\nalytical Loop is shown schematically 
in Fig. II-7. It is constructed of type 304 stainless 
steel and is designed tor operation at 600°F with a 
sodium capacity of 15 gal. The SAL facility consists 
of a main vessel and three small, individually pumped 
side loops. t)ne loop contains an absolute resistance 
ineter in series with two United Nuclear Corporation 
(UXC) oxygen cells, a heat exchanger, and a cold trap. 
The second loop contains a heat exchanger and a 
plugging indicator valve. Conoseal connections are 
used in this loop to enable substitution of the plugging 
indicator valve with a hot trap. The purpose ot the 
third loop is to eliminate local temperature and 
impurity gradients by recirculating sodium from the 
upper to the lower region of the main vessel via the 
loop. The return line of this loop terminates at the 
throat ot an eductor positioned near the liottoni of the 
main vessel. 

Two devices are provided for taking liquid sodium 
samples, the dip sampler and the line sampler. An 
important feature of the apparatus is the viewing port, 
which permits observation of the dip-sampling opera-
lion as well as the surface condition of the sodium in 
the main vessel. 

(2) Preliminary Experiments with S . \L 

The initial activities with SAL were the following: 
(a) a comparison of dip sampling with line sampling 
was made; (b) flip sampling was further evaluated by 
comparing the results of oxygen analysis ot flip samples 
with those obtained by gettering the oxygen in soilium 
with uranium; and Ic) two UNC oxygen cells were 
calibrated. The oxygen-cell calibration is discussed 
in Section II.B.l.a. 

Comparison of (lip and line sampling. The dip-
and line-sampling technitiues are intended for use in 
conjunction with analysis of sodium by the distillation 
method. In both techniques, a sample cup made of 
high-purity nickel or molybdenum is u.sed, and the 
sodium sample is vacuum distilled by induction heat
ing. The residue from the distillation is analyzeil by 
atomic absorjition speetronietry to ileterniine the im
purity content of the sodium. The sample size is ob
tained by dissolving the distillate and assaying for 
sodium by atomic absorption spectrometry or by titra
tion. 

The dip sampler is operated by lowering the sample 
cup into the sodium and then raising it to the level 
of the induction coil. This is done manually liy moving 

DIP SAMPLER 

VACUUM 
DISTILLATION 

CHAMBER 

LINE SAMPLER PLUGGWG LOOP ANALYSIS LOOP 

308-2109 
FIC, II-7, The .Sodium Analytical Loop (SAL). 

a temperature-sensing rod, to which the cup is 
attached, through a sliding seal located at the top of 
the sampler. The line sampler uses a geared mechanism 
to raise the sample cup into a fill chamber. A stream 
of flowing sodium is directed into the cup, the excess 
s))illing into an overflow reservoir. The line is valved 
ort", which stops flow, and the cup is lowered into posi
tion for vacuum distillation. 

The dip sampler was found to be superior to the line 
sampler in two respects: the sample size was more 
reproducible, and the operation had fewer mechanical 
]troblems. In view of these findings, the dip sampler 
was used exclusi\-ely in subsequent experiments. 

Dip-sampling tests. Further evaluation of dip sam
pling was made liy checking oxygen analyses obtained 
by the use of this technique. A known amount ot 
oxygen as XaOH was added to SAL, and after allow
ing sufficient time for e<iuilil)rium to be established, 
a sample was taken with the di]i sam])ler. The sample 
was subseiiuently vacuum distilled, and its oxygen 
content was calculated on the basis of the amount ot 
sodium in the residue. After taking the di]) sample, 
sodium flow was started through a uranium getter trap 
that had been substituted for the j^lugging indicator 
shown in Fig. II-7. The trap consisted of a removable 
section of pipe in which strips of uranium metal were 
suspenfled and maintained at 1020''F throughout a 
gettering run. At the end of a gettering run, flow 
through the side loop containing the tra]i was stop])ed, 
the trai) was frozen and disconnected, and the uranium 
strips were removed, cleaned, and weighed. The weight 
increase was a measure ot the oxygen jtickup. The 
gettering runs were terminated when the emf reading 
iif the UNC oxygen cell reailied a (high) plateau 
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[)!• Dip-S.vMPLiNd T E S T S I N S A L 

(1) 
(2) 
(3) 
(4) 

Ppm Oxygen in Sodium by 

Addition of 
NaOH 

0 (base point) 
l(i 
31 
(i.7 

Analysis of 
Dip Sample 

31 
12 
34 
7,2 

Weight Increase 
of Uranium 

28-
18 
34 

7,8 

" Low value due to early termination of gettering run, 

value, which indicated a minimal oxygen content (<0.2 
ppm oxygen) remaining in the sodium. The UNC 
oxygen cell reading (low plateau value) was also used 

to determine when equilibriuni had been reached after 
addition ot NaOH. 

The results of tour consecutive gettering runs are 
shown in Table II-2. Because good material balances 
were obtained, it can be concluded that the dip-
sampling technique provides satisfactory samples of 
sodium tor analysis of impurities. 

After completion of the three activities discussed 
above, SAL was shut down. As part of the LMFBR 
Program Plan to centralize the work on sodium tech
nology, SAL was moved from the Reactor Engineering 
Division and rebuilt (without the line samiiler) in the 
Chemical Engineering Division, where it is once again 
in operation. 

B. ENGINEERING DEVELOPMENTS (P. A. Nelson) 

1. Monitoring of Sodium Purity ( / . T. Holmes) 

Work has been initiated on the development, test
ing, evaluation, and improvement of on-line monitors 
tor impurities in sodium. On-line monitors for measur
ing the concentration of oxygen, carbon, and hydrogen 
are needed to study the chemistry ot these impurities 
in sodium as well as to monitor their presence in 
LMFBR sodium coolant. The ability to detect abnor
mally high buildup of oxygen or carbon in sodium is 
required so that corrective action may be taken to 
avoid excessive corrosion ot reactor components. On
line hydrogen monitors are needed for rapid detection 
of small water leaks into sodium from the steam-
generator tubes. Thus, the reactor can be shut down 
before the leak propagates and causes widespread or 
catastrophic damage. 

Monitors and monitoring systems (which include 
means for on-line calibration), after being fully tested 
and certified in the ANL Sodium Technology Program, 
will be proottested at EBR-II and other national test 
facilities. 

Work on the characterization of cold-trapped sodium 
is planned. 

a. Oxygen-Activity Meter (S. Skladzien, P. Vilinskas. 
L. Bartholme) 

The oxygen meter currently under test at ANL is 
the electrochemical cell developed by the United 
Nuclear Corporation (UNC). This meter is based on a' 
galvanic cell having a Th()2-15 wt % Y2O3 solid elec
trolyte, a Cu-Cu^O reference electrode, and a recom
mended operating temperature of 600°F (3I5°C). The 

cell develops a voltage dependent on the activity of 
oxygen in the sodium. Possible improvements in the 
cell, such as replacement of the CU-CU2O reference 
electrode with Na-Na^O or oxygen gas, are being 
studied at Brookhaven National Laboratory. As im
provements are developed, they will be tested in the 
ANL program. 

Two UNC electrochemical oxygen cells were tested 
and calibrated prior to shipment to EBR-II early in 
1969. The cells were calibrated in the Sodium Analyti
cal Loop (SAL) described above in Section II.A.2. The 
calibration involved monitoring the steady-state cell 
output after various levels ot oxygen were introduced 
into the loop by the decomposition of NaOH. Hydro
gen from this decomposition was removed by gettering 
with zirconium. Prior to each addition ot NaOH, 
oxygen was reduced to below 1 pjim by gettering with 
uranium. The technique of dip sampling and vacuum 
distillation, described in Section 1I..4.2, was used to 
measure the Na^.O concentration. 

The data yielded the following calibration equations 
relating oxygen concentration to cell voltage at 600°F: 

Cell TP-285 In O(ppm) = 54.2 - 45.0 V 

Cell TP-286 In O(ppm) = 56.4 - 46.9 V 

wdiere V is the cell output in volts. The theoretical 
value tor the slope at 600°F is -39.4. The higher values 
(—45.0 and —46.9) ol).served exiierimentally cannot be 
accounted tor at i)resent. The cells were shipped to 
EBR-II where they will be installed in the secondary 
sodium system. 
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Two other uncalibrated UNO cells have been 
operated in static soditim at EBR-II , one in a radia
tion field (cohl-trap room), the other isolated from the 
radiation. Periodically, the phicement of the cells is 
reversed to determine if moasurable effects of radia
tion have taken place rather tluiu normal drift or aging. 
To date, no effects of radiation have been obsen'ed. 
These results do not completely agree with earlier tests 
(possibly with earlier cell models) at Atomic Power 
Development Associates in which significant radia
tion effects were noted occasionally. 

Additional experience on long-term ojieration of the 
UNC oxygen cells in flowing sodium is needed as well 
as information on the eft'ects of higher radiation levels. 
Therefore, plans are being made to test cells in the 
Radioactive Sodium Chemistry Loop (RSCL) that is 
being constructed tor the EBR-II priman- sodium 
system. During these tests, calibrations of cell output 
will be made by comparison with the results of on-line 
distillation analyses, rates of oxidation ot uranium 
metal tabs, and analyses for oxygen in equilibrated 
refractory metal wires. Two calibrated cells will be 
shipped to EBR-II in mid-1970 for testing in the 
RSCL. Additional calibrated cells will be supplied to 
EBR-II as recpiired. 

I>. Carbon-Activity Meter {('. Jjuner, N. Chellew, D. 
Roue. P. Mack) 

Knowing the activity ot carbon in LMFBR sodium 
is important to reactor operators since corrosion by 
abnormally high carbon activity can adversely affect 
the strength ot construction and cladding materials. 
UNC has developed an on-line carbon-activity monitor 
that measures the flux ot carbon diffusing through an 
iron membrane immersed in sodium at about 1400°F 
(760°C). The Chemical Engineering Division has one 
ot the three carbon-activity meters made available by 
UNC tor field testing. This meter will be tested to 
determine its reliability ot operation and its response 
to the typical steady-state conditions (e.g., tempera
ture, impurity levels) ot EBR-II sodium as well as 
abnormal releases ot carburizing agents into the 
sodium. For these experiments, the meter is being in
corporated into the Test and Evaluation Apparatus 
(TEA), w^hieh is shown schematically in Fig. II-8. 

TEA is a small, type 304 stainless steel loop with a 
capacity of 40 to 50 lb ot sodium and a maximum 
pumping rate of 8.5 gpm in the V2-in. Schedule 40 jiipe 
of the main loop. The loop is of welded construction tor 
operation at temperatures up to 1200°F. There is an 

1 -TRANSFER LOCK OR DISTILLATION TUBE 
2 -LIQUID METAL VALVE 
3 -VACUUM GATE VALVE 
4 - SAMPLING-EXFaNSION TANK 
5 -COLD TRAP 
6 -LINE COOLER 
7 -FREEZE-LINE SAMPLER 
8 - E M PUMP 
9 -FLOWMETER 
10-DRAIN TANK 
It -CARBON METER PROBE 
12.COUPON EXPOSURE TUBE 
13-GATE VALVE 
14-BALL VALVE 

-PURIFICATION LOOP 
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on-line distillation sampler (dip type) in the main loop 
and a freeze-line sampler in the purification loop. The 
response of the carbon-activity meter will lie correlated 
with the rate of carburization of inetal specimens 
mounted in a test section adjacent to the ineter. During 
the course of these experiments, various changes in the 
design of the iron-membrane probe and the detector 
system will be tested in an effort to improve the meter. 

Attempts to improve the meter are also being made 
by experiments in which probes are tested in sodium 
contained in stirred vessels. This type of equiimient is 
also being used to determine meter response to various 
carbon-bearing species that may be imjiortant in 
carbon transport in sodium systems. 

The most reliable model of the carbon-activity meter 
that is developed in this program will be proottested at 
EBR-II in the Radioactive Sodium Chemistry Loop 
(RSCL). Methods of on-line calibration and of check
ing meter response to a sudden change in carbon 
activity will be developed by work on the TEA. Later, 
these methods will be incorporated into the operation 
of the carbon-meter station at RSCL. 

c. Hydrogen-Activity Meier (/). R. Vissers) 

Design and calculational studies are under way on 
an on-line monitoring system for hydrogen in sodium. 
On-line hydrogen monitors are needed to detect small 
water leaks into the sodium from the LMFBR steam-
generator tubes. This enables the reactor to be shut 
down for repairs before such leaks propagate to 
adjacent tubes or become so large that catastrophic 
damage ensues. The main requirements for a leak in
dicator are sensitivity, rapid response, and reliability. 
It may be necessary to detect changes in hydrogen 
concentration as small as 0.01 to 0.02 piim within a 
fraction of a minute. The meter must be reliable since 
false indications ot water leakage could result in un
necessary reactor shutdown. 

Oxygen-activity meters could also be used tor detec
tion of water leaks into sodium. Such meters have fast 
response and high sensitivity and may eventually be 
superior to hydrogen meters as leak detectors. How
ever, oxygen meters are not as reliable at the present 
stage of development as hydrogen meters. 

To respond to the immediate needs of facilities using 
sodium-heated steam generators, the aim of the initial 
work on hydrogen detectors will be to develop an on
line hvdrogen monitor similar to that tested exten
sively at Electricite de France." This monitor is based 
on diffusion of the hydrogen in the sodium through a 
nickel membrane and detection ot the hydrogen with a 
mass spectrometer. A vacuum is drawn at a steady rate 
on the membrane, thereby creating a hydrogen activity 
gradient from the sodium side to the vacuum side and 
causing the hydrogen to diffuse. The partial pressure 
of hydrogen on the vacuum side, determined with the 
mass s])ectrometer, is a measure of the hydrogen flux 
through the membrane. A rapid increase in hydrogen 
flux through the mebrane would be an indication of a 
water leak into the sodium. 

Res]ionse rates for the nickel membranes used in 
such hydrogen meters have been calculated. These 
calculations indicate that, tor a 10-mil membrane at 
500°C, the change in hydrogen flux on the vacuum side 
of the membrane will reach 70% ot the total change in 
flux within 10 sec after a step change in the hydrogen 
concentration ot the sodium. 

Equipment for a hydrogen meter based on a nickel 
diffussion membrane and a mass spectrometer is being 
assembled and will be installed and tested on the SAL 
facility described above in Section II.A.2. 

'̂  J. Birault, A, Brachet, E, Cambillard, J. Coron, L. Lan-
nou, C. Rault, "Detection of Small Leaks by Hydrogen Meas
urements in a Sodium-heated Steam CJenerator," in Proceed
ings of the International Conference on Sodium Technology and 
Large Fast Reactor Design, USAEC report ANL-7520, Part I, 
p, 345 (1968), 

2. Fission Product Behavior and Control (JF. E. Miller) 

Introduction into the sodium coolant of fission 
product activities from fuel elements and of activated 
corrosion products ean lead to technical problems in 
LMFBR plant operation. Work to define these prob
lems is under way and includes calculational evalua
tions of the release rates and migration of fission 
in-oducts in the reactor sodium. Preliminary results ot 

this continuing calculational study indicate the im-
Iiortance of investigating the behavior ot short-lived 
fission products. This effort is expected to result in im
proved methods ot detecting failed fuel elements and of 
dift'erentiating between innocuous leaks and serious 
failures that can propagate damage by restricting or 
stopping sodium flow. 



B. 1-^ngincenng Developments 7H 

3. Nature and Control of Sodium .\erosol Kornialion (H. If . Kessie, W. E. Miller) 

The objective of this work is tu assess the mag
nitude ot formation of sodium aerosol tit proposed 
LMFBR conditions. Pioposed LMFBR sodium tem
peratures iluring normal reactor operation range from 
about 425 to 650°C. The corresponding range of sodium 
vapor pressure is 0.73 to .52 Torr. In the pool-contain
ment approach (used at EBR-II and ])roposed for 
LMFBRs), the cover gas is exjiosed to the full range 
of sodium temperattiros. 

The fraction of sodium \apor condenseil to aerosol 
on cooling the sodium vapor-carrier gas mixture will 
depend on the ratio ot thermal diffusivity to mass 
diffusivity in the mixture. High mass diffusivity will 
tend to promote direct condensation on the cooler sur

faces abo\'e the sodium jiool, whereas a low mass diffu
sivity will tend to promote aerosol formation within 
the cool g;is-l)Oundary layers. Howe^'er, no experimen
tal data on tiie difi'usivity of sotlium vapor has been 
found. For nonjiolar simple gases, difi'usivities may be 
estimated from viscosities; correlations tor making 
such estimates for sodium are being examined. 

The first experiments will be done in an inert-
atmosphere glovebox. Sodium w-ill lie heated in a long 
tulu' cooled at one end, and an attempt will be made to 
\iew aerosol formation through a Pyrex window in 
the tube. The gas phase will be sampled and analyzed 
to determine the iiuiss concentration of sodium aerosol. 
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Materials Chemistry and Thermodynamics^ 

(A. D. Tevebaugh, J. D. Single) 

A. HIGH-TEMPERATURE THERMODYNAMIC STUDIES (P. E. Blackburn) 

The objective of this program is to obtain phase-
diagram, thermodynamic, and chemical data that can 
be used to interpret and evaluate performance of fast-
breeder reactor fuels. This information will aid in 
understanding and in selecting methods for control of 
fission product distribution in the fuel, cladding attack 
by corrosive fission products, plutonium segregation, 
and fuel swelling. In addition, these dtita will help to 
identify phases formed in fuel under operating condi
tions and to choose additives for controlling the chemi
cal potentials of fuel anions and those fission products 
which arc deleterious to prolonged fuel pin lifetimes. 

The high-temperature investigations of LT-Pu-O and 
U-Pu-C fuel sy.stems include mass-spectrometric vapor 
pressure measurements, phase-diagram studies, and 
activity measurements by transpiration experiments. 

' A summary of this section is given on pages 9 to 11. 

The mass-.spectrometric studies of the binaiy Pu-0 
and Pu-C systems are nearly complete, and the studies 
of the ternary U-Pu-0 systems have been initiated. 
The first of .several phase-diagram studies of the metal-
rich limit in (U,Pu)02-i has been completed. Measure
ments of the U-0 system are being carried out to test 
the new plutonium transpiration equipment. The 
ultnihigh-vacuum effusion chamber has been fitted 
with a quadrupole mass sjiectrometer and measure
ments are under way to determine relative ion cross 
sections of uranium and uranium oxide molecules. Vapor 
transport experiments have been carried out to deter
mine the mechanism of the attack of stainless steel 
cladding by fission product iodine. Experiments are 
being planned to establish the chemical factors neces
sary for the iodine attack. Carbon activities have been 
measured over the U-C system by a tran.spiration 
technique. 

1. V o l a t i l i z a t i o n S t u d i e s o f P l u t o n i u m O 
(J. E. Battles, 

Mass-spectrometric studies of the volatilization 
behavior of the systems Pu-0 and Pu-l'-O are under 
way. The purpose of these studies is to determine (1) 
the composition of the vapor phase in equilibrium 
with the condensed phase(s), (2) the partial pressures 
of the vapor species as a function of temperature, and 
(3) the thermodynamic properties of the vapor species 
and condensed phases. 

a. Plutonium-Oxygen System 

The study of the volatilization behavior of the appar
ent eongruentl.A- effusing plutonia (^PuOi.sj at 2219°K) 
has been completed and the results previously reported 
(AXL-7.575, p. 77). Also, data relating to the incom-

x i d e C o m p o u n d s b y M a s s S p e c t r o m e t r y 
IF. A. Shinn) 

plete study of the binary conden.sed system PU2O3 -t-
PuOi.61 were presented at that time. Additional mass 
spectrometric mea.suremeiits to determine the en
thalpies ot reaction for 

7..33 Pu20,(s) = 13.(i6 PuOi,.i(s) + Pu(g) (1) 

2.77 Pu,03(s) = 4..54 PUOI.M(S) -|- PuO(g) (2) 

and 

4.,54 PUO, .M(S) = 1.77 Pu,03(,s) -|- Pu02(g) (3) 

have now been completed, concluding the study of the 
binary condensed .system Pu.Oj -|- PuOi.ei. These 
measurements w"ere made primarily to supplement the 
limited data previously obtained for Reaction 3. 
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T.\BLK III-I. Hl-ATSOF Ite.UTI.lN TO Pilot : (lAsKi.rs I'll, I'lill, AMI l>uO, KHiiM TWO-PHASK (PUJCI, -I- PuO, ,|) 

Run Xo. 

PW-5A 
Pli-5A 
PI! r.A 
PI! 1)0 
l'l!-01) 
Pli-8B 
P1!-8C 
PI!-9 A 

Cell 
Malerial 

W 
lie 
lie 
lie 
l!e 
l!e 
lie 
He 

Temperature 
Range- (°K) 

1704-2145 
1797-2134 
1085-2147 
1(157-21-18 
1735-2147 
1048-2224 
1803-2212 
1812-2210 

Composition of 
Solid Material 

(0/Pu) 

1.5S 
1.601-
1.5fi 
1.54 
l,5ti 
1,55„ 
1,54, 
l,5(i, 

.\verage 

Heat of Reaction" (kcal/mol) 

Pu 

108.3 ± 
U1.9 ± 
111.2 ± 
111.5 ± 
109,9 ± 
113,1 ± 
109.1 ± 
105.2 ± 

110,0 ± 

1.5 
l.li 
1.3 
2.8 
1,8 
1,0 
1,5 
1,0 

1,7 

PuO 

116.4 ± 0.9 
114.4 ± 0.8 
120,9 ± 1 , 1 
119.1 ± 0,7 
118.8 ± 0.6 
120.(i ± OS 
120,7 ± 1.0 
116.6 ± 0.7 

118,4 ± 1,0 

PuOs 

— 
— 
— 

126,2 ± 4,9 
136,3 ± 2,1 
131.7 ± 6.3 
133.8 ± 2.0 

132,0 ± 4,4 

» The nieasuremeiil.-; fur PiiO^^ covered the lemperature range 1950°K t<i the maximum listed. 
I* Analysis is believed to he iiK-orret-l. 
< The errors listed are standard deviatiuns; an ionizing electron energy of 11 eV was used for measurements of Pu+ and PuO"^, and 

16 e\ ' for measurements of PuO!"*". 

The results from these latest experiments (Huns 
PR-SB. PR-8C, and PR-9A), alon^ with results from 
the previous experiments, are summarized in Table 
III-l. The experimental details and treatment of data 
were previously reported (AXL-7575, p. 81). The data 
in Table III-l (heats of reaction) relate to condensed 
materials with O/Pu atom ratios of l.o4 to l.of>. The 
enthalpies of reaction for Heactions 1 and 2, obtained 
from a numerical average of all the data, differ insignifi
cantly from the values reported in ANL-7575. For 
Reaction 3, an enthalp>- of reaction of i;^2.0 ± 4.4 
kcal/mol is obtained from an average of the four values; 
this differs considerably from the value (126.2 zfc 4.9 
kcal/mol) obtained initially (one experiment). The 
large standard deviations exhibited in the data for 
Reaction '.i are due primarily to the small ion intensity 
of PuO^ which is the minor vapor species. 

The partial pressures of Pu(g), PuO(g), and Pu02(ff) 
over (PU2O3 + l*uOi.6i) îw a function of temperature 
were redetermined so as to incorporate the enthalpies 
of reactions listed in Table III-l and are represented by 
the equations 

l*>g Ppu ('atm) = — 
(24,040 ± 370) 

T (4) 

+ (.-).240 ± 0.190) (1648-2224'^K) 

I'JK f^vuo (atm) = 
(25,870 d= 220) 

T (5) 

+ (7.140 ± 0.120) (1648-2224°K) 

l"ir /'i-uoj (atm) 
(28,850 ± 960) 

T (6) 

+ (6.1.SO ± 0.480) (I950-2224°K) 

b . IVan ium-Plu ton ium-Oxygen System 

Two preliminary experiments on the volatilization of 
20 wt. % l»uO2-80 wt 7c 1^0:. material at ~2260''K have 
been conducted. A tungsten effusion cell was used in the 
first experiment, whereas a rhenium effusion cell was 
used in the second experiment. The starting material 
had an oxygen-to-metal ( 0 / M ) atom ratio of 2.OI3. 
In the.se experiments, vapor species of W-0 (tungsten 
effusion cell) and Re-O (rhenium effusion cell) were 
observed during the initial heating of the sample. The 
intensity of these vapor species decreased rapidly, thus 
indicating a reduction in the oxygen potential ( 0 / M ) of 
the samples. 

In the second experiment, the sample (374 mg) was 
heated at about 1673®K until the Re-0 vapor species 
were no longer detectable. The sample was than heated 
at about 2260°K for 20.5 hr. The variation of the ion 
inten.sities as a function of time is shown in Fig. III- l . 
At point A in Fig. I I I- l , a temperature decrease (10-
15°) occurred, and at point B, a momentary high-
voltage failure occurred. The points Ri and R2 indicate 
reheats after cooling the sample to room temperature. 
At point Rl (9.5 hr), a sample was removed for oxygen 
analy.sis. The analysis yielded an O/M atom ratio of 
1.92(). The remainder of the material ("*-'5.3 mg) was 
then reheated to 2260°K for an additional 11 hr. From 
point Rl to the point marking the conclusion of the 
experiment, the ion intensities of the vapor species 
appear to have reached an approximate equilibrium 
condition. The residual material at the conclusion of the 
experiment (after 20.5 hr) had an O/M atom ratio of 
1.86 .̂ Although PuOa w:us detected in the vapor phase 
in a minor amoimt, its concentration could not be 
evaluated because the mass spectrometer does not 
completely difTcrentiate between '"•'PuOj" and ^''UOj. 
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The ion intensities of UO?, UO*, PuO*, and I'u* were 
determined u.sing an ionizing-electron energy of 11 eV, 
whereas 1.5 eV was used in the measurement of the ion 
intensity of VOt. 

Although considerable scatter exists in the data 
shown in Fig. II l - l , the experiment did fulfill its 
purpose of establishing the relative abundance of the 
vapor species and the variation in the concentration of 
the species as a function of time at a constant tem
perature. 

308-2211 

FIG. III-2. Plot of the Equilibrium A', a., a Funetion of 
l ime at Constant Temperature (2260"K) for the Re,action 
2U0,(g) = UO(g) 4- UO,(g), 

The behavior exhibited in the initial portion of the 
experiment may be indicative of iione(|uilibrium in the 
vapor phase, or between the solid and vapor phases, or 
both. Similarly, the behavior in the latter portion may 
be indicative of equilibrium or near-equilibrium be
havior. .Another indicator of e<iuilibrium or nonequi-
librium behavior would be a plot of the etjuilibriura 
constants for the reactions 

2U0j(g) = UO(g) + UOi,{g), 

A'i = 
(Tvot)' 

and 

2PuO(g) = Pu(g) -I- PuO,(g), 

A-2 = 
- | - / p , 

(7) 

(8) 

( / p . 0' 

Under etiuilibrium condition.s and con.stant tempera
ture, the equilibrium constants Ki and K,, should remain 
constant when plotted as a function of time. In ]''ig. 
III-2, the equilibrium constant A'l has been plotted as a 
function of time (A'2 could not be evaluated becau.se the 
ion intensity of PuO? could not be measured). As 
shown in Fig. 111-2, the equilibrium constant changed 
appreciably during the initial portion of the experiment 
and then remained constant during the latter part of the 
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experiment, thus indicating that ei{uilibrium was 
achieved during this time. The behavior of the equi
librium constant shown in I'ig. 111-2 closely parallels 
the behavior of the ion intensities shown in I'ig. I l l - l . 

In future experiments, reaction with the coll mtiterial 
will be elimiiiateil by using iridium effusion cells, which 
have been shown to be nonreactive with plutiinia (see 

ANl>-7")7."), p. 77). The problem of dift'erentiating 
between '"I 'uO? and '"UOf will be resolved by sub
stituting ' " ' l ' for ™V. The Materials Science Division 
has prepared batches (~'2."i g each) of the following 
material using enriched uranium; .5 wt % Pu02-9.5 wt 
% UO,, 10 wt % l'uOr90 wt % UO2, and 20 wt % 
Pu()..-SO wt % UOj. 

2. Phase Diagram of the Ternary Oxide S y s t e m U-Pu-O (A. E. Martin, F. C. Mrazek) 

The dominant feature of the I'-Pu-O ternary pha.se 
diagram' is the existence of a fluorite solid-solution 
pha.-̂  field which extends across the diagram from the 
OTanium-oxygen side to the plutonium-oxygen side. 
The hypostoichicmietric boundar\' of this phase held 
at elevated temperatures, although of considerable 
interest in the Held of fa.st reactor fuels, had not been 
established except at the two sides of the diagram. The 
establishment of this boundary w a.s chosen as the major 
goal of our stud>' of the U-Pu-0 .system, following some 
initial work on the Pu-0 binary diagram that was 
previously reported (ASL-7.'u5, p. 84). 

The hypostoichiometric portion of the U-Pu-0 
ternary .system, where the oxygen-to-metal ratio is less 
than 2.00, can conveniently be represented by rec
tangular coordinates, as for example in Fig. 1II-.3. In 
this ca.se, the ordinate is the oxygen-to-metal ratio, 
0/(U -I- Pu) , and the absci.ssa is the atomic percent of 
plutonium with respect to the two major cationic 
constituents, [Pu/(U -|- Pu)l X 100. I'or convenience, 
the latter will be referred to as at. % I'u. As a prac
tical matter, impurity elements are disregarded when 
computing either the 0 / M ratio or the at. % Pu. 

It can be inferred from a study of the IT-UOi phase 
diagram' that a high-temperature section through the 
uranium-rich portion of the I'-Pu-O ternary phase 
diagram probably has the .simple form shown in I'ig. 
III-.S. The temperature here might be in the range from 
1200 to 2.300°C. If this is the form of the phase diagram, 
then the only conden.sed phase in equilibrium with an 
oxide of the hypostoichiometric boundary composition 
is a uranium-plutonium alloy. This diagram also serves 
to point out that the tie lines in the two-pha.se field are 
not nece.ssarily vertical, p'or convenience, the tilt of the 
tic lines will be given by the "tie-line-plutonium ratio," 
the ratio of the atomic percent of plutonium in the 
oxide pha.se to that in the liquid alloy phase. The tie 
line H ill be tilted if this ratio is other than 1.00. 

' T . L. Markin, 1!, S, Street, J. Inorg. Nucl. Chem. 29, 2265 
(1967). 

' R. K. Edwards, A, E, Martin, "Phase Relations in the 
Uranium-Uranium Dioxide S.vstem at High Temperatures," 
Thermodynamics, Vol. 2, p. 423, IAEA, Vienna (1966). 

It appeared to be likely that the h>-postoichiometric 
boundary of the fluorite phase shown in Fig. III-3 could 
be established by eiiuilibrating uranium-plutonium 
oxide crucibles with litiuid plutonium-uranium alloys 
at various temiteratiires and subset]ucntly .analyzing the 
crucibles. This had been the method which was used 
in the establishment of the hypostoichiometric bound
ary- of the urania fluorite phase in the U-UO2 system. 
How far into the ternary system the pha.se diagram 
would have the form shown in Fig. 1II-3 is uncertain, 
perhaps to as far as 40 to .50 at. 7(> plutonium for tem
peratures below 2100°C'. The initial goal was to establish 
the hypostoichiometric boundary of the fluorite phase 
at about 20 at. % plutonium. Coprecipitated oxide was 
available which contained 19.S at. % plutonium. 
Subsequently, coprecipitated mixed-oxide powders 
with 44.1, 04.3, and SO.4 at. % plutonium were also 
obtained. 

Crucibles were prepared from the oxide powder 
containing 19.8 at. % plutonium by pressing in a 0..50-
in. die at .51,000 psi. In order to avoid contamination, 
no binder or die lubricant w'as used. The crucibles were 
sintered for one hour in vacuum at IS70°C followed by 
four hour.s in helium at 168.5°C. The uranium-plutonium 
alloys were prepared by melting uranium with portions 
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of a 40 at. % U-CO at. % Pu alloy in an arc furnace on a 
water-cooled copper hearth. (The 60% plutonium alloy 
had been formed by arc melting uranium and plu
tonium. The plutonium was 99.99% material obtained 
from Los Alamos whereas the uranium was the 99.9 % 
material previously used in the U-UO2 study. ) The 
equilibration between alloys and crucibles was carried 
out in the Brew furnace (see ,\XL-757,'i, p. 8.3) in a 
helium atmosphere. The average charge in one of these 
experiments was ri.n g, about 2.3 g of alloy and a 3.2-g 
crucible. 

The initial e<|uilibratioii tests were carried out at 
about 2000°('. After cooling, the products were mounted 
in a cold-setting resin, sectioned with a 10-ml diamond 
saw, polished, and then examined metallographically. 
Many similarities to comparable products from equi
librations of uranium with uranium dioxide crucibles 
were apparent. Oxide growths had formed between the 
alloys and the crucibles. Numerous metallic particles 
were observed in both the crucibles and the oxide 
growths; the particles were primarily located at grain 
boundaries of the fluorite oxide phase. Apparently, the 
oxide crucible and the oxide growth had both been 
single-phase fluorite oxide at the temperature of the 
eciuilibration, and the metallic particles, identified by 
electron-probe microanalysis (EPM) as U-Pu alloys, 
had precipitated during cooling to room temperature. 
The O/M analysis of the crucible products ranged from 
1.64 to 1.73. 

These results were encouraging in several respects. 
There was no evidence that a third phase, in addition to 
the solid fluorite oxide phase and the liquid alloy, had 
been present at the equilibrium temperatures. More-

308-2172 
n o . III-4. Hypostoichiometric Boundary of the Fluorite 

Phase in the U-Pu-0 System at High Temperature at 0 and 
19.8 at. % Pu. 

over, no evidence was present that any liquid alloy had 
penetrated into the crucibles. The eventual success of 
the equilibration method in est.abli.shing the hypo
stoichiometric boundary for the mixed oxide containing 
19.8 tit. % plutonium seemed likel.\-. 

However, EPM examination of the products disclosed 
that the experimental conditions needed to be modified 
in order to produce valid hypostoichiometric boundary 
data. The tie-line-plutonium ratio was 2.0 with this 
oxide composition at this temperature. As a result, 
during the etiuilibration process, the ijlutonium con
centration of each layer of oxide growth was twice that 
of the alloy from which it was formed. (The oxygen 
content of the oxide growth was, of course, supplied by 
the crucible.) Thus, a .selective and accumulative loss of 
plutonium from the alloy to the oxide growth occurred. 
Successive layers of growth contained less and less 
plutonium as the alloy became further and further 
depleted in plutonium. (Consequently, the plutonium 
content of the final alloy was too low for proper equi
libration with the oxide crucible. 

One possible way of overcoming this difficulty would 
be to use an initial alloy sufficiently high in plutonium 
to compensate for the plutonium loss to the oxide 
groW'th. The required alloy compo.sition can be calcu
lated from the weights of crucible and alloy and an 
assumed approximate final 0 / M composition for the 
crucible. However, when this method was attempted, 
the initial layers of oxide growth contained ,so much 
more plutonium than the crucible that an appreciable 
amount of plutonium diffu.sed from the growth to the 
crucible. This, of course, led to a crucible having a 
concentration gradient of plutonium as disclosed by 
EPM examination. 

A second method of overcoming the difficulty was 
apparent, namely, to use a two-stage equilibration 
process. This proved to be a practical method. During 
the first stage, the crucible is reduced nearly to the 
hypostoichiometric boundary composition. The alloy, 
then depleted in plutonium, is removed and replaced by 
fresh alloy of the proper plutonium concentration for 
equilibration with the crucible. During the second stage 
of the process, only a minor additional oxide growth 
formation occurs, hence the alloy composition changes 
very little and satisfactory final conditions for equilibra
tion are achieved. In two separate experiments, crucibles 
with 0 / M compositions of 1.686 and 1.713, an average 
of 1.700, were obtained at 2000°C. 

Before proceeding with .similar two-stage equilibra
tion processes at other temperatures, the tie-line-
plutonium ratio was estabfished as a function of tem
perature for oxides containing 19.8 at. % plutonium. 
This was accomplished by the EPM examination of 
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dloys and oxide growth-s formed between the ailoy.s and 
)xide crucibles in rehitively short-term tests at l')SS, 
ISOI. and 221;j°C. It wius foinid that the tie-line-
jlutonium ratio wjus almost independent of temperutnre 
or this temperatvu'e range. 

With the tie-hne information from these tests, 
specific alUn- compositions for equilibration at four 
idditional temperatures with oxide crucibles containing 
19.S at. ^t plutonium were calculated and prepared, 
rhese experiments were successfully carried out at 
[SoS. 1925, 20S2, and 216S°(;'. Crucible samples from 
these tests were analyzed in duplicate for oxygen. The 
data, which represent points on the hypostoichiometric 
Ixjundary of the fluorite phase at a 19.S at. % plu
tonium section of the oxide, are shown in Fig. III-4. Kor 

reference purposes, the data from the U-UO2 .system, 
which can be considered to be at a section through the 
ternary system where the at. ^c plutonium is zero, are 
included in Fig. I1I-4. Thus, it is apparent that the 
hypostoichiometric boundary at 19.8 at. % plutonium 
is more hypostoichiometric than the boundary at 0 
at. % plutonium by 0.17 to 0.20 0 / M units in the 
temperature range (jf this stud>'. 

It is planned next to study the hypostoichiometric 
boundary of the oxide containing 44.1 at. % plutonium 
and subsequently that of the oxides containing 64.3 and 
80.4 at. % plutonium. In addition, a study of the 
hyperstoichiometric boundary of the oxide containing 
19.5 at. % plutonium has begun; this study will later 
be extended to the oxides of higher plutonium content. 

3. Phase Diagram of the U-Pu-O Sys tem Containing Nonradioactive Fiss ion 
Products (H. Chen^ P. E. Blackburn) 

The objective of this study is to obtain, for the 
chemical interactions among fast breeder reactor fuel, 
its fission products, and the cladding material, thermo
dynamic data which may be useful in designing a fuel 
system having a suitabl\' long lifetime. 

Analyses of irradiated fuels suggest that cesium and 
its compounds, which can penetrate the grain boundary 
of .<tainle.ss steel (AXL-7575, p. 103), are clo.sely re
lated to the corrosion uf the cladding. The Cs-0 and 
Cs-U-O systems will, therefore, be investigated with an 
emphasis on the variation of oxygen activities with 
composition and temperature. The experimental 
scheme calls for the use of the Knudsen effusion tech
nique and a microbalance. The oxygen potential will be 
determined from the vapor pressure of cesium over the 
Cs-0 system using the Ciibbs-Duhem equation. W(»rk 
on the Cs-l'-O system will follow that on Cs-0. A work 
chamber opening to a dry box has been constructed to 
hou.se the balance, so that samples can be handled under 
a controlled atmosphere. 

In connection with the interaction of stainless steel 
and cesium compounds, a preliminary examination has 
been carried out by chemical transp<jrt exjieriments and 
by thermodynamic calculations to as.seKs the possibility 
rjf a chemical transport of iron by iodine (Van Arkel 
proce.ssj. Although results indicate that iodine vapor 
can traasport iron from .stainless steel against a tem
perature gradient, free iodine should not be available 
for such transport in the presence of CS2O, since C'Ŝ O 
•hould react with h to form the very stable Csl com
pound. However, it was alsfj observed experimentally 
that free ir>dine was released from CHI and UO2-H at 
ibtjut 'JOO°C when x > 0.18 (the lowest value of x yet 

studied). The released iodine attacked stainless steel 
extensively, but did not transport iron efficiently unless 
the remaining TOs+j was removed. When transport did 
not occur, an unidentified white deposit was observed. 

A plausible explanation for these observations is as 
follows. Formation of a ternary Cs-U-0 compound 
more stable than ('s20 could cause the release of iodine 
from Csl. Under the high oxygen potential over l^Oa.ig, 
the iodine will attack stainless steel and form an l'"e-0-I 
compound in.stead of Fel2, which is essential in the 
transport of iron. This model, which assumes that CsaO 
can be stabilized by the formation of a ternary- com
pound with l̂ Oo-H.!. provides an explanation for the 
observation that there is cesium in the center of the 
irradiated fuel where the temperature is much higher 
than the boiling point of either Csl or CS2O (see Section 
IV-A of this report). There is also evidence (ANL-7575, 
p. 102) that similar stabilization of CS2O ean proceed 
through the formation of the compound C'saO-AloOj. 

The work that has been carried out thus far has been 
helpful in constructing a model for the corrosion of the 
cladding by the fission products. However, it is evident 
that additional work is necessary to further the under
standing of the Cs-U-0 system and, in particular, the 
thermodynamic properties of its teriuiry compounds. 
To prevent corrosion of the cladding by fission product 
iodine, an oxygen content in the fuel must be found that 
will make cesium available to iodine for the formation 
of Csl, which is not corrosive chemically to stainless 
steel. 

More experinu'tits are being planned to identify the 
new compounds formed and to determine their tliermo-
dynamic projH'rties. 
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4. T o t a l E f f u s i o n o f P u - O a n d U - P u - O S y s t e m s {R. K. Edwards, P. M. Danielson) 

An effusion apjjaratus, previously used to determine 
the congruently vaporizing compositions of urania (see 
ANL-7325, p. 103), has been modified in order that 
studies may be carried out on the l*u-0 and L"-Pu-0 
systems. As i)reviou.sly used, the apparatus consisted of 
an ultrahigh-vacuum system in which an induction coil 
could be used to heat the effusion cell to high tempera
tures. The principal external modification required was 
coupling to a glovebox to protect personnel from con
tamination because of the anticipated radiation hazard. 
To increase the inft)rmation output from the study 
while also reducing the time required for experimenta
tion, two interntd modifications were designed into the 
apparatus: (1 ) a (piadrupole mass-spectrometer sensing 
probe that can be moved at will during an effusion run 
so that it either continuously or periodically intercepts 
the effusing gas beam, and (2) a quartz-crystal sensing 
head of a microbalance that can also, either con-
tinously or periodically, intercept the effusing gas 
beam and yield high-sensitivity measurements of the 
total effusive loss in terms of the effusate condensed. 
Theoretical analyses as well were directed toward 
increasing the efficiency of the experiments. It has been 
established that compositions of the condensed phase 
should be determinable from a mathematical analysis 
of the mass-spectrometric ion-current data more ac
curately than from time-consuming chemical analyses. 

The mass-spectrometer installation has been com
pleted, and initial testing and calibration runs (with 
urania materials) are under way. The preliminary 
performance appears excellent, in particular the tem
perature constancy of the effusion cell as deduced from 
the constancy of the species ion currents during con
gruent effusion. The ((uartz-crystal microbalance per
forms satisfactorily in tests external to the effusion 
apparatus; it will be installed at the appropriate time 
during the continuation of the testing. During the 
testing with urania materials, it will also be our objec
tive to determine the relative ionization cross sections 
of the vapor species (U, UO, UO2, UO3), both so that 
these values may be better known and to guide us for 
the analogous evaluations in the Pu-0 system. The 
values are needed to establish more reliably the partial 
pressures over the U-Pu-0 system by mass spectro
metric measurements (see Section III.A.l of this re
port). Plutonium studies will begin after full plutonium 
capability for the glovebox has been achieved. 

As was noted above, theoretical analyses were de
veloped to guide the design of the apparatus so that the 
measurements to be carried out would efficiently lead to 
the desired objectives. The theoretical analyses have 
been focused on an evaluation of the new mass spec

trometric "traverse" technique first jjroposcd by R. Iv. 
Edwards (ANL-6925, p. 168) and preliminarily 
"proven" in hmited tests (ANL-7225, p. 135). The 
results of the analyses have confirmed the desirability 
of using the technique in this work and as a new ap
proach to measurements in related binary systems in 
general. The extension of this approach to ternary 
systems (such as U-Pu-O) is, in principle, obvious; but 
the mathematical formulations are more complex, and 
are yet to be thoroughly evaluated to establish their 
limits of reliability. A brief description of the technique 
is given below. 

The traverse technique for a given binary phase with 
congruently effusing compositions, such as plutonia, 
consists of conducting two continuous isothermal 
effusion runs in which the compo.sition of the sample 
changes (traverses), firstly, from the hyperstoichio
metric phase boundary to the congruently effusing 
composition, and secondly, from the hypostoichiometric 
phase boundary to the congruently effusing composition. 
During the continuous effusion, mass spectrometric 
measurements of the species ion currents are measured 
either continuously or semicontinuously to yield curves 
and equations of their interdependencies. The derivative 
of the ion current of any one species with respect to 
that of any other species (excluding polymer pairs) 
determines the composition of condensed phase that is 
in equilibrium with the species partial pressures cor
responding to the ion currents at that point (see ANL-
6925, p. 168). Thus, for any generalized pair of species, 
.4,-Bb- and A„B^ , 

/ a In / A . ' B , / \ ^ h' ~ ar 

\ a In /A„B6 A . - ^ - a*" 
(9) 

where / represents the ion current of the species, r is 
the atom ratio B/A in the solid phase, and T and oc 
imply that temperature and operating conditions of the 
mass spectrometer are to be held constant during the 
traverse. Consequently, the ion currents vs composition 
curves may be determined without interruption or need 
for chemical analy.ses. 

A simulated experiment has been carried out by 
computer analysis. I t has been shown with "data" of 
realistic error that compositions can be evaluated with 
both smaller precision errors and much smaller absolute 
errors than can be achieved by chemical analysis. 

Once the ion current vs composition isotherms have 
been established for a series of temperatures, the partial 
molar enthalpies of vaporization can be evaluated by 
the second-law method. However, to get the partial 
molar free energies or entropies, the ion currents must 
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)e converted to partial pressures. To effect this con-
•ersion, the ionization cross sections for the gaseous 
;pecies need to be known. It is most desirable to 
•xpcrimentally determine the ionization cross sections 
;ince none of the existing methods for their estimation 
las been shown to be reliable for molecular species. 
?onsequentl.v, the apparatus discussed above has been 
lesigned with the capabilit\' of providing measurements 
>f the total effusive Ui.ss from a sample via the collection 
if the effusate on the (piartz crystal of the microbalance. 

If a curve of the weight of (effusate vs time is then 
established from either a continuous or .semicontinuous 
record from the microbalance, the slope of this curve 
may be related to the partial pres.sures of the -species via 
the Knudsen effusion equations and, with the ion cur
rent relations already established above, the ionization 
cross sections may be evaluated. 

Some alternate routes to obtaining the ionization 
cross sections are apparent and will be subjected to 
computer analyses for evaluation. 

5. Oxygen Gradients , Total Vapor Pressures, and Oxygen Potent ia ls in Reactor 
Fuels (A. J. Becker, P. E. Blackburn) 

.\ssembly and testing of the high-temperature tran
spiration apparatus for .stud>' of the Pu-0 and C-Pu-0 
.vstems (see .\NL-757.^, p. 87) have been completed. 
The apparatus is shown .schematically in Fig. 111-5. 

During the transpiration experiments, a HaO-Ha 
â̂  mixture is recirculated over the Pu-0 or U-Pu-0 

sample, which is suspended from a Cahn electrobalance, 
antil the mixture reaches a fixed composition in equi
librium with the sample. The H.O/H. ratio, as measured 
by an electrolytic hygrometer, establishes the oxygen 
potential for the .sample. For higher oxygen pressures, 
mixtures of inert gas and oxygen are recircuhated over 
the .sample and oxygen potentials monitored by an 
ox.vgen concentration cell. Continued gas circulation 
tran.spires metal and oxide vapor. The rate of transpira
tion is monitored with the electrobalance which meas
ures weight changes of the oxide sample. Alternatively, 
the overall rate of transpiration is obtained at the 
conclusion of the experiment by chemically analyzing 
the conden.sed oxide vapor. 

It has been established that the balance (the noise 
level of which is ± 2 /jg at room temperature) will 
Dperate at temperature in flowing ga.ses with a noise 
level of ±.30 pg. The equipment is designed to operate 
Bith iridium tubes and sample crucibles at temperatures 
up to 2000"'K and at high oxygen pressure, i.e., up to 0.2 
rtm. .Measurements at higher temperatures will be 
Dbtained at low oxygen levels with tungsten tubes. 

Initial experiments in which O2 and UO,(g) pressures 

are measured over single-phase UO2+1 and two-phase 
UjOg-UjOs are currently in progress. This system was 
cho.sen because oxygen levels and oxide pressures should 
be comparable to those in the Pu-0 and U-Pu-0 
systems. 

308-2173 
FIG. III-5. Si-hematic of the Core of the llecirculating 

Transpiration Apparatus for Studies on Il-Pu-O. 

6. Volat i l izat ion Studies of P l u t o n i u m Carbide Compounds by Mass Spectrometry 
( / . E. Battles, R. K. Edwards, W. A. Shinn) 

-\s part of an investigation of the thermodynamic 
properties of mixed carbides, the volatilization behavior 
)f the plutonium carbides has been investigated by 
;ombined mass-loss and mass-spectrometric Knudsen 
fusion studies. These studies were conducted to 

determine (1) the composition of the vapor phase in 
equilibrium with the condensed phase(s), (2) the 
partial jiressures of the vapor species as a function of 
temjierature, and (3) the thermodynamic properties of 
the vajmr species and condensed jihascs. In particular, 
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attention was focused on the univ.ariant condensed 
systems PU2C3 -f- C, PuCj -|- C, and PU2C3 -|- PuCj. 
Preliminary results obtained for the condensed .systems 
PU2C3 -|- C and PujCa -|- PuC2 were previously reported 
(ANL-7575, p. 82). The investigation of the three 
condensed .systems noted above has now been completed 
and a paper entitled "A Mass Spectrometric Study of 
the Volatilization Behavior in the Plutonium-Carbon 
System" ' has been written. A summary of this study 
follows; 

According to the Pu-C phase diagram which is based 
mainly on the orighial work of Mulford et al, there are, 
at selected temperatures, five thermodynamically 
invariant two-phase fields consisting of solids only: 
PU3C2 -I- PuC, ' PuC -I- PU2C3, PU2C3 -\- C, PU2C3 -I-
PuC2, and PuC2 -f- C. The condensed systems PU2C3 -|-
PuC2 and PUC2 -t- C are .stable only at temperatures 
above 2023''K. However, more recent data indicate 
that the eutectoid decomposition of PuC2 occurs at 
1933 ± 15°K, rather than at 202.3°K. In fact, the 
precise homogeneity ranges and temperature de
pendency of all the phases, except tho.se of PuC around 
875°K, have not been firmly established. For this study 
and in accordance with the present tentative phase 
diagram, the phase boundaries for Pu2C3(s) and 
PuC2(s) are assumed to be very narrow and inde
pendent of temperature. 

Our mass-spectrometric analysis of the vapor phase 
in equilibrium with the solid mixtures PU2C3 -f- C, 
PU2C3 -I- PuC2, and PuC2 -|- C in the temperature 
ranges 1.579 to 1933°K, 1933 to 2299°K, and 1933 to 
2348°K, respectively, showed that Pu(g) was the 
predominant vapor species. No evidence n-as found for 
PuC(g) or PuC2(g) over the sohd mixtures PU2C3 -|- C 
and PU2C3 -f PuC2, which indicates that their abun
dance in the vapor phase is less than 0.1% in the 
temperature range covered for these systems. Gaseous 
PuC2 was detected in the vapor pha.se over the solid 
mixture PuCj 4- C to the extent of O.Oo to 0.1 % at 
about 2275''K. Olson and Mulford' have reported ob-

< J. E. Battles, W. A. Shinn, P. E. Blackburn, E. K. Ed
wards, High Temperature Science, in press. 

" D. T. Livey, P. Fischotte, Atomic Energy Review 4, .Special 
Issue No. 1, 53 (lOliO). 

« R. N. li. Mulford, F. II. Ellinger, G. S. Hendrix, C. D. 
Albrecht, "The Plutonium-Carbon System," Plutonium I960, 
p. 301, Cle.iver-Hume Press, London (1961), 

^ I t should be noted that the designation PuC represents a 
compound with a fairly wide range of composition, but less 
than the stoichiometric value. 

* J. G. Reavis, Los Alamos Scientific Laboratory, private 
communication (1909). ^ 

»W. M. Olson, R. N. l i . Mulford, "Thermodynamics of the 
Plutonium Carbides," Thermodynamics of Nuclear Materials 
1967, p. 4117, IAEA, Vienna (1908). 

serving about 0.1 % of PuC2(g) in the vapor phase over 
condensed PU2C3 -|- C at about 1990°K. 

From considerations of the mass .spectrometric data, 
X-ray diffraction and chemical analyses of sample 
residues, and the phase diagram, we have concluded 
that vaporization of Pu(g) occurs primarily by the 
following reactions, 

V2 PU2C3(S) = Pu(g) -I- ?2' C(s) (10) 

2 Pu2C3(s) = Pu(g) + 3 PuC2(s) (11) 

and 

PuC!(s) = Pn(g) -f 2C(s) (12) 

although, as noted above, the exact composition of each 
of the conden.sed phases is, as yet, unknown. 

The enthalpies of reaction for the three reactions were 
determined by the second-law method from mass 
spectrometric measurements of the ion intensity of Pu"*" 
as a function of temperature. The averaged enthalpies 
of reactions from the several runs are 97.59 ± 1.08, 
118.72 ± 1.10, and 88.29 ± 0.55 kcal/mol Pu(g) for 
Reactions 10, 11, and 12, respectively. 

The rate of mass effu.sion was determined at 2127°K 
for the solid mixture ]>U2C3 -|- PUC2 and at 2170°K for 
the solid mixture PuC2 -|- C. Vapor pressures were then 
calculated by applying the Knudsen equation for 
molecular effusion 

P (a tm) = (2.2.56 X 10"') 
Atk 

(13) 

where w/At is the rate of effusion (w is the mass loss 
through orifice area A in time (, in g/cm'-sec), T is the 
absolute temperature, M is the molecular weight of the 
vapor species, and k is the Clausing correction factor." 
The average value of the vapor pressure, calculated from 
four measurements of the effusion rate in each system, 
was 5.11 X 10"' atm at 2127°K for Reaction 11 and 
3.62 X 10 ' atm at 2170°K for Reaction 12. When the 
values for the vapor pressures and the slopes derived 
from the temperature-dependence data are used to 
evaluate the intercepts, the following equations for the 
vapor pres.sures as a function of temperature are de
rived for Reactions 11 and 12, respectively: 

logP(a tm) = (6.910 ± 0.140) 

(25,940 ± 240) , (H) 
- • j F ^ (1933-2299°K) 

'" P. Clausing, Ann. Phys. 12, 901 (1932); see also S. Dush-
man. Scientific Foundations of Vacuum Technique, pp. 80-117, 
John Wiley & Sons, Inc., New Yorlc (1962). 
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;md 

losP(atm) = (3.4.50 ± 0.090) 

(19,290 ± 120) 
(1933-2348°K). 

(15) 

The errors indicated for the intercepts in the above 
equations .are the standard deviations in the enthalpies 
combined with an estimated uncertainty of 7 % in the 
measurement of mass-effu.sion rates. 

The eutectoid temperature, i.e., the temperature at 
which Pu2C3(s). PuC2(s), and C(s) are in equilibrium, 
was estimated to be 1932°K from averaging the follow
ing four values. From two different experiments, the 
values 1952 and 1SS3^K were obtained from the inter
sections obtained by plotting log IT vs 1/T for the solid 
mixtures PuC. -H C and Pu.Cj -|- C (C/Pu - 2 . 5 ) . 
Similarly, the intersection obtained by plotting log IT 
rs I'T for the solid mixtures Pu.Cj -|- C and PU2C3 -t-
PuC2 (C/Pu ~1.S) \ielded 19l)9°K. Equating Equa
tions 14 and 15 for the solid mixtures PujCs -(- PuCj 
and PuC2 -|- C and solving for T yielded 1924°K. The 
estimated eutectoid temperature of 1932°K, derived 
from the average of the fotu- values given, supports 
well the recent value of 1933 ± 15°K determined by 
Reavis. 

The pressure-temperature relationship for Reaction 
10 

log P(atm) = (4.510 ± 0.140) 

_ (21 , .330±240)^^ ,^3_^333 .K^ (16) 

was obtained by equating the vapor pressures for the 
solid mixtures PU2C3 -)- C and PuC, -j- C (Equation 15) 
at 1933°K and utilizing the enthalpy of vaporization 
(97..59 kcal) obtained for Reaction 10. This method was 
.selected since the rate of effusion in the solid mixture 
PU2C3 -I- C is not sufficient for accurate measurement 
by the weight-loss technique using our present equip
ment, and since, at the eutectoid temperature, the 
vapor pressures for the two solid mixtures must be 
equal. 

The equations for the vapor pressures obtained in 
each univariant system are plotted in Fig. III-6. The 
datum point on the line for the PuC2 -|- C mixture and 
the one on the line for the PuC2 4- Pu2C3 mixture 
represent averages obtained from four measurements 
ol the rate of ma.s.s effusion. The vapor pressure data 
lor Reactions 10, 11, and 12 reported by previous 
investigators''"''^ have also been included in Fig. 

" P . S. Harris, B. A. Phillips, M. H. liand, M. Tetenbaum, 
"The Volatility of Plutonium Carbides, Part I , " UKAEA 
Report AERE-Jl 6353 (1907). 

III-6. The enthalpy and entropy of formation of 
PuCi.5(s) from the elements were evaluated at the 
reference temperature 298°K by combining vapor 
pressure data with H°T — H°m and .Sr — SHx data. The 
values are AH°-m = —16.14 ± 1.10 kcal/mol and 
AS?.298 = -1-5.09 ± 0.60 eu. 

The enthalpy of formation for PuCi.5(s) at 298°K 
( — 16.14 kcal/mol) obtained in this study is more 
negative than the value ( — 12.3 kcal/mol) obtained by 
Olson and IMulford^ from their vapor pressure measure
ments of condensed PU2C3 H- C and is also more nega
tive than the value —13.7 kcal/mol which we calculate 
from their vapor pressure data for condensed PuC -f-
PU2C3. On the other hand, the value of AH°,ias = —17.3 
kcal/mol for PuCi.5(s) derived from the data of Harris 
et al." agrees well with the value obtained in this 
study. La Page,'^ from combustion calorimetry meas
urements, has obtained a preliminary value of —21 ± 2 
kcal/mol. Huber and Holley"" reported a "very pre
liminary value," AH?,298 = 1.7 kcal/mol for Pu2C3(s) 
based on combustion measurements. Assessment of 
this value is not possible, since the experimental de
tails were not reported; however, it appears to be 
seriously in error. The enthalpy of formation obtained 
in this study lAH°.n,a = -16.14 kcal/mol of PuCi.6(s)] 
is preferred since this value is essentially the same as 
that calculated from a numerical average of all the 
values listed above ( — 16.1 kcal/mol), if the value of 
Huber and Holley is excluded. However, it is evident 
from the range of values that definitive measurements 
of the heat of combustion would be desirable. 

Since plutonium dicarbide is unstable below 1933°K, 
the calculati(^i of thermodynamic values at the refer
ence temperature (298°K) was not attempted. 

This work was carried out with a Bendix time-of-flight 
mass spectrometer which had been converted to plu
tonium capability. However, projected work on the 
ternary U-Pu-C system, which is being directed toward 
obtaining the relative activities of U/Pu, is to be carried 
out with the quadrupole mass spectrometer. The latter 
instrument is being incorporated in the effusion ap
paratus (see Section 111.A.4 of this report), and experi
ments will begin when this total apparatus achieves 

1' R. N. R. Mulford, J. O. Ford, J. G. Hoffman, "The Vola
tility of Plutonium Carbide," Thermodynamics of Nuclear 
Materials, p. 517, IAEA, Vienna (1962). 

" R. LaPage, private communication from UKAEA, Al-
dcrmaston, Berkshire, lOigland (1969). 

" E. J. Iluber, C. E. Holley, Jr., "The Thermodynamic 
Properties of Ihe Actinide Carbides Including New Measure
ments of the Heats of Formation of Some Thorium, Uranium 
and Plutonium Carbides," Thermodynamics of Nuclear Mate
rials, p. 581, IAEA, Vienna (19821. 
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FIG. III-6. Vapor Pressure of Pu(g) Over the Solid Mixtures PuiCi -|- C, PuC, -I- C and Pu2Cj -|- PuCj. 

plutonium capability. The higher sensitivity of this time as those of the partial vapor pressure of plutonium 
instrument is needed to get significant measurements (the partial vapor pressure of uranium is anticipated to 
ot the partial vapor pressure of uranium at the same be much smaller than that of plutonium). 

7. Transpiration Studies of the Uranium-Carbon Sys tem (M. Tetenbaum, P. D. Hunt) 

The study of the vaporization behavior of the 
uranium-carbon .system (ANL-7.575, p. 86) is continu
ing. Measurements of the total pressure of uranium-
bearing species and carbon activity are being made as 
functions of temperature and UCi composition, using 
the transpiration method with hydrogen-methane 
mixtures as carrier gases. Emphasis has been placed on 
measuring carbon activities in the uranium-carbon 

system. The.se measurements will ultimately be ex
tended to the plutonium-carbon and U-Pu-C systems. 
The effects of oxygen as an impurity, as well as fission 
product carbides on carbon activity in these systems 
will also be considered. 

The results of the latest measurements of carbon 
activity as functions of UC, composition at 2155, 2255, 
2355, and 2455°K are shown in Fig. III-7. Although 

http://The.se
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the exact shapes of the isotherms .should be considered 
tentative, the.\- are consistent with expectations, 
namely, a sharp ilecrease in carbon activity near the 
stoichiometric composition of uranium carbide as the 
composition of the condensed phase is reduced toward 
the lower phiuse boundary [U(l) -)- UC(s)] in the 
hypostoichiometric region. The plateaus of the 2155, 
2255, and 2355°K isotherms are consistent with the 
miseibility gap (UC -|- (JUC;) shown by the phase 
diagram proposed by Storms" for the uranium-carbon 
system. Over the composition range inve.stigated at 
24.55°K. the shape of the carbon activity curve is typical 
of bivariant behavior and is also consistent with the 
phase diagrams, which .show a single-phase region 
above the miseibility gap, with a critical temperature of 
~2100°C (-2373°K) .at C/U ~ 1.3. Compo.sitioiial 
values for the boundaries of the UC -f- fiVC, diphasic 
region at 2155, 22.55, 2355°K derived from our measure
ments are given in Table 111-2. The low-carbon values 
are in good .agreement with the compositions estimated 
from the phase diagram at these temperatures. The 
shallowness of the isotherms at the higher carbon 
compositions makes it difficult to estimate the terminal 
compositions of the UC 4- /SUC. diphasic region from 
our data. 

Calculated values for the free energies and heats of 
formation are given in Table III-3. The free energy of 
formation values were calculated from our carbon-
activity measurements shown in Fig. III-7, the adjusted 
uranium vapor pressure values of Storms,''' and 126.3 
kcal/mol as the heat of vaporization of uranium.'^ 
Heat of formation values (at 298°K) were estimated 
from the calculated free energy of formation values and 
the known free energy functions'"' * for U(l), UCi.oo(s), 
"UC2"(s), and graphite. The A((7°r - m^/T) values 
for VCg compo.sitions were interpolated on the assump
tion that a linear relati<jnship exists for these values 
between UCi.oo and UCi.93. 

The heats of formation of UCi.oo and UCi.86 found 
by averaging values in Table III-3 are —22.6 ± 0.5 
and —23.7 ± 1.0 kcal/mol, respectively. The value 
chcsen by the Vienna I'anel" for UCi.oo is —21.7 ± 
1.0 kcal/mol; for UCi.„, the value of - 2 3 ± 2 kcal/mol 
was adopted. A more recent value of —23.2 ± 1 . 0 
kcal/mol was estimated for UCi.oo by Storms and 
Huber;" they obtained values of - 2 3 . 2 ± 0.9 and 

" E . K. Storms, The Refractory Carbides, Chap. XI , pp. 
205-213, Academic Press, New York (1967). 

" R . J. Ackermann, K. G. Raiih, J. Phys. Chem. 73, 769 
(1969). 

" H. L. Schick, Thermodynamics of Certain Refractory Com-
Poundt, Vol. I I , Academic Press, N. Y. (1966). 

"Vienna Panel, Technical Series No. 14, The tlranium-
Carlmn and Plutonium-Carbon Systems, IAEA, Vioniui (1963). 

" E . K. Storms, E. J. Huber, J. Nucl. Mater. 23, 19 (1967). 
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FIG. III-7. Activity of Carbon as a Function of Composi

tion. 

— 23.0 ± 1.0 kcal/mol for the heats of formation of 
UCo.996 and UC1.032, re.spectively, from combustion 
measurements. 

The free energy of formation values given in Table 
III-3 are in reasonable agreement with the values 
derived from the mass-spectrometric measurements of 
Storms" at 2100 and 2300"'K. For UCi.oo, Storms ob
tains AG? values of -25 .2 and - 2 5 . 4 kcal/mol at 2100 
and 2.300°K, respectively; for UCi.so, he obtains A(?? 
values of —27.0 and —28.0 kcal/mol at the same two 
temperatures^. Values for the enthalpy of vaporization 
of uranium monocarbide were calculated, assuming 
monatomic carbon as the principal gaseous carbon 
species, from the reaction 

UCi.ooCs) = U(g) -f Ci(g) 

and the relationship 

A//29H 'RThiK - TA ( GT ~ ^298 \ 

T ) 

(17) 

(18) 

TABLI'; III-2. Low- AND HIGH-CAKHON COMPOSITIONS FOR 

DIPHASIC Hi;r,ioN. UC + £JUC2 

Low Carbon 

Higli Carbon 

Temperature 
(°K) 

2155 
2255 
2355 
2155 
2256 
2.355 

Composition (C/L') 

This 
Work 

1.05 
1.15 
1.25 

<1.65 
<1.65 
<1,60 

Phase 
Diagram 

1.13 
1.14 
1.20 
1.61 
1.50 
1.35 
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TABLE II1-.3. FREE ENERGIES AND HEATS or FORMATION FOR UC, (ALL VALUES IN KCAL/MOL) 

CAJ 

0.98 

i.oo 
1.05 
1.10 
1.15 
1.20 
1.30 
1.40 
1.50 
1.60 
1.65 
1.70 
1.80 
1.85 

2155°K 

-AC? 

25.1 
21.4 
24.4 

— 
_ 
— 
— 
— 
— 

24.9 
29.9 
30,6 
.30.8 

— AH, {298) 

23.0 
19.1 
21.9 

— 
— 
— 
— 
— 
— 

24.7 
24.4 
25.0 
25.0 

22S5°K 

-AG," 

23.6 
24.8 
22.5 
24.6 
25.2 

_ 
— 
— 

26.3 
26.8 

— 
27.0 
27.9 

— 

— AH,(298) 

21.6 
22.7 
20.2 
22.0 
22.4 

— 
— 
— 

21.7 
21.7 

— 
21.4 
21.8 

— 

2355°K 

-AG," 

23.4 
24.7 
23.1 
25.4 
25.8 
25.8 

— 
26.3 
27.0 
27.9 

— 
28.4 
28.4 
29.3 

— A H ,(298) 

21.6 
22.7 
20.8 
22.8 
22.9 
22.6 

— 
22.0 
22.1 
22.5 

— 
22.4 
21.8 
22.3 

2455°K 

-AC? 

24.4 
24.5 
23.6 
25.8 
26.8 
26.7 
27.3 
27.8 
28.3 
29.0 

— 
29.0 
28,8 

—AHr(29g) 

22.7 
22.0 
21.3 
23.0 
23.9 
23.6 
23.4 
23.3 
23.2 
23.2 

— 
22.6 
21,7 

where the equilibrium constant K = puffc • The 
partial pressure of Ci(g) was estimated from our carbon 
activity measurements and the pressure of Ci(g) in 
equilibrium with graphite.' Storms' ' adjusted vapor 
pressure measurements were used to estimate the total 
pressure of U(g) . The appropriate free energy function 
values were obtained' ' ' for Ci(g), U(g), and UCi.oo. 
The results of these calculations, for the temperatures 
of our carbon activity measurements, are as follows: 

Temperature 
(°K) 

2155 
2266 
2356 
2455 

AH298 
(kcal/mol) 

322.4 
322.5 
320.0 
321.9 

Ave. 322,2 ± 1.2 

For comparison, the enthalpy of vaporization was also 
derived from the following thermodynamic cycle for 
UCi.oo; 

Reaction 

UC(s) = U(s) 4- C(s) 
U(s) = U(g) 
C(s) = C,(g) 

UC(s) = U(g) 4- C,(g) 

A//S,8 (kca 

23.2 ± 
126.3 ± 
170,9 =k 

/mol) 

1 
1 
0.5 

320.4 ± 1.5 

It should be noted that the measurements of Pattoret, 
Urowart, and Smoes™ yield Mll^ = 128.5 ± 2.0 kcal/ 
mol for the heat of sublimation of uranium; the enthalpy 
of vaporization calculated via the above cycle using 
this value would be AHl^ = 322.6 ± 1.9 kcal/mol. The 
enthalpy of vaporization values obtained via the 
thermodynamic cycle are decreased by ~ 1 . 5 kcal/mol 
if the Vienna Panel heat of formation value ot —21.7 ± 
1.0 kcal/mol is used in the calculations. The agreement 
between the enthalpy of vaporization for UCi.oo based 
on carbon activity measurements and the values derived 
from the above thermodynamic cycle are encouraging. 

'• A. Pattoret, J. Drowart, S. Smoes, Trans. Faraday Soc. 
66, 98 (1909). 

B. REACTOR SAFETY AND PHYSICAL PROPERTY STUDIES (M. G. Chasanov) 

The primary objective of these studies is to provide 
physical property data for use in evaluating the safety 
of various prospective fast-breeder reactor materials. 
I t is expected that these data obtained at temperatures 
above normal operating conditions can be suitably 

extrapolated to the very high temperatures involved in 
accident situations. In addition, physical property data 
in support of other Divisional programs are being 
obtained. 



B. Reactor Safety and Physical Property Studies 

1. Enthalpies and Heat Capacities by Drop Calorinvetry 

87 

Three complementary calorimetric .systems for the 
measurement of high-temperature enthalpy increments 
by the methixl of mixtures (the "drop method") tire 
in operatitui (see .\XL-7.575, p. 89): One uses resistance 
heating to achieve temperatures to iriOO°K, the second 
utilizes electron-beam heating for temperatures to 
2oOO°K, and the third emiiloys induction heating for 
temperatures to 3()00°K. 

a. Resistance-heated and Electron-beam-heated 
Calorimetric Sys tems (Z). R. Fredrickson, 
R. D. Barneif^) 

(1) Uran ium Dibo r i de (UBi.gg) 

Enthalpy measurements made on t^Bi.gg over the 
range 60O-1.5OO°K, employing the resistance-heated 
calorimetric system (AXL-7575, p. S9), were presented 
in the open literature^^ along with a description of the 
apparatus. Kxtension of the I'Bi.gg data using the 
electron-beam-heated calorimetric system has been 
carried out at temperatures from 1300 to 2300°K. The 
data in the region of overlap (1300 to 1.500°K) showed 
excellent agreement with those obtained using the 
resistance-heated system. The following equation sum
marizes the enthalpy values of UBijs over the entire 
temperature range studied (fiOO to 2300°K) using both 
calorimetric systems: 

H'r •- H°m = 3.836057" 4- 2.00514 X lO^Y' 

- 1.04778 X 10" ' r ' 4- 2.18407 (19) 

X 10"'7'' - 2665.71 cal/mol 

(standard deviation = 34 cal/mol) 

(2) Sod ium-Bismuth (Na jBi ) 

The resistance-heated calorimetric system was used 
to obtain enthalpy increments (referred to 29S.15°K) 
and the enthalpx- of fusion of the intermetallic com
pound XajBi. 

The NajBi was prepared by reacting sodium and 
bi.smuth in stoichiometric amounts in a tantalum 
capsule.'" After confirming proper stoichiometry by 
thermal analysis, the calorimetric experiments were 
performed with the .same sample and capsule. 

"Co-op Sliiilenf from l"i]ivorsity of .Missouri, 
" 1), li. Fredrirksoii, li, 1), liarnes, M. C. Chasanov, U. L, 

Nuttall, n. Kleh, W, -N. llul.bard, "The Enthalpy of UBj 
from 000-1.500°K by I)r(jp Caloriinelry," High Temp. Sci. 

1(3). .373 (1969). 
"N'a.Bi prepared and analyzed hy S, .lohnson (see Seclitui 

V,A,l,a of this report). 

The experimental program consisted of a series of 
drops below and above the melting point of XagBi 
(1123°K). The enthalpy data obtained for XajBi are 
plotted in Fig. III-8. In the temperature range of the 
solid (488 to 1123°K), the data can be re])resented by 
the equation 

{HT - H°2,s.u) = 1.8()6.38 X 10'7' - 2.,387.58 

X 10"'7'' 4- 1.04442 (20) 

X lO ' r" ' 4- 4.29343 

X W~'T"- - 73,500.95 

cal/mol 

(standard deviation = 26 cal/mol) 

In the li(|uid range (1123 to 1.300°K), the data can be 
represented by the etiuation 

(H°r - //S,8.,5) = 41.643ir 

- 13.942.,38 cal/mol (21) 

(standard deviation = 38 cal/mol) 

Extrapolation of Eqs. 20 and 21 to the melting point 
gives a value of 7085 cal/mol for the enthalpy of fusion 
of XajBi at 112,3''K. 

To provide an etiuation applicable down to 298.15°K, 
the constraint (HT - / / ^ . u ) = 0 when T = 298.15°K 
was added. The following equation applies over the 

500 600 700 800 900 1000 1100 1200 1300 
TEMPERATURE,°K 

:«18-2048 llev. 1 
KKl, 111-8, l':iilhal|)y of NajHi. 
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temperature range 298 to 1123°K: 

(H°T - HIKM) = 24.2289r - 2.72298 

X l O - J " 

X IO""?'" 

cal/mol 

(standard deviation 

6.30853 

7049.00 

70 cal/mol) 

(22) 

The heat capacity obtained from the derivative of 
Eq. 22 is 

C'l = 24.2289 5.44596 X 10 T + 18.92559 
X 10^Vca] / (mol ) (°K) 

(23) 

(3) U r a n i u m Dioxide (UO2) 

The resistance-heated calorimetric system was used 
to obtain enthalpy increments (referred to 298.15°K) 
for UO2.006 over the range 675 to 1434°K. For this work, 
two samples of powdered UO2 differing only in their 
mass (27.54473 and 6.39206 g) were used. In each case, 
the sample was heated for 16 hr at 1940°C in a vacuum 
furnace and then sealed (imder vacuum) in a tantalum 
capsule of 15-mil wall thickness. Analysis of the UO2 

TABLE III-4. ENTHALPY OF URANIUM J)IOXIDE (UOJ.OOS) 

Temperature 
(°K) 

674.5 
780.6 
828.1 
871.3 
871.4 
871.7 
873.9 
973.4 
975.1 

1021.8 
1073.1 
1076.0 
1087.7 
1173.8 
1174.5 
1228.6 
1276.0 
1276.6 
1279.1 
1328.9 
1372.8 
1376.9 
1383.0 
1434.1 

Order of 
Experi
ments 

11 
1 

12 
6 
2 

10 
18' 
3 

21-
13 
4 

19" 
17 
6 

26-
14 
8 

20-
25" 
15 
9 

23" 
24-
10 

(IIT — Hns) 
obs. 

(cal/mol) 

6660,9 
8685,6 
9631.7 

10503.7 
10476.7 
10514.0 
10479.6 
12504.4 
12511.1 
13486.6 
14536.3 
14636,4 
14828.3 
16611.2 
16676.3 
17686.2 
18724.8 
18849,0 
18781.4 
19766.4 
20754.4 
20885.2 
20990.0 
21984,9 

(HT — Hiss) 
Calcd., Eq. 24 

(cal/mol) 

6667.8 
8689.1 
9618.2 

10470,5 
10472,4 
10478,4 
10522.0 
12513.0 
12547.3 
13492.8 
14538.1 
14597,3 
14836,7 
16007,2 
16621,6 
17741.5 
18705.9 
18737,2 
18791.3 
19830,5 
20749,5 
20835.5 
20963.4 
22037.0 

% Dev. from 
Eq. 24 

- 0 . 1 0 
- 0 . 0 4 
4-0.14 
4-0.32 
4-0.04 
-1-0.34 
- 0 . 4 1 
- 0 . 0 7 
- 0 . 2 9 
- 0 . 0 5 
- 0 , 0 1 
4-0,27 
- 0 , 0 6 
4-0,02 
- 0 , 2 7 
- 0 , 3 1 
4-0,10 
4-0,59 
- 0 , 0 5 
- 0 . 3 3 
4-0.02 
4-0.24 
4-0.13 
- 0 , 2 4 

by oxidation to UjOs gave duplicate results for the 0/U 
ratio of 2.0049 and 2.0053. 

The experimental enthalpy data are given in Table 
III-4. To ehminate systematic errors, the data were 
taken in random order of temperature for the two 
different sample tveights used. The following equation, 
with the constants determined by the method of least 
squares, represents the unweighted data over the range 
675 to 1434°K: 

(HI - «°298,u) = 21.02037' -I- 2.091.52 

X WT" -f 1.18786 

X lO ' r^ ' - 9366.64 (24) 

cal/mol 

(standard deviation = 42 cal/mol) 

The enthalpies calculated from Eq. 24, along with their 
deviations from the observed data, are included in 
Table III-4. 

To provide an equation applicable down to 298.15°K, 
a computer program was used which contained the 
following constraints: (//^ — Hlgs.is) = 0, Cp = 
1.5.20 cal/(mol) (°K), and S° = 18.41 cal/(mol) (°K), 
when T = 298.15°K. The derived equation for tem
peratures from 298 to ISOO'K is 

(H°T - HIX.K) = 18.24267' -|- 1.12307 

X 10"'7" -H 3.29998 (25) 

X lO ' r" ' - 6645.68 

cal/mol 

(standard deviation = 41 cal/mol) 

The derivative of Eq. 25 gives the heat capacity as 

(26) 
C°p = 18.2426 -H 2.246 X lO^'r - 3.29998 

X 10'7' ' ' 'cal/(mol)("'K) 

(4) Sapphi re (AUO3) 

As a check on the accuracy of the resistance-heated 
drop calorimetric system, enthalpy measurements were 
made on standard sapphire crystals obtained from the 
National Bureau of Standards. Table III-5 summarizes 
and compares this work with that of other investigators. 
The good agreement between the data establishes con
fidence in our system. 

' Data from 6.39206-g (0.023672 mol) sample; other data from 
27.54473-g (0,102006 mol) sample. 

•' Program HINC, developed by D. W. Osborne of the 
Chemistry Division. 

" "Thermodynamic and Transport Properties of Uranium 
Dioxide and Related Phases ," Technical Reports Series No. 
39, p. 25, IAEA, Vienna (1965). 
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b. Induction-heated Calorimetric Sys tem 

(1) En tha lpy a n d H e a t C a p a c i t y of U r a n i u m 
Dioxide (L. Leibouitz, L. W. Mishlor, D. 
F. Fischer) 

Work is continuing on the program to determine the 
heat capacity of liquid uranium dioxide, an important 
quantity in fast reactor safety calculations. Accurate 
values of the heat capacity and heat of fusion of molten 
UOi \\i]\ facilitate estimation of the total energy released 
and the temperatures attained in the reactor core during 
destructive nuclear excursions. Induction heating in 
conjunction with a drop calorimeter is being used for 
measurements at temperatures that have not been 
pre\nously explored. 

In an experiment, a sample sealed in a tungsten 
capsule is suspended by tungsten w-ire in an induction 
coil and is heated to the desired temperature. For the 
temperature measurement, a disappearingfilament-
t.vpe optical pyrometer is sighted on a bhickbody cavity 
(length-to-diameter ratio of ten) extending into the 
capsule. When the temperature equilibrium has been 
reached ( ^20 min), the suspension wire is vaporized by 
means of a condenser discharge and the hot capsule falls 
into a modified Parr adiabatic calorimeter. The tem
perature rise is measured with a quartz thermometer. 

TABLE III-5. SAPPHIRE COMPARISONS 

Temperature 
(°K) 

500 
600 
700 
800 
900 

1000 
1100 
1200 

(HT° -

This 
Work' 

4581 
7197 
9936 

12766 
15666 
18626 
21637 
24695 

ffS.li) (cal/mol) 

Giimings'' 

4581 
7197 
9941 

12776 
15678 
18631 
21624 
24647 

Cheki-
ovskii' 

4583 
7195 
9935 

12768 
15673 
18634 
21641 
24687 

Deviation (%) 

from 
Ginnings 

- 0 05 
- 0 , 0 8 
- 0 , 0 7 
- 0 . 0 3 
^-0,06 
4-0,20 

from 
Chekh-
ovskii 

- 0 . 0 4 
-1-0,03 
-1-0,01 
- 0 , 0 1 
- 0 , 0 4 
- 0 , 0 4 
- 0 , 0 2 
-1-0,03 

100 

E 
:; 90 

" i " 60 

r 

70 

-•' 

^.s.-" 

1 , I 

• • - - ' ' ' 

^^,^« 

X GEMP-570 

• THIS WORK 

1 

-

-

' {HT° - Hi„.M) = 27.6002r -j- 1,61393 X IO"'?'* -f- 9,65836 X 
10»T-' - 11,554.31 cal/mol. 

"D. C. Ginnings, J. Phys. Chem. 67, 1917 (1963). 
' V. Ya. Chekhovskii, Teplofiziha Vysokikk Temperatur 2, 296 

(1964). 

3200 3400 3600 

TEMPERATURE, 'K 

FKi. III-O. Enthalpy of UO2. 

The procedure is repeated with an empty capsule and 
the enthalpy of the sample found by difference. 

Data have already been reported (ANL-757o, p. 90) 
on the enthalpy of tungsten (a calorimetric standard) 
to 3594'='K and of UO2 to 3329''K. The UO2 enthalpy 
measurements have now been extended to 3475°K; 
the data obtained to date at temperatures above the 
melting point are shown in Fig. III-9. 

The liquid enthalpies are in good agreement in the 
region overlapping those reported by other workers.^^ 
These measurements extend previously available data 
by over 200''K. The heat of fusion of ^ 1 8 kcal/mol is 
also in good agreement with the literature^^ value of 
18.2 kcal/mol. A straight line fits the liquid enthalpy 
data within about 1 %, and the heat capacity of 33.6 
cal/(mol) (°K) can probably be used for moderate 
extrapolations. 

These enthalpies have not been corrected for tung
sten, which may have dissolved in the UO2. Although 
indications are that the correction will be small (ANL-
7225, p. 198; see also Ref. 26), tungsten analyses as 
well as 0 / U determination will be performed. 

At i)resent, the calorimeter system is being modified 
for use with (U,Pu)02. Attempts will also be made to 
extend the liquid UO2 data to still higher temperatures 
when this conversion is complete. 

" R. A. Hein, P. N. Flagella, "Enthalpy Measurements of 
UOs and Tungsten to 3260''K," GEMP-578 (1968). 

2. O t h e r P h y s i c a l P r o p e r t y S t u d i e s 

a. Vapor Pressure over UO2 at High Temperatures 
(M. G. Chasanov, G. T. Reedy) 

An important input parameter for equation-of-state 
calculations for reactor fuels is vapor pressure of the 

fuel. Presently available data must be extrapolated over 
many orders of magnitude to obtain vapor-pressu re 
values at the temperatures of interest in reactor-safety 
calculations. Consequently, a program has been ini
tiated to measure vapor pressures over liquid reactor 

http://ffS.li
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fuels by means of transpiration techniques so as to 
reduce the extent of the extrapolation. The data to be 
obtained will allow the calculations to be made with 
greater confidence. 

The first material to be studied will be uranium 
dioxide. The transpiration technique has been suc
cessfully applied to vapor pressure measurements with 
uranium dioxide up to about 2600°C (ANL-7055, p.16,5; 
see also Ref. 27). In the experiments planned in this 
study, it is expected that measurements will be made 
up to about 3250°C. The transpiration equipment will 
be operated in an induction furnace with suitable 
radiation shielding included to insure temperature 
uniformity. The apparatus consists of a tungsten 
susceptor-sample container, within which is a concentric 
tungsten condenser; this assembly is positioned within 
the induction heating coil of a 2.5-kW generator. The coil 
and susceptor are inside a high-vacuum chamber 
equipped with a prism and viewports for determining 
the sample temperature using optical pyrometry. The 
carrier gas may be either high-purity argon or a mixture 
of hydrogen and w^ater vapor. 

To date, vapor pressure measurements have been 
performed for testing purposes at about 23.50°C. 
Satisfactory agreement has been found nith literature 
values. ' * Further tests of reproducibility and of 
several experimental parameters are planned before 
proceeding to higher temperatures. 

b . Matrix-Isolat ion Spectroscopy of U02 [S. D. 
Gabelniek) 

Calculations (both our own and others''') of fuel and 
fission product vapor pressures based on presently 
available thermodynamic data indicate that, at normal 
fuel operating temperatures, the greatest contributions 
are due to such species as xenon, cesium, barium oxide, 
and tellurium. However, at the temperatures likely to be 
reached under hypothetical reactor accident conditions 
(up to 10,000°K) estimates of the thermodynamic 
functions of the gas-phase oxides of uranium and of the 
condensed phase indicate that the predominant vapor 
species will be the oxides of the fuel itself. To predict 
these pressures more accurately, rehable values of the 
thermodynamic functions of the gaseous oxides of 
uranium (and of plutonium) must be used. Existing 

" C. A. Alexander, J. S. Ogden, G. W. Cunningham, "Tlier-
mal Stability of Zirconia- and Tlioria-Base Fuels," BMI-1789 
(Jan. 6, 1967). 

" M. Tetenbaum, P. D. Hunt, "Total Pressure of Uranium 
Bearing Species over Oxygen-Deficient Urania," J. Nucl. 
Mater. 34, 86-91 (January 1970). 

2* W. A. Paulson, R . H . Springborn, "Estimation of FissTon-
Product Gas Pressure in Uranium Dioxide Ceramic Fuel 
Elements," NASA TN D-482.3, 

tabulations of these thermodynamic functions"'" 
are based on statistical mechanical treatments of 
spectroscopic constants estimated by De Maria et al.'^ 
The fact that the vibrational frequencies given by De 
Maria are estimates only is not always sufficiently 
emphasized. 

A program to carry out experimental determinations 
of the appropriate molecular parameters of uranium and 
plutonium oxides has been started. Adequate concen
trations of these molecules for gas-phase spectroscopic 
studies are available only at very high temperatures; 
consequently only low-resolution infrared spectra could 
be obtained because of thermal populations of numerous 
rotational states. However, by employing the matrix-
isolation technique,'' in which species of interest and an 
inert diluent gas are co-condensed on a substrate at 
cryogenic temperatures, high-resolution (0.5 cm~ )̂ 
infrared spectra can be obtained. The observed fre
quencies can be assigned to the various species by 
varying the relative concentrations of the vapor species 
in the effusing stream; this, in turn, is achieved by 
varying the 0 / U ratio of the condensed urania in the 
evaporation cell. A study of 0-substituted urania will 
also be undertaken to calculate such parameters as the 
bond angle of gaseous UO2. 

Future work will include visible and ultraviolet 
emission-spectroscopic studies of these same vapor 
species. The purpose will be to determine the energies 
and other .spectroscopic parameters of low-lying 
electronic states, which strongly contribute to the 
thermodynamic properties of these molecules at the 
high temperatures of interest to the reactor safety 
program. 

c. Theoret ical Extrapolat ion of Measured Physi
cal Proper ty Data to Higher Tempera tures 
{S. D. Gabelniek) 

Knowledge of the pressure within an operating fuel 
pin is of importance both to the reactor designer and to 
the safety analyst. For the designer, the internal pres
sure at projected operating temperatures is a factor in 
determining the thickness of the cladding material of the 
fuel. At normal operating temperatures, the major 
contribution to the internal pressure comes from buildup 

" H. Schick, ed.. Thermodynamics of Certain Refractory 
Compounds, Vols. I & I I , Academic Press, New York (1966). 

" M . H. Fontana, "The Chemical Equilibria of Fission-
Product-Nuclear Fuel Mixtures: The Uranium-Oxygen and 
the Uranium-Oxj'gen-Strontium System," Ph.D. thesis, 
OHNL-TM 2106 (July 1968). 

" G. De Maria, R. P. Barnes, J. Drowart, M. G. Inghram, 
J. Chem. Phys. 32, 1373 (1960), 

" E , D. Becker, G, C. Pimenlel, J. Chem. Phys. 26, 224 
(1956). 
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of giufcous fission products in the void region of the fuel 
pin. Calculation of these vjipor pressures is possible 
using currently available thermodynamic data. The 
safety analyst, however, must be concerned with the 
projected behuvior of the fuel pin at temperatures 
reached under aecitlent contlitions—temperatures that 
may be several thousand degrees Kelvin above the 
normal center-line temperature of the fuel pin. Under 
these circumstances, the combined vapor pressures of 
the fission pmducts and fuel may serve as a gas ballast 
causing molten fuel to be extruded through a cladding 
rupture if one shoidd occur. Thus the vapor pressure 
is one of the factors that need to be considered in deter
mining the extent of fuel-coolant interaction as well as 
in establishing the total pressures generated under 
accident conditions. 

The thermodynamic data needed for calculation of 
partial vapor pressures of the fission products and of the 
fuel at the.se high temperatures cannot be directly 
obtained by experimental means. Consequently, it is 
necessary either to find some basis on which to extrapo
late existing experimental data taken at low tempera
tures to higher temperatures or to perform statistical 
mechanical calculations of the thermodynamic proper
ties ba.sed upon observed spectro.scopic parameters. 

Efforts have initially been devoted to the develop
ment of a basic computer program for calculating vapor 
pressures of fuel and fission products at temperatures 
for which thermodynamic data are presently available. 
Although the fuel pin is a highly- complex multicom-
ponent system operating under a strong temperature 
gradient, the following simplifying as.sumptions, .similar 
to those employed by Paulson and Springborn, make 
the problem amenable to solution: 

1) The central void and surrounding system of cracks 
in the fuel matrix are considered to be freely accessible 
to vapor species and to be at uniform temperature. 

2) The condensed fuel and fission product species 
are considered to be immiscible and to have unit 
activity coefficients. 

The major difference between our treatment and that 
of Paulson and Springborn is that oxide fission products 
are not neglected in the i)resent work. Although the 
oxide partial pressures are all not important at normal 
operating temperatures, they become quite significant 
at the higher temperatures for which this basic program 
will later be employed. Since many of the fission product 
oxides decompose into gaseous oxygen and simpler 
oxides upon evaporation, the coupling effect of the 
oxygen concentration would cause erroneous vapor 
pressures to be predicted if extrapolations of total vapor 
pressures over condensed fission product phases were 
made. Only in the cases of fission products whose con

densed anil vapor phases are nonoxides can such extra
polations be safely made. The following variational 
approach has therefore been taken. 

In addition to specifying the temperature, fuel 
density, relative void volume, percent burnup, and 
pre-burnup 0 / U ratio of the fuel, the user makes an 
estimate of the resultant UO2-1 stoichiometry. The free 
energy of formation of the condensed 1^02-ĵ  phase and 
the O2 partial pressure are taken from data of Teten
baum and Hunf* and Hagemark and Broli. The 
stable condensed phase of each fission product element, 
its free energy of formation, and the free energies of 
formation of each vapor species of that element are 
taken from the compilation of Bedford and Jackson. 
Concentrations of the vapor species are determined 
from e(iuilibrium constants based on these data and on 
the oxygen partial pressure. The amount of the con
densed phase of each fission product is calculated from 
mass constraints impo.sed by the fast neutnm fission 
product yields of Varteressian. If the amount of the 
condensed phase is determined to be negative (which 
occurs if the equilibrium vapor pre.ssure exceeds the 
ideal gas pressure resulting from all of the fission 
product having evaporated), the vapor pressures are 
recalculated, the relative amounts of each vapor 
species being fixed by the vapor-phase free energies 
alone. I'rom conservation of the total amount of oxygen 
in the system, the amount of oxygen available for 
bonding with uranium to form the condensed phase is 
calculated and a new value of x in U0?_^ determined. 
The trial 0 / U ratio is then varied until the calculated 
and trial values agree to within any desired accuracy. 

Future \\'t)rk in this area will include updating and 
extension to higher temperature of the thermodynamic 
data compiled by Bedford and Jackson,' accounting for 
the possibility of compound formation between several 
fission product elements, and attempts to improve upon 
the simplifying assumptions enumerated above. Specifi
cally, changes will be made to allow for the fact that 
under normal operating conditions rare earth fission 
product elements do not exist as separate sesquioxide 
phases but rather occupy lattice sites in the fuel matrix. 

^*M. Tetenbaum, P. I>. Hunt, J. Chem. Phys. 49, 4739 
(19r,8). 

" K. Hagemark, M. Brnli, "I'iqiiilibrium Oxygen Pressures 
over Nonstoichiometrit! Uranium Oxides UOSI-T and UaOg_, at 
Higher Temperatures," Kjeller Report K1M02 (May 196G). 

=8 U. ('.. Bedford, D. 1). Jack.s(ni, "Volatilities of the Fission 
Product and Uranium Oxides," University of California, 
Lawrence Radiation Laljoralory lieporl UCRL-12314 (January 
1905). 

•̂̂  K, A. Varteressian, Argonne Naticmal Laboratory, 
"Fission Product Sped ra of 2-Mov Neulrori Fission of ^'^Pn 
and s^^U" (unpublished). 
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This will change the calculated post-burnup 0 / U ratio 
and will consequently affect the determined oxygen 
activity. Further, it is known that cesium form.s rather 
stable complexes such as Cs20-U02±j with the fuel 
material. Incorporation of this type of compound 
formation into the program not only will alter the 
calculated post-burnup 0 / U ratio but also will greatly 
reduce the calculated partial pressure of cesium vapor 
species. Finally, account will be taken of the fact that 
the oxygen activity in the mixed fuel (Pu,U)02±i will 
differ from that in pure urania. 

d. Speed of Sound in Molten Reactor IMaterials 
(L. Leibowilz) 

An experimental program has been initiated to 
measure the speed of sound in liquid sodium, liquid 
UO2, and other molten materials of importance in 

reactor safety. A knowledge of the sound velocity itself 
and of the compressibility of these materials will be of 
considerable value in certain reactor hazards analyses. 
Initial efforts will be directed toward measuring the 
speed of sound in sodium to high temperatures. At 
present, data are available^' to 700°C, although these 
measurements do not agree well at lower temperatures 
with other workers. It should be possible for us to 
extend these measurements by several hundred degrees 
at least. We are currently evaluating various molyb
denum, tantalum, and tungsten alloys as materials of 
construction in the sodium work. Electronic equipment 
has been purchased, a suitable furnace has been ac
quired, and sonic cell and furnace modification designs 
are in progress. 

38 G. II. Golden, J. V. Tokar, "Thermophysical Properties 
of Sodium," ANL-732.3, p. fi4 (August 1967). 

3. Segregation in Ceramic Fuels: Fuel Migration Studies (M. G. Chasanov, D. F. Fischer) 

Migration and segregation of fissile and fertile ma
terials within a fast reactor fuel during its operational 
lifetime could have significant effects on the operational 
safety of the fuel. Redistribution of plutonium in 
(U,Pu)02 fuels might change the chemical and physical 
properties of the affected regions enough to alter the 
neutronics of the system, affect fuel-cladding com
patibility, and change the resultant fission product 
distribution. Investigation of the migration of plu
tonium and fission products in a thermal gradient has 
been underway for mixed-oxide fuels. These experi
ments were performed to evaluate the extent of migra
tion and to elucidate the mechanisms involved in the 
migration processes. 

Experiments on mixed-oxide specimens were carried 
out with right-circular cylindrical pellets, 3̂ ^ in. high 
by }-2 in. in diameter, that were prepared from co
precipitated U02-Pu02; the pellets are all nominally 
{Uo.8Puo,2)02-t-i. The studies were performed in the 
thermal-gradient furnace described earlier in ANL-7425, 
p. 167. Samples were annealed in the gradient furnace 
for the desired time period, after which they were sec
tioned and analyzed for uranium and plutonium using 
an electron microprobe analyzer. 

Results reported previously (ANL-7575, p. 94) 
indicated that, for .specimens (initial 0 / M ratios of 
2.01) heated in thermal gradients of the order of 
1000°C/cm, enhancement of plutonium concentration 
occurred in the hottest regions. The concentration 
increases observed were small (^^2 wt % PUO2 iti-
crease), and the annealing times required were quite 
long (1020 hr for a sample with a top .surface tempera

ture of 1970°C, and 123 hr for a sample with a top 
surface temperature of 2350°C). 

Additional experiments were done using similar 
specimens whose initial 0 / M ratios were 1.97. Each 
pellet was heated in an inverted tungsten crucible, 
which served as a barrier to evaporative losses during 
the annealing period; a similar procedure had been used 
with the hyperstoichiometric specimens. The samples 
were annealed at the temperatures and times indicated: 

P-10: Tiop = 2330°C, Tw,,, 
P-11: r,op = 2.360"'C, Tb,,,, 
P-12: 7',„p = 2350°C, r,,„.„ 

1120°C, 262 hr 
1310°C, 125 hr 
nm°C, 97 hr 

Electron microprobe analyses were then performed on " 
these specimens; there appeared to be no significant if 
plutonium concentration changes throughout these 1 
specimens' longitudinal sections. g 

Thus, in our experiments with mixed-oxide specimens, 1 
we have observed apparent changes in plutonium « 
concentration at the hotter end of hyperstoichiometric ^ 
pellets annealed in a thermal gradient, but no such |, 
change for slightly hypostoichiometric samples. This , 
implies that the oxygen activity of the specimen could || 
be involved in the mechanism for plutonium concentra- , 
tion enhancement. It also may imply that vaporization i 
processes play a significant role in the observed changes. [i 

Several preliminary experiments were performed in a , 
similar fashion using mixed-carbide fuel pellets of -
approximate composition (Uo.85Puo.i6)C. These cylin- J 
drical pellets were 0.43 in. in diameter and 0.42 in. f 
long, just slightly smaller than the oxide specimens ,| 
used earlier. The composition of the carbide pellets ) 
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«as 80.99 wt % U, 14.4 wt % Pu, and 4.61 wt % C. 
Four experiments similar to those performed on the 
oxide pellets were carried out. Sam])le top-surface 
temperatures averaged around 2000°C\ and the gradi
ents were of the order 700°C/cm. To date, electron 
microprobe analytical data are available on the two 
longest-term annealed specimens. These are pellets 
P-14 (T-.op -2000°C, no. , . , , . ~ 1 3 7 0 T , 4.37 hr) and 
P-16 (r,„p -2000°C, r,,o„„„, ~1320°C, 460 hr). Pellet 
P-14 was amiealed without a vaporization barrier, 
while P-16 used the inverted tungsten crucible. The 
probe results indicate that considerable loss of pluto

nium occurred in the upper (hottest) region of P-14 
(plutonium concentrations reduced to a few percent) 
while virtually no loss was observed for P-16. This is 
not too surprising, since it is known that plutonium 
is the chief high-temperature vapor species over such 
mixed carbides. Ceramographic examination showed 
considerable densification and columnar grain growth 
in the top portion of P-14 with little evident change in 
P-16. 

No further experimental work is planned in this 
program. A final report embodying the experimental 
details of these studies is being written. 

C. CALORIMETRY (JV. N. Hubbard) 

The calorimetry program is directed toward the 
experimental, empirical, or theoretical determination 
ol thermodynamic properties of substances that are of 
interest in high-temperature chemistry and nuclear 
technology. Room-temperature enthalpies of formation 
(A^/ass) are being measured: complementary experi
mental determinations of high-temperature increments 
(Affr — AH-m) are reported in Section III.B.l; com
plementary low-temperature thermal measurements 
(C^, Ai/?r, S°) are being performed in the Chemistry 
Division and elsewhere. 

The method of fluorine bomb calorimetry was devel

oped for measurements on substances not amenable 
to more conventional calorimetric techniques and has 
now been used to determine the enthalpies of formation 
of 35 elemental fluorides and 21 other compounds. The 
more conventional oxygen bomb calorimetry has been 
used for studies of 12 reactions and solution calorimetry 
for measurements of six aqueous reactions. 

The data and results presented in this report are 
to be considered preliminary; when published in their 
final form in a journal article, they may be slightly 
different owing to refinements in the calculations. 

1. T h e r m o c h e m i s t r y of Uranium Compounds {f. A. G. O'Hare, J. L. Settle) 

a. Enthalpy of F o r m a t i o n of U r a n i u m Diboride 

As part of the continuing program to obtain thermo
dynamic data for uranium compounds, the enthalpy 
of formation of uranium diboride was determined by 
fluorine bomb calorimetry. Complementary high-tem
perature enthalpy increment (see Section IIl .B.l .a of 
this report) and low-temperature thermal" measure
ments were also carried out. The fluorine bomb and 
low-temperature calorimetric work are described in a 
paper titled "Uranium Diboride: Preparation, Enthalpy 
of P'ormation at 298.15°K, Heat CJapacity from 1° to 
350°K, and Some Derived Thermodynamic Prop
erties." " The work may be summarized as follows: 

A sample of uranium diboride was prepared and 

"Performed by H. E. Flotow and I). W. Osborne of tlie 
ANL Chemistry Division. 

" H . K. Flotow, 1). W. Osborne, P. A. (i. O'Harc, J. L. 
Settle, F. C. Mrazek, W. N. Hubbard, J. Chem. Phys. 61(2), 
58.3 (1969). 

characterized as UB, .,,9̂ 0.006 with 0.06 ± 0.03 wt % 
of identified impurities. The standard enthalpy of 
combustion in fluorine was determined to be —1021.2 zb 
1.1 kcal mol . The heat capacity was measured from 
0.84 to 3.50°K. At 298.15°K, the heat capacity (C^), 
entropy (,8"), and enthalpy increment ( i /" — HI) are 
13.23 ± 0.03 cal °K"' moF' , 13.17 ± 0.03 cal °K"' 
mol"', and 2108 ± 4 cal moF', respectively. The 
following values were obtained for the standard en
thalpy, entropy, and Gibbs energy of formation of UB2 
at 298.15°K: A///° = -39 .3 ± 4.0 kcal moP', AS/° = 
-1 .54 ± 0.05 cal °K~' mol"', and AG/" = - 3 8 . 8 ± 4.0 
kcal mol~ . These agree within experimental error with 
values calculated from high-temperature effusion 
measurements." The heat capacity results below 4.2°K 

*' C. Alcock, P. Grieveson, ".Study of Uranium Borides 
and Carbides by Means of the Knudsen Effusion Technique," 
Thermodynamics of Nuclear Materials, p. 563, IAEA, Vienna 
(1962). 
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follow the equation Cp = (9.40 ± 0.01)r -\- (3.18 ± 
0.14) X 10" ' r ' mJ °K-' moF' . The relatively high 
value for the coefficient of the linear term indicates 
that uranium diboride is a good electrical conductor. 
There .seems to be an anomaly in the heat capacity 
between 40 and 100°K; this may be due to a two-level 
Schottky anomaly with the upper level having a 
degeneracy twice that of the lower level and a separation 
of the levels equal to 175 ± 5°K or 122 ± 4 cm^'. 

b. Enthalpy of Formation of USi.9 (Tetrag.) 

Measurements of the energy of combustion of I^Si.g 
in fluorine have been initiated. Combination of previ
ously obtained values for Aff/''(UFe, c ) " and A///°-

(SFe, g ) " with the enthalpy of combustion of USi.9(c) 
will yield the value of A///°(US,.9, c) . 

The USi.9 sample was prepared by F. Gr0nvold 
et al." who determined that this sample was of tetrago
nal structure with a = 10.278 A and c = 6.347 A. Wet 
chemical, inert gas fusion, and spectrochemical analyses 
have shown the sample to contain about 0.06 wt % 
impurities and the anion/cation ratio to be 1.888 ± 
0.005. This ratio is well within the range of composition 
of the USi .9 phase, which has been estimated to extend 
from about USi .so to USi ,93. 

Preliminary experiments in progress will determine 
the optimum conditions for burning USi .9 in fluorine. 

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

" P. A. G. O'Hare, J. L. Kettle, W. N. Hubbard, Trans. 
Faraday Soc. 62, 588 (1966). 

" F. Gr0nvold, H. Haraldsen, T. Thurmann-Moe, T. Tufte, 
/ . Inorg. Nucl. Chem. 30, 2117 (1968). 

2 . T h e r m o c h e m i s t r y o f P l u t o n i u m C o m p o u n d s (G. K. Johnson, E. H. Van Deventer) 

a. Enthalpy of Formation of Plutonium Mono
carbide 

As part of a continuing program to provide accurate 
thermochemical data for plutonium compounds, the 
standard enthalpy of formation of plutonium mono
carbide was determined by oxygen bomb calorimetry. 
Plutonium monocarbide exists as a nonstoichiometric 
compound with a narrow range of composition near 
PuCo.87. Holley and Storms ^ have recently reviewed 
the thermodynamic properties of actinide carbides 
and from consideration of high-temperature equilibrium 
studies concluded that A///298(PuCo.87) = —10.2 kcal 
moP . They recommended, however, that the enthalpies 
of formation of all plutonium carbides should be meas
ured, preferably by combustion calorimetry. 

A sample of plutonium monocarbide was prepared*^ 
by arc melting high-purity plutonium and graphite. 
Metallographic analyses showed that the sample w-as 
single phase. Chemical and spark-source mass spec
trometric analyses indicated a total impurity content 
of 0.35 wi: % of which 0.30 wt % was tungsten, pre
sumably introduced by the arc-melting electrode. The 
carbon content of the sample was found to be 4.20 zh 
0.01 wt %, which gave a plutonium content, taken by 
difference, of 95.45 wt %. The C/Pu atom ratio was 
calculated to be 0.878 ± 0.001. The sample was stored 

" C . E. Holley, Jr., E. K. Storms, "Actinide Carbides:*A 
Review of Thermodynamic Properties," Thermodynamics of 
Nuclear Materials, 1967, p. 397, IAEA, Vienna (1968). 

^̂  By O. L. Kruger of the ANL Materials Science Division. 

and handled in a dry-helium atmosphere to avoid 
oxidation. 

The combustion technique used was similar to that 
described previously for plutonium metal.''^ The product 
of combustion was PuOj with a small residue (10-20 
mg out of an original ~ 3 g) of unreacted plutonium 
monocarbide, which was determined by carbon analysis. 

The results of five acceptable combustion experiments 
were combined with the enthalpies of formation of the 
product oxides"' " [PUO2 = -252.35 ± 0.17 kcal mol"' 
and C02(g) = -94.051 kcal mol"'] to yield AHfis-
(PuCo.878±o.ooi, c) = -11..53 ± 0.64 kcal mol"' for 
the reaction 

Pu(a) -I- 0.878 C (graphite) -^ PuC„.878(c) 

This result is in reasonable agreement with previous 
high-temperature equilibria studies,'" but is subject 
to much less uncertainty. 

b. Enthalpy of Formation of PusCs 

Dr. R. A. Kent" is preparing a sample of PujCj that 
is expected to be suitable for bomb calorimetric meas
urements. If so, the enthalpy of formation of PujCj 
will be determined by techniques .similar to those used 
for plutonium monocarbide. 

" G. K. Johnson, E. H. Van Deventer, O. L. Kruger, W. N. 
Hubbard, / . Chem. Thermodyn. 1, 89 (1969). 

'• D. D. Wagman, W. H. Evans, V. P. Parker, I. Halow, 
S. M. Bailey, R. H. Schumm, NBS Technical Note 270-3, U.S. 
Government Printing Office, Washington, D. C. (1968). ' 

" Los Alamos Scientific Laboratory, Los Alamos, New 
Mexico. 
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3. Thermochemis try of Hydrogen Fluoride 

In spite of the importance of hydrogen fluoride as a 
key thermochemical compound, its enthalpy of forma
tion is uncertain by approximately 0.5 kcal moP' . This 
is especially serious when the value enters a thermo
chemical cycle several times; e.g., in the cycle involving 
the solution of UFs, in which HF is formed, the en
thalpy of formation of a(|ueous HF enters six times. 

Much of our work with fluorine bomb calorimetry 
is related to the thermochemistry of hydrogen fluoride. 
The enthalpies of combustion in fluorine of Si and Si02 
led to a paper on the enthalpy of formation of gaseous 
hydrogen fluoride.'" Similarly, the combustions of 
boron, boric oxide, carbon, silicon, silicon dioxide, 
iodine, magnesium, uranium, and other compounds in 
fluorine can be used to calculate values for the enthalpy 
of formation of aqueous HK; the values for the first 
three of these have in fact been published.""" Most of 
the values obtained for AHf( HF- lOH.O) indicate that 
the selected values tabulated by the National Bureau 
of Standards^ and by the Soviet .\cademy of Sciences 
are too positive by 0.5 kcal or so. In an effort to clear 
up the discrepancy, the enthalpy of formation of liquid 
HF and its enthalpy of solution have been measured. 

a. Enthalpy of Formation of Liquid Hydrogen 
Fluoride (E. Greenberg) 

The enthalpy of formation of liquid hydrogen fluoride 
was determined by measuring the energy evolved on 
reaction of fluorine with hydrogen in a bomb calorimeter 
whose combustion chamber had been presaturated with 
gaseous HF (by addition of liquid HF) . With this 
technique, the only product of combustion was liquid 
HF. This work is reported in detail in a paper titled 
"The Thermochemistry of HF : The Enthalpy of 
Formation of Liquid H F . " ^' In summary, the standard 
enthalpy of formation of licjuid HF, A///S98(HF, 1), was 
calculated to be -71 .98 ± 0.05 kcal mol"'. However, 
it should be noted that because of experimental evidence 
of a positive bias in this value, it should be considered 
tentative at this time. In any case, owing to the greater 

" H. M. Feder, S. S, Wise, J. L, Margrave, W. N. Hubbard, 
J. Phys. Chem. 67, 1148 (1963). 

" G . K. Johnstm, H. M. Feder, W. N. Hubbard, J. Phys. 
Chem. 70, 1 (IW,). 

"(i. K. Johnson, W. N. Hubliard, J. Chem. Thermodyn. 1, 
459 a9f,9j. 

" E . (Jreenberg, W. N, Hubbard, J. Phys. Chem. 72, 222 
(1968). 

" V. A. Medredev et al, Thermochemical Constants of Sub-
ttances. Vol. 1, Acad. Sci,High Temp. Institute, Moscow (1965), 
p. 42. 

" E . Greenberg, H. M. Feder, W. N. Hubbard, presented 
« the First International Conference on Calorimetry and 
Thermodynamics, Warsaw, Poland, Aug, 3I-Sept. 4, 1969. 

308-1959 Rev. 1 
FIG. III-IO. Improved Interconnecting Valve for Two-

Compartment Calorimetric Bomb. (A, pulley; B, bolt; C, 
double-lead threads; D, stem; E, flexible joint; F , gas passage 
through valve housing; G, transverse hole; H, O-ring; 1, longi
tudinal hole.) 

ease and convenience in definitively establishing an 
enthalpy of formation for HF in its liquid state rather 
than in its gaseous state, it is advocated that the 
standard rgference state of HF be taken as the liquid. 

Because the hypergolic gas-phase reaction between 
hydrogen and fluorine began at the valve between the 
two compartments of the calorimeter, the design of 
the valve was changed from that described earlier*" to 
minimize attack on its seat. This modification, shown 
in Fig. III-IO, is detailed in a note titled "An Improved 
Interconnecting Valve for a Two-Compartment Calori
metric Bomb." 

b. Enthalpy of Solution of Liquid Hydrogen 
Fluoride (G. K. Johnson, P. N. Smith) 

The enthalpy of solution of HF(1) in water according 
to the reaction 

HF(1) + nH20(l) -^ HF-nH20(l) 

when combined vrith the enthalpy of formation of 
HF(1) discussed above, yields the enthalpy of formation 

>"J. L. Settle, E. Greenberg, W. N. Hubbard, Rev. Sci. 
lustrum. 38(12), 1805 (1967). 

" T . Delist, E. Greenberg, J. L. Settle, W. N. Hubbard, 
Kev. Sci. Inslrum. 41, 588 (1970). 

file:///cademy
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ENTHALPIES OF DILUTION OF AQUKOUS HF 

SOLUTIONS 

»iH,0 

200 
200 
200 
200 
200 
200 
200 
200 
200 
200 

niHiO 

300 
400 
600 
600 
800 
1000 

2000 

3000 

4000 

SSSl' 

AJ7DII»' (cal mol^') 

-25 
-47 
-66 
-81 
-113 

-144 

-286 

-400 

-471 

-545 

» For the process HF-niHaO -I- (n^ — niiHiO -
'•0.01 molal. 

• HFnsHiO. 

of HF(aq) . Values for the enthalpy of formation of 
HF-10H2O, an arbitrarily selected concentration, 
currently ranged from that .selected by the compilers 
of NBS Technical Note 270-3,*' -76.24 kcal mol"', to 
that obtained from an indirect cycle by Cox and Har-
rop, —77.37 ± 0.14 kcal mol"'. King and Armstrong 
measured directly the enthalpy of reaction of H2(g) -j-
F2(g) -I- H20(l) and obtained -76.60 ± 0.09 kcal 
moP ' for A///(HF10H2O). The JANAF Thermo
chemical Tables have recently selected a value in 
agreement with the direct measurement —76.70 zb 0.10 
kcal mol" . In addition to these results, there are some 
ten cycles which yield Ai//(HF, aq) indirectly. These 
cycles are, in general, based on fluorine bomb calori
metric data and yield A///(HF, aq) values that are in 
surprisingly good agreement with each other considering 
the complexity of many of the cycles. The value for 
A///(HF-10H2O), based on our assessment of the 
indirect cycles only, is —76.9 ± 0 . 1 kcal moP . 

The experimental part of this research was conducted 
in two parts: First, the enthalpy of solution of HF(1) 
was established at the concentration HF-200H2O. 
Second, through additional solution experiments, the 
enthalpies of dilution of HF(aq) were obtained in the 
range HF-200H2O to HF-5551H20. (Enthalpies of 
dilution from HFlOHiO to HF-200H2O are already 
well established.'"' "• "') 

The solution measurements were conducted in an 
LKB-8700 calorimeter equipped with a gold reaction 
vessel. A sample of pure, anhydrous liquid HF (con-

" J. D. Cox, D. Harrop, Trans. Faraday Soc. 61, 1328 (1965). 
" R. C. King, G. T. Armstrong, J. Res. Nat. Bur. Stand. 

72A, 113 (1968). 
" The JANAF Thermochemical Tables, Dow Chemical Co., 

Midland, Michigan. 
'• W. A. Roth, H. Pahlke, A. Bertram, E. Borger, Z. Elec-

trochem. 43, 350 (1937). 
'1 H. Schafer, F. Kahlenberg, Z. Anorg. Allg. Chem. 294, 

242 (1958). 

ductivity, 1 X 10"' ohm"' cm"') was obtained from 
Argonne's Chemistry Division. The H F was distilled 
into small ampoules constructed entirely of Kel-F 
plastic. The ampoules were made by hot-air welding a 
li-m. OD filling tube to a 3^-in. OD tube and then 
heat sealing 3-mil film windows over the open ends of 
the larger tube. When the ampoule was charged with 
HF, the filling tube was .sealed with hot pliers. The 
reaction was initiated in the calorimeter by puncturing 
the film \rindows. 

The average of six measurements of the enthalpy 
of solution according to 

HF(1) -f 200H2O(l) ^ H F - 2 0 0 H 2 O ( l ) 

was —4506.1 ± 2.0 cal mol"'. Some 35 additional 
measurements of the enthalpy of solution were per
formed in which the final product was varied from 
HF-200H2O to HF-5551H20. From these measure
ments, the enthalpies of dilution of aqueous HF, as 
given in Table III-6, were obtained. 

The standard state for solutions is generally taken 
as a hypothetical ideal solution at unit molality. In 
this standard state, the apparent molal enthalpy of the 
solute is the same as it is in an infinitely dilute real 
solution. Thus, to obtain the standard enthalpies of 
solution and formation, it is necessary to extrapolate 
to infinite dilution. This is not a simple procedure for 
aqueous HF as even at 0.01 molal approximately 75% 
of the HF is still undissociated. From selected values 
of the equilibrium constants for the two equilibria 
present in HF solutions 

HF ;=• H * + F " 
H F -h F " ?± HFj" 

and selected values of the enthalpies of the reactions, 
based on the temperature dependence of the equilib
rium constants, it was possible to calculate the enthalpy 
of dilution from n = 5551 (0.01 molal) to n = « . 
The resulting value is —2.349 ± 64 cal mol"', which 
gives the standard enthalpy of solution of liquid HF 
in infinite H2O as —7400 ± (io cal mol"'. 

Additional enthalpies of dilution were obtained from 
the literature"' "'• "' for concentrated H F solutions 
(n = 200 to ra = 2). For example, the enthalpy of 
dilution from n = 10 to n = 200 was selected as - 9 9 
cal mol"', which yields the enthalpy of solution of 
HF(1) in 10 moles of H2O as -4407 cal moP' . 

These results can be combined with the enthalpy 
of formation of HF(1) reported above, -71 .98 ± 0.05 
kcal mol"', to yield AHf^^t/R^- coHjO) = -79.38 ± 
0.08 kcal mol"', AH/298(HF-200H2O) = -76 .49 ± 0.05 
kcal m o l ' , and Ai//298(HF-10H2O) = -76 .39 ± 0.06 
kcal mol . Thus, our result would seem to substantiate 

file:///rindows
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the selected value of the National Bureau of Stand
ards." Our results, however, must be con.sidered jirc-
liminary and subji^ct to revision. Both the solution 
results and the A///"(HF, 1) result are being carefully 

scrutinized for evidence of a systematic bias. As noted 
above, a positive bias in A///°(HF, 1) has been shown 
experimentally; however, the magnitude of the error 
has not been established. 

4 . C h e m i c a l B o n d i n g i n N S F 3 , N S F , a n d N S ( P . A. G. O'Hare) 

a. The Enthalpies of Fo rma t ion of NSFj and 
NSF and the N ^ S Bond S t reng ths 

The sulfur-nitrogen halides. for which there are few 
thermodynamic data, have been the subject of several 
physicochemical investigations in recent years." The 
multiplicity of nitrogen-.sulfur bonds, up to and includ
ing form:il triple bonds, is of considerable interest. The 
compounds NSFj and NSF, with formal triple bonds, 
have N—S bond orders of 2.7 and 2.4,^* re.spectively, 
which were deduced from spectroscopic and bond-
length data. Calorimetric measurement of the enthalpy 
of fluorination of NSF3 was undertaken to determine a 
reliable value for A///°(NSF]), the .standard enthalpy 
of formation. 

The results of this investigation are presented in a 
paper titled "Thiazyl Tri- and Monofluorides: En
thalpies of Formation and Dissociation Enthalpies of 
the X ^ S Bonds." " In brief, the work may be described 
as follows: 

The energy of combu.stion of thiazyl trifluoride 
(XSFj) in fluorine was measured calorimetrically, and a 
value of —85.2 ± 0.5 kcal moP ' was derived for 
Atf/issfNSF], g). Combination of this result with 
reported ma.s,s spectrometric appearance-potential 
data" yielded A///;«,(NSF, g) = -|-41 ± 2 kcal moP', 
AHf,K(SFt, g) = - 1 6 2 kcal mol"', and N = S bond 
dissociation enthalpies of approximately 93 and 71 
kcal moP' for NSF3 and NSF, respectively. The result 
for AHfix(SF,, g) is substantially different from 
previously reported values,""™ and indicates that it 
should be redetermined by a direct technique such as 
the fluorination of SF4 to SFe. 

" O. Glemser, M. Fild, in Halogen Chemistry, Vol. I I , Chap. 
1, V. Gutmann, ed.. Academic Press, New York (1967). 

" H . Richert, O. Glemser, Z. Anorg. Allg. Chem. 307, 328 
(1961). 

" A. MiiUer, G. Nagarajan, O. Glemser, S. J. Cyvin, Speclro-
chim. Acta S3A. 2683 (1967). 

" P. A. G. O'Hare, W. N. Hubbard, O. Glemser, J. Wegener, 
J. Chem. Thermodyn. 2, 71 (1970). 

" 0 . Glemser, A, Miiller, D. Hohler, B. Krebs, Z. Anorg. 
Allg. Chem. 367, 184 (1968). 

" M . J. Nichols, Ph.D. thesis. The University of Durham, 
England (19.58). 

" J . D. Vaughn, E. L. Muettcrties, J. Phys. Chem. 64, 
1787 (1960). 

" J . Kay, F. M. Page, Trams. Faraday Soc. 60, 1042 (1964). 

b. Nitrogen Sulfide (NS): Dissociation Energy, 
Enthalpy of Formation, Ionization Potential, 
and Dipole Moment 

Nitrogen sulfide, NS, an unstable radical, is formed 
as an intermediate product by the reaction of active 
nitrogen with sulfur vapor' or with sulfur chloride, 
or by passage of a high-frequency electrical discharge 
through a dilute mixture of sulfur hexafluoride in 
nitrogen." Although NS has been known for some 
time,^^ most investigations have dealt with the spec
troscopic behavior of the molecule. " Apparently no 
thermochemical properties have been determined, 
owing, undoubtedly, to the transient nature of the 
molecule. Consequently, a study was initiated to deduce 
.some thermochemical data for NS and also for NS"*" 
(the latter ion was first observed spectroscopically by 
Dressier"). The study is detailed in a paper under the 
title, "Dissociation Energies, Enthalpies of Formation, 
Ionization Potentials, and Dipole Moments of NS and 
NS^," ^̂  which may be summarized as follows: 

A dissociation energy of 4.8 ± 0.25 eV at 0°K has 
been deduced for NS(^Tr) from spectroscopic data in the 
literature ;"'^^ the corresponding value for A///o(N,S) 
is 2.91 =t 0.26 eV. Recent experimental results for 
A///''(NSF)«reportedabove indicate AW/S(NS*, '2*) = 
12.72 ± 0.10 eV. Thus, the ionization potential of NS 
is 9.81 ± 0.28 eV. A Hartree-Fock-Roothaan ab initio 
calculation for NS yielded an ionization potential of 
10.10 eV, based on Koopmans' theorem, in good agree
ment with the experimental value, and a dipole moment 
of 1.732 D. Combining the value of AHfaCSS*) with 
enthalpies of formation of the assumed products, S''"(g) 
and N(g) , gives the previously unreported dissociation 

" J. A. S. Bett, C. A. Winkler, J. Phys. Chem. 68, 2501 
(1964). 

" P. Goudmand, O. Dessaux, J. Chim. Phys. 63, 136 (19(i7). 
" M . Peyron, Lam Thanh-My, ibid. 63, 130 (1967). 
" A. Fowler, C. J. Bakker, Proc. Roy. Soc. London 136, 28 

(1932). 
" P . B. Zeeman, Can. J. Phys. 29, 174 (1951). 
'" R. F. Barrow, A. R. Downie, H. K. Laird, Proc. Phys. Soc. 

London A66, 70 (1952). 
" R. F. Barrow, (!. Druminond, P. B. Zeeman, ibid. A67, 

:i(i5 (1954). 
" K. Dressier, Helv. Phys. Acta 28, 5(i3 (1955). 
'• P. A. G. O'Hare, J. Chem. Phys. 62, 2992 (1970). 
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energy of NS"*" as 5.31 ± 0.31 eV. It is not surprising 
that the dissociation energy for NS^ is greater than 

that for NS, since the latter contains one more anti-
bonding electron. 

5. E n t h a l p y o f F o r m a t i o n o f M o l y b d e n u m D i s u l f i d e ( P . A. G. O'Hare, 
G. Kuzmycz," F. Cheng,'' E. Benn") 

Molybdenum disulfide, MoS., has a low friction 
coefficient at room temperature, and this property is 
substantially retained at relatively high tempera
tures.^'" ^̂  Consequently, MoS2 has been suggested as 
having potential applications in the aerospace in
dustry.^^ A process for the production of high-purity 
molybdenum by the thermal dissociation of ^IoS2 has 
been developed by Scholz et al.'^ Thus, for these and 
other reasons the thermodynamic properties of ]\IoS2 
are of interest. 

The value for one of the basic thermal quantities, 
namely the enthalp}' of formation at 298.15°K, is still 

^1 Summer Engineering Practice School students from 
State University of New York (Buffalo), Massachusetts In
sti tute of Technology, and University of Arizona, respectively. 

" M. T. Lavilt, T. E. Medved, G. D. Moore, ASLE Transac
tions 11, 44 (1968). 

" W . A . Brainard, NA.SA Technical Note, NASA TN D-5141 
(1969). 

" W . G. Scllolz, 1). V. Doane, G. A. Timmons, Trans. Met. 
Soc. AIME 221, 366 (1961). 

in doubt. Several years ago at this Laboratory, an 
oxygen bomb study was carried out on MoS2 (see 
ANL-6029, p. 65). However, the chemical processes 
in the bomb were very difficult to define and, conse-
quentlj-, a reliable result for AH/'iMoSi) could not be 
obtained. There arc also several conflicting values in 
the literature""'' for AHfCSloS,), ranging all the way 
from - 9 1 to - 4 8 kcal mol"'. 

Since M0S2 burns completely in fluorine to yield only 
i loFe and SFe, and since a calorimetric-grade sample 
of ^1082 was available, a stud.v of the heat of combus
tion was undertaken. Preliminary results indicate a 
value for A///"'(MoS2) of about —65 kcal mol"'. This 
result is subject to substantial change depending on 
analytical results not yet available. 

•' I. A. Makolkin, Acta Physicochimica U.S.S.R. Vol. XIII , 
p. 361 (1940). 

^^J. R. Stubbles, F. D. Richardson, Trans. Faraday Soc. 
66, 1460 (1960). 

"• H. R. Larson, J. F. Elliott, Trans. Met. Soc. AIME 239, 
1713 (1967). 

6. M i s c e l l a n e o u s F l u o r i n e B o m b C a l o r i m e t r i c S t u d i e s 

a. En tha lpy of Format ion of Silicon Carbide 
(E. Greenberg, C. Natke) 

Eariier reports (ANL-6925, p. 177, and ANL-7055, 
p. 171) have discussed the determination of the en
thalpy of formation of a- and /3-silicon carbide. This 
work has now been summarized in a paper titled "The 
Enthalpy of Formation of Silicon Carbide." The 
abstract is as follows: 

The energy of combustion of silicon carbide in fluorine 
was measured with samples of both hexagonal and 
cubic crystalline modifications. The standard en
thalpies of formation, AHf°(298.15°K), of alpha 
(hexagonal) and beta (cubic) silicon carbide were 
calculated to be -17.23 ± 0.46 and -17.49 ± 0.43 
kcal moP , respectively. 

b . Entha lpy of Format ion of Phosphorus Tri 
fluoride {E. Rudzitis, E. H. Van Deventer) 

The potential of PFjasa fluorine stripper in calorim
etry (ANL-7225, p. 152) and the determination of 

•' E. Greenberg, C. A. Natke, W. N. Hubbard, J. 
Chem. Thermodyn. 2, 193 (1970). 

its enthalpy of formation (ANL-7325, p. 121) were 
discussed previously. The work has recently been 
reported in a paper titled "The Enthalpy of Formation 
of I'hosphorus Trifluoride," *' the abstract of which 
reads as follows: 

The energy of the reaction PF3(g) + F2(g) ^ PFE(g) 
was determined by the combustion of PF3 in excess 
fluorine in a bomb calorimeter. The standard en
thalpy of this reaction, -035.94 ± 0.67 k j mol"', 
was used to derive the .standard enthalpy of forma
tion, Aff/M8.i6(PF3, g) = -9.57.4 ± 1.4 kJ mol"'. 

c. Entha lpy of Fo rma t ion of Iodine Pentafluoride 
and Iodine Heptafluoride (.7. L. .Settle, J. H. E. 
Jeffes,"' P. A.G. O'Hare) 

Previous reports (ANL-742S, p. 120, and ANL-7575, 
p. 114) have discu.ssed the determination of the en
thalpies of formation of IFj and IF, . This work has 
been completed and can be summarized as follows: 

" E. Rudzitis, E. H. Van Deventer, W. N. Hubbard, J. 
Chem. Thermodyn. 2, 221 (1970). 

" Resident research associate. Imperial College, London. 
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The energy of combustion of iodine in fluorine was 
measured in a bomb calorimeter, and the stanilard 
enthalpy of formation, AHfi^^, of li(|uid iodine 
pentafluoride (IF5) was calculated to be -210.9 ± 0.3 
kcal moP'. .\ linear lea,st-squares analysis of the com
bustion data enabled a \-!ilue of -229.7 ± 0.6 kcal 
moP' to be deduci\l for A///59S.15 of gitseous iodine 
heptafluoride (IF7). 

Details of the work will be available in a paper being 
preparetl for publication. 

d. Enthalpies of Formation and Solution of 
Boric Oxides (6*. A'. Johnson) 

The determinaticn of the enthalpies of formation 
and solution of boric oxide {ANL-7225, p. 147, and 
.\XL-7575, p. 115) has been published under the title 
"The Enthalpies of I'ormation of Crystalline and 

Amorphous Boric Oxide and Orthoboric Acid." '̂  The 
abstract of this paper is as follows: 

The energy of combustion in fluorine of crystalline 
boric oxide was measured in a bomb calorimeter to 
be -239.12 ± 0.39 kcal mol"'. The enthalpies of 
solution in water of B203(c) and B203(amorph) 
to form H3B03-341H20(1) were mea.sured to be 
-3..54 ± 0.05 and -7 .98 ± 0.04 kcal mol"', respec
tively. The.se data were used to calculate the standard 
enthalpies of formation of crystalline and amorphous 
boric oxide, namely, AHfiB^O-,, c, 298.1.5°K) = 
-.304.48 ± 0..59 kcal moP' and AHf{B,Oi, amorph, 
29S.15°K) = -.300.04 ±0..59 kcal mol"'. The values 
were further combined with data reported in the 
literature to derive AHf-l/iiJiO, , c) = -261.71 ± 
0.31 kcal moP' and AHf{nV-3H,0,1) = -76 .71 ± 
0.08 kcal moP'. 

7. Thermochemis try of Aqueous X e n o n Trioxide (P. A. G. O'Hare, G. K. Johnson) 

Xenon trioxide, XeOs, and its derivatives are perhaps 
the most unexpected of the noble gas compounds. Solid 
xenon trioxide is expk>sively unstable and has an en
thalpy of formation of 96 ± 2 kcal moP ." Solutions 
of XeOs in dilute aqueous acid, although they are 
potent o.xidizers,^' show no evidence of .spontaneous 
decomposition; because of this, they have received 
more experimental attention than has the dangerous 
solid. \ reliable quantitative determination of the 
thermodynamic oxidizing power of these solutions is 
therefore of considerable practical value. Inasmuch as 
reactions of aqueous XeOs are irreversible, this oxidizing 
power can only be measured thermodynamically. 

The present investigation was undertaken to obtain a 
precise value for the enthalp.\- of formation of at|ueous 
XeO], AHfiXeOi , aq), from calorimetric measure
ments of the enthalpies of the reactions between 

••S. R. Gunn, in Noble Gas Compounds, p. 149, IL H. Hy
man, ed.. University of Chicago Press, Chicago, 111. (1963). 

" E. H. Appelman, J. G. Malm, / . Amer. Chem. Soc. 86, 
2141 (1964). 

Xe03(aq) and Hl(aq) and between 12(c) and Hl (aq) 
according to the processes: 

Xe03(aq) -|- 9I"(aq) -|- 6H^-(aq) • 
-I- 3I3 (aq) -I- SHjOd) 

L,(c) + I"(aq) -^ I7(aq) 

• X e ( g ) 

The results of the above investigations are described 
in a paper titled "The Thermochemistry of Aqueous 
Xenon Trioxide." The work reported therein may be 
summarized as follows: 

Solution calorimetric measurements of the enthalpies 
of the reactions of Xe03(aq) with Hl(aq) and of 
12(c) with Hl(aq) have been used to obtain a value 
of 99.94 ± 0.24 kcal moP' for AA//M8(Xe03-9G.15 H2O). 
The electrode potentials of the Xe-XeOs couple in 
acidic solution and of the Xe-HXe07 couple in basic 
solution were deduced to be 2.10 ± 0.01 V and 1.24 ± 
0.01 V, respectively. 

" P. A. G. O'Hare, G. K. Johnson, E. H. Appelman, Inorg. 
Chem. 9, 332 (1970). 

8. Enthalpies of Format ion of KBrO.Cc) and KBr03(c) and the Thermodynamic 
Properties of the Perbromate and Bromate Ions (G. K. Johnson, P. N. Smith) 

The recent discovery of preparative methods 
for [K-rbromic acid and perbromates has ended a long 
search for these compounds. 'l"he determination of the 
energies of decomposition to KBr and the enthalpies 
of sttlution in H2(l of KBr04(c) and KBr03(c) was 

" E. H. Appelman, ./, Amer. Chem 
'* K. H. Appelman, Inorg. Chem. 1 

Soc. 90, 1900 (1968). 
, 223 (19li9). 

carried out to help in the exploitation of these new 
compoimds and in the explanation of the past difficulties 
encountered in their synthesis. The results of this study 
also bear on the contention that the highest oxidation 
states of the nonmetals of the first long period are le.ss 
stable than the corresponding oxidation states of the 
preceding and succeeding periods. 

file:///XL-7575
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The results of this work are presented in a paper 
under the title, "The Thermodynamic Properties of 
the Perbromate and Bromate Ions." ^̂  The work may 
be briefly described as follows: 

The energies of decomposition of KBr04(c) and 
KBr03(c) to KBr(c) plus 02(g) were measured in a 
bomb calorimeter. These data were used to derive the 
standard enthalpy of formation (AHfat) of KBr04(c), 
-68.74 ± 0.14 kcal moP', and of KBr03(c), -86.02 ± 
0.12 kcal moP' . The enthalpies of solution of KBr04(c) 
in 2144 moles of water and of KBrOsCo) in 1808 moles 
of water were measured to be 11,606 ± 20 and 9,765 ± 
42 cal mol"', respectively, at 29S.15°K. The above 

' *G. K. Johnson, P. N. Smith, E, H. Appelman, W. N. 
Hubbard, Inorg. Chem. 9, 119 (1970). 

values were combined with other data to derive stand
ard thermodynamic properties at 298.15°K for the 
perbromate ion: AHf = 3.19 ± 0.15 kcal mol ', S" = 
44.7 ± 2.0 cal deg"' moP' , and AGf = 29.18 ± 0.63 
kcal mol"'; and for the bromate ion: AHf = -15.95 ± 
0.13 kcal mol"', S° = 38.6 dt 0.3 cal deg"' mol"', and 
A(7/° = 4,55 ± 0.14 kcal moP' . The standard electrode 
potential of the bromate-perbromate couple in acid 
solution was calculated to be 1.763 ± 0.014 V at 
298.15°K. 

Selected values for the thermodynamic properties of 
the halates and perhalates of chlorine and iodine are 
also tabulated in Ref. 95. Although the perbromate 
ion is more oxidizing then either perchlorate or perio-
date ion, the diff'erence is not great enough to explain 
why the synthesis of perbromates has been so difficult. 

9. Enthalpy of Format ion of Disodium Acetylide (E. H. Van Deventer, G. K. Johnson) 

Disodium acetylide, Na2C2, has been postulated as 
the species responsible for carbon transport in liquid 
sodium systems (see ANL-7.575, p. 120). The transport 
of carbon from ferritic to austenitic .steels, with subse
quent degradation of both, is a problem of some im
portance in the liquid-sodium-cooled reactor program. 
The thermodynamic properties of Na2C2 as they relate 
to the thermal stability of this compound are therefore 
important. 

The present value for AHfCNa^C), -1-4.2 kcal mol"', 
is based on the old solution measurements of Matignon^ 

»• C. Matignon, C. R. Acad. Sci., Paris, Ser. AB 124. 1026 
(1897). 

and De Forcrand." It is doubtful if this value is accurate 
owing to the Ukelihood of a high impurity level in the 
samples. Therefore, a program was initiated to deter
mine a more reliable value for AHfCSazCz). 

A sample of Na2C2 has been received and is being 
analyzed. Trial experiments suggest that either of the 
reactions 

Na2C2(c) + Cl,(g) ^ 2 N a C l ( c ) + 2C(amorph) 
Na2C2(c) -t- 5F2(g) -^ 2NaF(c) + 2CF4(g^ 

would be feasible for bomb calorintetry. 

" De Forcrand, ibid. 120, 1215 (1895). 



IV 

Analytical and Reactor Chemistry' 

CHEMISTRY OF IRRADIATED FAST REACTOR FUELS AND MATERIALS 
(C E. Crouthamel) 

The study of the chemical behavior of irradiated fast 
reactor fuels has as its principal objective the collec
tion of chemical data that will aid in the understanding 
of the complex chemical processes that take place in 
the?e fuels. The current program is primarily directed 
toward the study of uranitim-jilutonium oxide fuels, 
with emphasis on fuel-cladtling interactions and fission 
product migration and interaction; however, some work 

' .\snmmary of this section is given on pages 11 to 12. 

is also being done on mixed uranium-]ilutonium car
bides. 

Studies of the retention of fission gases by ceramic 
fuels have recently been initiated. These studies will 
be important to the understanding of fuel sw^elling 
meohanisms and should aid in the formation of asso
ciated modeling codes for mixed-oxide fuels. The main 
emphasis of current studies of irradiated fuels by elec
tron microprobe analysis is on the investigation of 
fuel-cladding interactions. 

1. C h e m i c a l S t u d i e s o f I r r a d i a t e d C e r a m i c F u e l s (H. S. Edivards, P. K. Hon, L. E. Ross, 
C. C. Honesty, G. E. Staahl) 

a. Fuel-Evaluation Facility 

An existing shielded cell in the cave complex of the 
Chemistry Division has been modified for studies of 
irradiated ceramic fuels. Work on the facility was com
pleted with the installation of a Leitz metallograph 
and its associated shielding. A helium atmosphere was 
established in the enclosure after repair of major leaks 
in the .storage pit and the gas blowers. The moisture 
level. 0.5 ppm, and the oxygen level, 3 ppm, are lower 
than the design specifications of 5 ppm moisture and 10 
ppm oxygen. 

Shakedown tests of the etiuipmcnt for cutting, grind
ing, polishing, ultrasonic coring, and micro drilling of 
irradiated fuel specimens have been completed. Opera
tions will proceed with irradiated fuel as needed and 
as other priorities in the program will allow. 

The pneumatic sample-transfer tube (ANL-7575, p. 
95) is complete except for the installation of diverter 
switches at the ends of the tube in the cave and in the 
analytical complex. A prototype "rabbit" has been 
tested in the mockup facility. 

b. Spark-Source Mass Spectrometry 
% 

A technique that combines laser-microsampling and 
spark-source mass spectrographic analysis of the va
porized sample was in\'cstigated as a means of study
ing the microstructurc of fuel materials. The utility of 
a ruby laser for microsampling has been demonstrated,^ 
and with sensitivities at the nanogram level, the spark-
source mass spectrograph provides a sensitive means 
of ion detection. 

Two different laser-sampling techniques were tested. 
In the first, the vaporized sample was condensed on the 
flattened ends of two gold wires (0.025-in. dia) which 
had been placed very close to the focal spot of the laser 
beam. The condensed samples were then transferred to 
the spark-source mass spectrograph for examination. 
In the second method, the laser-microscope combina
tion was cou])led to the spark-source mass spectrograph 
hy replacing the inspection lamp of the source chamber 
with the laser-microscope. After a specimen was 
mounted in the source chamber, the laser beam was 

= M. 1). Adams, S. C. Tong, Anal. Chem. 40, 1762 (1968). 
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focused on the specimen and the chamber evacuated. 
The laser was then fired, and the ions produced were 
accelerated by a 2-kV potential through the spectro
graph slit system. 

Mass-spectrographic examination of laser-vaporized 
samples indicated that, in general, the two sampling 
methods provided about the same sensitivity; how'cver, 
in the direct examiitation of laser-produced ions, the 
number of ions detected was strongly dependent on the 
proper orientation of the sample in the source chamber. 
Specimens of normal uranium metal,^ normal UO2, and 
type 308 stainless steel* were sampled by both meth
ods. When craters of ~60 /*m dia were produced by 
the laser, the -^°U line was observed in both the UO2 
and uranium metal and lines ot ""Cr, ''-Cr, °'Cr, ^'Mn, 
''•'Fe, "Te , " F e , ='Ni, and ""Ni were observed in type 
308 stainless steel. These data indicate that for laser 
samples ^ 6 0 pm in diameter an isotope present at con
centrations of •^l wt % or more could be detected. 
Without a great improvement in sensitivity, the method 
would find limited application in the study of irra
diated fuels, wiiere laser samples -—4̂ 8 p.m in diameter 
would be required. 

Development work on improving the sensitivity of 
the laser-sampling method has been terminated as a 
result of a decision to transfer the spark-source mass 
spectrograph to the EBR-II Project in Idaho. Arrange
ments have been made, however, with the Analytical 
Group in Idaho to provide mass-spectrographic analy
sis of our samples, on a limited basis, as the need arises. 

e. Determination of Fission Gases 

Knowledge of the radial distribution of fission gases 
in ceramic fuels would be of considerable value in fuel 
modeling and swelling studies. Work is in progress on 
the development of a technique for microsampling and 
analysis of fission product gases retained in irradiated 
ceramic fuels. Microsampling is accomplished by laser-
beam vaporization of selected areas of a fuel sample 
held in a vacuum chamber; the released fission gases 
are identified and measured by means of a quadrupole 
mass spectrometer. 

* Normal uranium contains -^0.7% ^̂ =U. 
* Composition of type 308 stainless steel: Mn, 2%; Cr, 

19-21%; Ni, 10-12%; remainder Fe. 

Preliminary measurements were made of the radial 
distribution of fission gases in a transverse section of 
an irradiated UO2 fuel pin clad with type 304 stainless 
steel. The fuel material, which had an overall enrich
ment of 13%, was produced by blending fully enriched 
and depleted UO2 powders. The fuel pin had been ir
radiated to 6.0 at. % burnup in MTR. The calculated 
surface and centerline temperatures at the start of the 
steady-state irradiation were 1350° and 2400°C, re
spectively. Post-irradiation estimates, based on the be
havior of fission gases in other irradiated UO2 fuels, 
indicated that the total amount of fission xenon and 
krypton remaining in the fuel was about 0.5 mmol/cm^ 
UO2. This represents ~ 5 0 % of the total produced dur
ing irradiation. 

Laser samples of the fuel-pin cross section were taken 
in the columnar grains and the unrestructured regions 
of the fuel; the craters produced were 60 to 70 fUn in 
diameter. Fission gas was readily detectable in all lo
cations. There were indications that the fission-gas con
centration was higher, by a factor of two or three, in 
the outer, unrestructured regions than in the columnar 
grains. The average concentration of fission gas in sam
ples taken from the columnar grains was about 0.1 
mmol/cm' UOo. This is about 10% of the total pro
duced in fission. 

The test pointed out several factors that need con
sideration before the method can be fully evaluated. 
First, it should be noted that the columnar-grain re
gion of this fuel specimen shows progressively less com
plete isotopic exchange of -"''U and -^*U from the cen
tral void to the equiaxed-grain region and little or no 
isotopic exchange in the unrestructured region. These 
local variations in isotopic composition could lead to 
local variations in fission gas concentration that would 
tend to obscure any systematic trends across the radius 
of the fuel pin. Additionally, these preliminary experi
ments revealed limitations associated with the detec
tion system that may have caused large systematic 
errors. In future experiments, the fission gases will be 
determined by isotope-dilution analysis, a method that 
is expected to provide increased accuracy and preci
sion. The detection apparatus is presently being modi
fied to accommodate this change. 

2 . E l e c t r o n M i c r o p r o b e A n a l y s i s o f I r r a d i a t e d F u e l s (C. E. Johnson, N. R. Stalica, 
C. A. Sells, K. E. Anderson) 

The electron probe microanalyzer, which accom
plishes microsampling and microanalysis directly, is 
being used to study the distribution of fission products, 
fuel-cladding interactions, and the formation of inclu

sions in irradiated fuels. The instrument used in these 
studies, an Applied Research Laboratories EMX elec
tron probe microanalyzer, provides adequate shielding 
for handling specimens having gamma activity as 
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orcat as 1 R hr at 1 ft. Complete cross sections of ir
radiated fuel pins having the requisite activity level 
have hcen examined. .\ newer, shielded instrument 
(Applied Research Laboratories KMX-SMI, presently 
in the final stages of installation and testing, will 
greatly enhance our capabilities in electron microprobe 
analysis by providing (1) increased shielding and, 
ihorefore, increased capability for handling highly ra
dioactive samples, (2) modest electron microscope ca
pabilities, (31 increased sensitivity and speed of analy
sis by a solid-state-detector, multichannel-analyzer 
system, and (41 interface of the detectors with jiapcr-
tape readout to allow a computer calculation of the 
elemental concentrations. 

a. Uranium-Plutonium Oxide Fuels 

A variety of fuel pin sections have been examined; 
however, the greatest emphasis has been placed on the 
study of a r02 -Pu02 fuel pin designated SOV-3. This 
fuel pin was fabricated by vibratory comjiaction of 
fully enriched UOo-20 wt % Put) , in type 304 stainless 
steel cladding. The pin had been irradiated in EBR-II 
to a maximum burnup of 3.7 at. %; the maximum lin
ear power rating was 21.4 kW/ft. The centerline tem
perature of the fuel was estimated to be 2790°C; the 
fuel surface temperature, 1060°C; and the cladding 
temperature. 600°C. 

Distribution of noble metal fission products. 
Many metallic inclusions varying in size from 3 to 30 
/im, were found in SOV-3. The elemental composition 
of the inclusions differed significantly depending on 
their location in the body ot the fuel. Inclusions near 
the central void contained molybdenum, ruthenium, 
rhodium, and technetium, lesser concentrations of iron, 
and traces of palladium. Inclusions near the coltmmar-
equiaxed grain boundary consisted largely of |ialladium 
and iron, with lesser quantities of molybdenum, ru
thenium, rhodium, and technetium. Some inclusions in 
this area were pure iron, and a few contained only iron 
and palladium. At one location near the cladding, a 
large (~30 pm) inclusion of pure molybdenum was 
found. 

Microprobe analysis of metallic inclusions in copre
cipitated uranium-plutonium oxide fueP was also car
ried out. This fuel had been irradiated to a 5.6 at. % 
burnup at a power density of 16 kW/ft. Large metallic 
inclusions were found in a band in the unrestructured 
region of the fuel near the boundary between this re
gion and the equiaxed-grain region, generally at the 
cooler end of a void. These inclusions were largely iron 
and palladium with lesser amounts of tin, antimony, 
indium, tellurium, and chromium. In general, the par-

'.Sample obtained from General IClcctrie Co., Vallecilos 

Laboratory. 

ti(ics wei'e honiogeiicous; howe\'er, in one case the iron 
and chromium were segregated at one end of the inclu
sion with the other metals being distributed through
out the inclusion. 

Oxide inclusions. Metallographic photographs of a 
midplane cross section of SOV-3 showed large particles 
of a gray non-metallic phase located in a band at the 
eiul of the columnar grains. Electron inicro]3robe ex
amination of in(iusions of the gray phase identified the 
]iiineipal constituent as alumina. The presence of this 
phase is the result of an AI2O3 impurity introduced 
into the fuel in a ball-milling operation. Alumina that 
was in the columnar-grain region neai' the center of the 
fuel was not soluble in the solid UO2-PUO2 matrix and 
migrated outward to the cooler equiaxed-grain region. 

X-ray scanning images of a typical alumina-coiitain-
ing particle are shown in Fig. IV-1. This particular 
])article was located at the cooler end of a long colum
nar grain, 0.55 mm from the cladding wall. The tip of 
the columnar grain is outlined at the right in the speci
men current image. Fig. IV-la (the brightness in the 
specimen current image is inversely proportional to the 
mean atomic number of the elements present). Two 
longer columnar grains form the upper and lower 
boundaries of the particle. The particle shown in the 
figure had collected around a metallic iron inclusion. 
The alumina acted as a getter for barium oxide, cesium 
oxide, and tellurium. It has not been established 
wiiether this gray phase is a solid solution or a mixture 
of compounds such as BaO-OALO;, and CsoO-A^Oa. 

In a cooler location at the top of the SOV-3 pin, the 
alumina particles contained significant quantities of 
cesium only, out the cesium had not totally penetrated 
the larger particles, as evidenced by the small, dense 
core of cesium-free alumina that was found in these 
particles. The alumina, which apjjarently melted and 
collected in a circular band of inclusions at the end of 
the colunmar grains, was relatively free of both ura
nium and plutonium and showed no evidence of any 
rare earth oxide components. A very low level of stron
tium is evident in some of the inclusions containing 
barium, cesium, and tellurium. 

Fuel-cladding interaction. Electron microprobe ex
amination of metallic inclusions in SOV-3 indicated 
that constituents of the stainless steel cladding had 
been transported into the fuel. As discussed above, 
metal inclusions containing iron were found near the 
boundary of the equiaxed and columnar grains; fre-
([uently, these inclusions were pure iron. However, in 
cooler temperature regions of this fuel, iron was often 
found alloyed with palladium or molybdenum. In con
trast, chromiimi penetrated into the fuel only slightly 
and was found primarily as an oxide, associated with 
barium and cesium oxides in the outer regions of the 
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a) SPECIMEN CURRENT b) PLUTONIUM C) URANIUM 

dl ALUMINUM e) BARIUM f) CESIUM 

g) IRON h) TELLURIUM 

308-1919 T-1 
FIG. IV-1. F.lectron Microprobe Scanning Images of Alumina Inclusions in a U()2-20 wl ' 

represent areas 45 ixm square.) 
PuOi Fuel Pin (.SOV-3). (All iin-iges 

fuel pin near the fuel-cladding interface. Nickel was 
found segregated in the cladding grain boundaries, and, 
in general, did not migrate into the fuel matrix. 

Electron microprobe examination of the fuel-clad
ding interface showed that intergranular attack of the 
cladding had occurred. In SOV-3, the average depth of 
cladding attack was ~90 ^m. A typical area of inter
granular attack is shown in the X-ray scanning im&ges 
of Fig. IV-2. The feature of greatest interest in this 
fuel can be seen in Fig. IV-2g, which shows, tor the 
first time, the presence of iodine in the area ot inter

granular attack. The other X-ray scans show the dis
tribution of iron, nickel, chromium, cesium, barium, 
and tellurium at the fuel-cladding interface. 

The presence of iodine in the area of intergranular 
attack has led to the hypothesis that iodine is contrib
uting significantly to the mechanism of metal trans
port from the cladding to the fuel matrix. I t is sug
gested that the transport mechanism is similar to that 
of the van Arkel-deBoer* process, in which purification 

' A. E. van Arkel, J. H. de Boer, Z. Anorg. Chem 148, 345 
(1925). 
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al SPECIMEN CURRENT b) IRON c) NICKEL 

d) CHROMIUM e) CESIUM f l BARIUM 

g) IODINE h) TELLURIUM 

308-1918 T-1 
FIG, IV-2. Electron Microprobe Scanning Images of Fnel-Cladding Interface of a UOz-20 wt'/, 

rj-pe 304 .Stainless .Steel. (All images represent areas 45 itrn square.) 
. PuO, Fuel Pin (.SOV-3) Clad with 

and vapor deposition of a metal is achieved by thermal 
decomposition of the metal iodide. In the fuel during 
irradiation, the transport mechanism could involve an 
iodine-cycling process in which fission product iodine 
•nigratcs to the fuel-cladding interface and reacts with 
the cladding, and the metal iodides formed vaporize 
and are transported to high-temperature zones in the 
fuel matrix where iodide decomposition occurs. The 
process appears to be initiated only if the cladding 

temperature is high enough to produce (1) appreciable 
iodine attack on the stainless steel and (2) vaporiza
tion of the metallic iodides. 

The iodides of the three stainless steel components 
have stabilities at 1000°K' that decrease in the fol
lowing order: chromous iodide (AG'f = - 2 6 kcal/ 

' C. K. Wicks, F. K. Bloek, "Thermodynamic Properties of 
05 Elements, Their Oxides, Halides, Carbides, and Nitrides " 
Mnroiin of Mines liiillelin (i05 (I9l>3). 
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mol), ferrous iodide (AG°/ = —16 kcal/mol), and 
nickelous iodide ( A G ° / = —2 kcal/mol). The extent 
of the reaction of fission product iodine with the stain
less steel components is probably most affected by the 
relative vapor pressure of their iodides at the cladding 
temperature; at 900°K ferrous iodide and nickelous 
iodide are three orders of magnitude more volatile 
than chromous iodide. However, because of its low 
iodide stability, nickel would not be expected to exist 
in the vapor phase, and therefore would not be trans
ported to a higher temperature zone. Under the ex
isting conditions, namely, an excess of metallic iron, 
chromium, and nickel, and a limited amount of iodine, 
ferrous iodide would be the major component existing 
in the vapor phase although a significant quantity of 
chromous iodide would be expected. However, the sta
bilities of chromium oxides are very high, and the 
chromous iodide would be expected to oxidize and de
posit in the cooler region of the fuel or at the fuel-
cladding interface. This hypothesis is consistent with 
our observations of other irradiated mixed-oxide fuel 
specimens. Iron is transported deep into the equiaxial 
grain structure and sometimes into the columnar grain 
structure. Chromium is transported out of the clad
ding, but remains in the outer regions of the fuel struc
ture near the fuel-cladding interface. Chromium is 
frequently associated with cesium, probably as a re
sult of the strong chemical interaction of cesium oxides 
and chromium oxides. 

The hypothesis that iodine is responsible for the 
corrosion of cladding materials requires the presence 
of free iodine in the fuel during operation in the re-

- CESIUM 134 
- CESIUM 137 

. • i 

I COLUMNAR-GRAIN REGION 

DISTANCE FROM CLADDING EDGE, mm 

308-2171) 
FIG. IV-3. Radial Distribution ol ' "Cs and 

UOi-PuOi Fuel Pin (SOV-6). 
"Cs 

actor. A rough calculation* of the chemical transport 
by gas-phase diffusion in a porous medium has shown 
that if the iodine vapor pressure is greater than IO"" 
atm, a significant transport of iron could be observed 
in 100 days. However, further calculations indicate 
that in the presence ot cesium oxide, the iodine vapor 
pressure may be as low as 10^-- atm as a result of the 
formation of cesium iodide. However, data from elec
tron microprobe analyses suggest that in the SOV 
series of fuel pins cesium is stabilized chemically by 
interaction with an alumina impurity in the fuel, with 
the probable formation of cesium aluminate. At pres
ent the concentration of available iodine in SOV-3 is 
not known but is considered to be sufficient to support 
the overall transport mechanism. 

Results obtained from laser sampling and gamma 
siiectrometric analysis of another fuel cross section 
(SOV-6; UO2-20 wt % PuOa, 2.7 at. % burnup) have 
provided information that lends support to the above 
hypothesis. The data, shown in Fig. IV-3, indicate a 
marked difference in the ratio ot '^'Cs to '^''Cs across 
the radius of the fuel pin. (The shaded areas in the fig
ure represent estimated distributions of the two cesium 
isotopes, on the basis of overall uncertainties in the 
data.) Cesium-137 was distributed throughout the fuel 
pin, whereas '-"Cs, which is formed from neutron cap
ture by '^"Cs (stable), was detected only in samples 
taken within about 0.2 mm of the fuel-cladding inter
face. This sharp difference in distribution of the cesium 
isotopes could result from the differences in the half-
lives of their iodine precursors, which are believed to 
migrate rapidly to the cladding. The half-life of " ' I 
is 21 hr, whereas that of '^^I is only 24 sec, and there
fore little migration of '-"I would be expected to occur. 

b. Uranium-Plutonium Carbide Fuels 

Preliminary electron-microprobe examinations have 
been carried out on two vibratorily compacted ura
nium-plutonium carbide (UC-20 wt % PuC) fuel pins. 
One of the fuel pins (SMV-1) was clad with type 316 
stainless steel and had been irradiated in EBR-II , at 
a linear power density of 21 kW/ft, to 2.6 at. % burnup. 
The second fuel pin (SMV-2) was clad with type 304 
stainless steel and had been irradiated in EBR-II , at 
a linear power density of 24 kW/ft, to 6.9 at. % 
burnup. The temperatures of the fuel-cladding inter
faces for SMV-1 and SMV-2 during irradiation were 
625 and 675°C, respectively. Both the UC and PuC 
fractions of the fuel materials were hyperstoichio
metric, the UC containing UC2 and the PuC contain
ing PU2C3. The average particle size of the PuC was 
<44 ;̂ m and that of the UC was 500-1700 ,i.m. As a 

' Dr. Lloyd Zumwalt, University of North Carolina, private 
communication (1909). 
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result of this large difference in particle sizes and the 
method of fabrication (vibratory compaction), the fuel 
material at the fiui-eladding interfaces was primarily 
the more finely divitled PuC. 

Both fuel pins showed minor attack of the cladding 
at the fuel-cladding interface. The depth of reaction 
was about 7 fiin for SMV-1 (2.6 at. % burnup) and 
about 15 (im for SMV-2 (6.9 at. "c bnrnu)i). The re

action resulted in the formation of separated bands of 
the stainless steel components and the migration of 
nickel into the fuel matrix. A composite X-ray image 
of the fuel-cladding interface of SMV-2 is shown in 
Fig. IV-4. The large particle seen in the fuel matrix 
(A to B) is uranium carbide; the remainder of the 
matrix is finely divided PuC. In the region B to C, the 
light areas indicate nickel that has moved out into the 

UNREACTED 
CLADDING 

308-2062 A , „ , , 
FIO IV-4 Electron Microprobe X-ray Imago of 1 uel GladUi 

m Stainless Steel. (Image represents an area 45 pm square.) 

, g ln lo r f aceo faUC-20wt%PuCFue lP in (SMV-2) Clad with Type 
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fuel matrix. The separated band of stainless steel com
ponents is present in the reaction zone (C to D ) . 
Within this band, the variations in brightness are 
caused by variations in the nickel and chromium con
tents ; the black areas are voids. The area of the figure 
from D to E is unreacted cladding. The cladding inter
face regions of both pins were free of both cesium and 
iodine fission products. 

Several mcchaiusms can be proposed to account for 
the observed migration of nickel. The first mechanism 
is a carbonyl transport process, similar to the Mond 
process for producing nickel metal. In the carbide fuel, 
the transport process would be the reaction of nickel 
in the cladding with carbon monoxide to form nickel 
carbonyl, followed by the vaporization and migration 
of the nickel carbonyl to hotter areas of the fuel, 
where it subsequently decomposes. There is probably 
sufficient oxygen in a fabricated fuel for carbon mon
oxide to be present during irradiation. The extent of 
nickel transport by this mechanism would be expected 
to be less than the extent of iron and chromium trans
port by iodine in stainless steel-clad oxide fuels, prin
cipally because nickel carbonyl has a lower stability 
than ferrous or chromous iodide. The second mecha
nism that could account for nickel migration is the 

reaction of the carbide fuel (containing a slight excess 
of carbon) with nickel in the cladding to form a mixed 
plutonium-nickcl carbide. Further investigations are 
planned to establish the exact nature of the mechanism 
for nickel transport. 

Preliminary studies of SMV-2 have also been con
ducted to determine the distribution of fission prod
ucts within the carbide fuel. Spectral profiles were 
taken of typical particles of the single-phase uranium 
carbide (average size, ~700 p-m) located near the 
center and near the periphery of the fuel pin. Zirco
nium and molybdenum were present in detectable 
quantities in all of the particles examined. No concen
tration difference was observed for either element as a 
function of (1) location within a given particle or (2) 
location of the particle in the fuel pin. 

Spectral analysis of the porous plutonium carbide 
phase indicated the presence of neodymium and pal
ladium, as well as cesium. Cesium was observed 
throughout the plutonium carbide in localized concen
trations. This is in contrast with the behavior of cesium 
in oxide fuels, where cesium is found primarily in the 
cooler zones (i.e., near the cladding) of the fuel. 

Further studies of fission product distribution in the 
carbide fuels is in progress. 

3. Feasibility Study of Fuel-Failure Detect ion: Sodium-Soluble Tags {R. J. Meyer, 
C. E. Johnson) 

The program to develop methods for identifying the 
position of failed fuel in an operating fast reactor such 
as EBR-II was continued. In this program an in
vestigation was made of the feasibility of introducing 
the same sodium-soluble tag into each fuel element of 
a particular subassembly in such a way that, in the 
event of fuel failure, the tag will be discharged to the 
primary sodium coolant. Detection and identification 
of the tag would identify the faulty subassembly. A 
method based on the use of sodium-soluble tags would 
be applicable in EBR-II to sodium-bonded driver fuel 
or to sodium-bonded, encapsulated experimental fuel. 
A complementary technique for tagging gas-bonded 
fuels with mixtures of xenon isotopes is being carried 
out in a separate program (see Section IV.B). 

The major objectives of the present program were 
to select suitable sodium-soluble tags for individual 
subassemblies and to devise methods of identifying the 
tags in the event of fuel failure. 

A useful tagging system must successfully overcome 
several major problems inherent in the use of sodium-
soluble tags. (1) One hundred milligrams of a tag 
charged to the bond sodium of a driver fuel element 
would result in a concentration below the part-per-

billion level when the tag was completely mixed with 
the primary coolant; detection at this level would be 
a difficult analytical problem. (2) Only eleven elements 
have a solubility such that 100-mg quantities would be 
soluble in the 0.8 g of bond sodium at the reactor op
erating temperature. Consequently, multiple tags must 
be devised from this limited number of elements. (3) 
No purification of EBR-II sodium, other than cold 
trapping, is jiresently being effected. Thus, a tag, once 
released, would probably remain in the sodium and 
constitute a potential interference to the identification 
of the next failed fuel. 

The detection methods capable ot providing the 
necessary sensitivity for identifying a tag in the pri
mary sodium coolant are spark-source mass spectro
metric analysis, which would detect nonradioactive 
tags; out-of-reactor neutron activation analysis fol
lowing tag release; and gamma-spectrometric assay 
for tag activation products produced while the tag is in 
the core of the reactor. Of the three methods, only 
gamma-spectrometric assay of the sodium for reactor-
activated tags has the capability of satisfying the de
tection requirements (this subject is discussed in the 
next subsection). 
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Two tagging methods have been devised that should 
overcome the major diflieulties associated with the use 
of sodium-soluble tags. The first involves the use of 
mixtures of gold and antimony and the second, mix
tures of gold and platinum. 

a. .\ntiniony-Gold Ta^^ing Method 

In the proposed gold-antimony method, the weight 
ratios ol ' - 'Sb and '"".^u would be varied to jiroduce 
a scries of tags. Each fuel element in a subassembly 
would then be tagged with a unique mixture having a 
fixed ratio of ' - 'Sb and '°'Au. While in the core of 
EBR-II, these tag mixtures would be activated to '^^Sb 
(2.8 days) and ""'Au (2.7 days). Because ot the vary
ing weight ratios, each tag mixture would have a dis
tinctive activity ratio. In the event of a fuel failure, 
the active isotopes would be discharged to the primary 
coolant. After appropriate sampling and separation 
procedures, the '--Sb-'°*Au activity ratio would be de
termined by gamma-ray spectrometry, and this ratio 
would be used to identify the faulty subassembly. The 
details of the method are discussed below in relation 
to the problems that w'ere enumerated previously. 

Detection. Calculations were made of the level of 
activity of '^^Au that would be produced from irradia
tion of '^'Au in the core of EBR-II at full power; the 
value used for the capture cross section of "*'Au in 
EBR-II was 200 mb." These calculations showed that 
111 the saturation activity of '^^Au produced from 1 
mg of "*'Au would be about 6 X 10* dps ( - 9 8 % of 
saturation is achieved in 15 days) and (2) the activity 
produced in one day would be about 1.2 X 10* dps/mg 
of ""Au. Release of 1 mg of " ' A u of the latter level of 
activity to the 3 X 10* g of sodium coolant would re
sult in a sodium activity level of 0.4 dps/g of sodium. 
This level of activity should be more than adequate 
for detection in a 10-g sodium sample after appropriate 
radiochemical separations have been performed. 

Because experimental data on the capture cross sec
tion of '^'Sb were not available, differential cross sec
tions were estimated with the NEARREX computer 
code,'" and these were summed over a typical EBR-II 
flux spectrum. The results of the calculations indicate 
a capture cross section for ' - 'Sb in EBR-II of about 
70 mb, which should produce sufficient '--Sb to be de
tectable. 

Number of tag8. A distinct advantage accrues from 
using the '^'Sb and ""Au isotopes as tags because of the 
similarity in the half-lives of the daughter activities. 
During irradiation in the core of EBR-II , the ratio of 

*N'. D. Dudey, Argonne National Laboratory, private 
communication (1909). 

'• P. A. Moldaiior et al, "NEAKREX, A Computer Code 
for Nuclear Reaction Calculations." ANI,-f;97« (UlUll, 

'--Sb to ""Au activities produced would be nearly con
stant. For example, if one assumes that the saturation 
activity ratio will be 1.00, the activity ratio after one 
hour of irradiation would be 1.04, and, thereafter, 
would approach 1.00. The constancy of the activity 
ratio would permit numerous tags to be manufactured 
from these two isotopes. The exact number of tags 
that could be put into use depends on the constancy of 
the ratio of the capture cross sections of '^'Sb and '^'Au 
as a function of neutron energy and on the precision of 
the radiochemical separations used to isolate the active 
isotopes. It is estimated that at least 10 tags and possi
bly as many as 100 could lie made. 

Interference from previous lags or impurities. 
Until suitable methods of purifying the primary cool
ant are devised, any tagging method must consider the 
effects of previously released tags. Although most po
tential methods would require purification of the cool
ant to remove previous tags, the antimony-gold method 
is reasonably free from the effects of previous tags, as 
can be seen from the discussion below. 

A fuel-element tag would reside in the core of the 
reactor 100% of the time and, as previously stated, 
would achieve a saturation activity level of about 
6 X 10* dps/mg of " 'Au. Upon discharge of 1 mg of 
'^'Au to the primary coolant, the activity level of the 
tag in the sodium would be 2 dps/g of sodium. Any 
"*'Au already in the circulating sodium would spend 
only about Hooo of the time in the core, and the satu
ration level would be expected to be 3 X 10^ dps/mg of 
'^'Au. A simple calculation shows that the circulating 
sodium must contain approximately 2 g of '^'Au before 
the activity lev»l will be equal to that jiroduced in 1 
mg of " 'Au tag. Furthermore, a tag that has achieved 
the saturation activity level of 6 X 10* dps/mg of " ' A u 
in the core will decay rapidly to the lower saturation 
level of 3 X 10" dps/mg of ""Au once it is released 
to the sodium. 

In selecting a tag, consideration must also be given 
to the corrosiveness of the tag toward the fuel clad
ding. In preliminary studies to test the corrosion char
acteristics of possible tags in a fuel-element environ
ment, gold and antimony were among the elements 
tested. Mixtures of Na-2 wt % Sb and Na-2 wt % Au 
wei'e placed in separate capsules of type 304L stainless 
steel, which were then sealed and rotated at 650°C for 
500 hr. Metallographic examination revealed that the 
stainless steel was not attacked by either gold or anti
mony under these conditions. 

b. Platinum-Gold Tagging Method 

The second tagging method, which utilizes mixtures 
of isotopes " 'Au and '°*Pt, would operate on the same 
seneral nrinciples as the antimony-gold method. In 

file:///ntiniony-Gold
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TABLE IV-1. CALCULATED ACTIVITY RATIOS OF TAGS DURING 

A TYPICAL EBR-II OPERATING P E R I O D ' 

Time Interval 
(days) 

3.5 
7.0 
2.5 
1.0 
3.25 
1.25 
3.25 
3.25 
2.5 
3.5 

Power (MW) 

30 
0 

30 
0 

30 
0 

30 
0 

30 
50 

Activity Ratio at End 
of Interval 

i9iAu/"!Sb 

1.79 
1 
1 
1 
1 
1 
1 
1 
1 
1 

68 
78 
77 
78 
7(i 
77 
72 
76 
78 

•»»Au/'"Au 

3.19 
2.43 
3.10 
2.95 
3.04 
2.87 
2.98 
2.62 
2.95 
3.02 

• Period from Oct. 1 to Oct. 31, 1968. 

this case, however, tag identification would be made 
on the basis of the "'*Au/"«'Au ratio. The '""Au is 
produced by the reactions 

" P t ( n , 7 ) ' * ' P t 
(31 min) 

"Au (3.15 days) 

Estimations of the capture cross section of "*Pt in 
EBR-II, made by the method described above, indi
cate a value of the same magnitude as that of '- 'Sb, 
namely, about 70 mb. 

One attractive feature of the platinum-gold tagging 
method is that tag identification is made on the basis 
of the ratio of two isotopes of gold, and no difference 
would be expected in the behavior of the two isotopes 
in the sodium coolant. Therefore, a minor instability 
of gold in the reactor system would produce no altera
tion in the '^*Au/"'^Au ratio of a released tag. 

A possible disadvantage of the platinum-gold method 
is that, during variations in reactor operating condi
tions, the "*Au/""'Au activity ratio would not be as 
constant as the '9*Au/'==Sb activity ratio. The reasons 
for the lesser variation in the ">*Au/'2-Sb activity ra
tio are as follows: (1) The half-life of '==Sb (2.8 days) 
is more nearly equal to the half-lite of '"'Au (2.7 days) 
than is the half-life of ""Au (3.15 days). (2) The for
mation of ""Au is delayed by the 31-min half-life of 
the intermediate activation product "»Pt. 

To gain some insight into how much variation would 
be produced by reactor startups, shutdowns, and 
changes in power, calculations were made which per
mitted comparison of the performance of a '8'Au-'»*Pt 
tag with that ot a ">'Au-'='Sb tag during a one-month 
period of operation of EBR-II . The following assump
tions were made in performing the calculations: (1) 
Each tag is composed of equal weights of ""Au and the 
other isotope. (2) The capture cross sections are 200 
mb for ""Au, and 70 mb for both "«Pt and '^'Sb, (3) 
The time to achieve the power level and the time to 
shutdown are insignificant. 

The results of these calculations are given in Table 
IV-1. It is evident from these results that identification 
of a platinum-gold tag would be more difficult than 
identification of an antimony-gold tag because the 
variations in activity ratios are greater. However, 
with adequate fuel-failure detection equipment and a 
power record ot the reactor, tag identification could be 
made. 

Although both of these methods show promise as i 
useful tagging methods, insufficient funding has re- | 
quired the termination of the program. The evalua
tions of tagging methods that have been made, how
ever, may be useful for future fast reactors. 

B. XENON TAGGING OF FUEL ELEMENTS IN EBR-II (L. F. Coleman, 
G. J. Bernstein, E. R. Ebersole,'' M. T. Laug," R. E. Rice,'' 

P. B. Henault," W. J. Larson,'' D. E. Walker") 

A program is under way to utilize mixtures of xenon 
isotopes as tags for the identification of experimental 
fuel elements that fail in EBR-II. Emphasis has been 
placed on the application of the xenon-tag method to 
the identification of unencapsulated gas-bonded fuel 
elements, most of which will contain UO2-PUO2. 

" Idaho Division. 
" EBR-II Project, Idaho. 
" EBR-II Project, Illinois, 

Fuel-cladding failures in EBR-II are presently de
tected by the following instruments: (1) a fuel failure i 
rupture detector (FERD) , (2) an on-line charged-wire I 
fission gas monitor (FGM), and (3) a reactor cover 
gas monitor (RCGM). Although detection by these 
instruments is thorough, identification of the sub- , 
assembly in which failure occurred has been difficult I 
and tiine consuming. Implementation of the xenon tag
ging system will permit rapid identification of any 



H. Xenon Taijtjiiuj of Fuel Elements in EBR-II 111 

failed experimental fuel subassembly and will thus 
significantly increase the EBR-II plant factor. 

In the xenon-tagging system, each fuel element in a 
subassembly is tagged with 1 ml of a mixture of xenon 
isotopes that is unique for a particular subassembly. 
If a cladding failure is indicated by one ot the failure-
detection instruments, a sample of the reactor cover 
gas will be analyzed mass spectrometrically to deter
mine the ratios of xenon isotopes present. These ratios 
will provide an indication of the tagging mixture that 
has been released; positive identification will then be 
made by analyzing a master sample of the indicated 

mixture and comparing the two results. Positive iden
tification of the released xenon mixture will permit 
identification of the affected subassembly and its loca
tion in the reactor. It is anticipated that identification 
can be accomjilished within the 4-hr period required 
to prepare for removal of a subassembly. 

Many features of the xenon-tagging system were 
discussed in the preceding annual report.'* In the fol
lowing discussion of the status and plans of the system, 
these features will be reiterated only where necessary 
to maintain clarity. 

"ANL-7575, pp. 106-111 (1968). 

1. Preparation of Tag Mixtures 

Because xenon isotopes with mass numbers 131 
through 136 are abundantly produced by fission, xenon-
tag mixtures for failed-fuel identification must contain 
significant concentrations of the lower mass numbers 
124 through 130. Mound Laboratory" is currently pro
ducing several different mixtures of xenon isotopes in 
which the lighter isotopes have been enriched by ther
mal diffusion. Table IV-2 shows the isotopic compo
sitions of natural xenon and four enriched isotopic 
mixtures which have been purchased from Mound Lab
oratory for the preparation of tag mixtures. 

Tag mixtures have been prepared as planned'* by 
blending each of the Mound Laboratory Mixtures 1, 
2, and 3 with natural xenon in preselected proportions. 
In the resultant tag mixtures, designated as subseries 
Al, A2, and A3, respectively, the '^ 'Xe/ ' - 'Xe isotopic 
ratios are normally stepped so that each ratio is 1.2 
times the previous ratio; these ratios range from 4.9 
to 75 (the ratio in natural xenon is 275). These tag 
mixtures will normally be identified by the ' -"Xe/ ' - 'Xe 
isotopic ratio. There are five tag mixtures in subseries 
Al, eight in A2, and five in A3 for a total of eighteen 
prepared tag mixtures. 

Because approximately twenty subassembly loca
tions in the EBR-II core are available for experi
mental fuel irradiation and because tagging logistics 
fequire a greater number of tag mixtures than the peak 
number of in-core tagged subassemblies, the eighteen 
tag mixtures now prepared may eventually prove in
sufficient for EBR-II experimental fuel elements. Sev
eral alternatives are available to ensure an adequate 
number of tagging mixtures: consideration is being 
Siven to preparing new A-subserics tag mixtures as 
well as a .series of tag mixtures (Series B) utilizing 
pure '=8Xe. 

"Mound Laboratory, Miamisburg, Ohio; operated by ihe 
Monsanto Research Corporation for the U.SAKC. 

In the thermal-diffusion enrichment ot the light 
xenon isotopes (see Table IV-2), the '-'Xe/'=*Xe iso
topic ratio is a minimum at an intermediate enrich
ment. This feature permits preparation of additional 
A-subseries tag mixtures which can be identified by 
consideration of both the '=''Xe/'=*Xe and ' ^ 'Xe / ' ^Xe 
isotopic ratios. This interrelationship is shown in Fig. 
IV-5, where the ranges of the existing subseries of tag 
mixtures, Al, A2, and A3, are shown, along with the 
ranges of the proposed subseries, A4 and A5. Sub-
series A4 would be prepared by blending Mound Mix
ture 4 (21.3 mol % '^'Xe) and Mound Mixture 3 
(1.257 mol % '-*Xe) in preselected amounts. Subseries 
A5 would be prepared by blending Mound Mixture 2 
(5.58 mol % ' - 'Xe) , Mound Mixture 3, and natural 
xenon. For the ranges shown, subseries A4 would pro
vide eighteei! tag mixtures and subseries A5 would 
provide five tag mixtures. These twenty-three new tag 
mixtures and the eighteen previously prepared would 

TABLE IV-2. ISOTOPIC COMPOSITION OF NATURAL XENON 

AND FOUR LIGHT-ISOTOPE-ENRICHKD MIXTURES FROM 

MOUND LARORATORY 

Xenon 
Isotope Mass 

124 
126 
128 
129 
130 
131 
132 
134 
1.36 

Total Xenon" (mol %) 

Mound Mixture 

No. 1 

12.10 
4.80 

16.70 
58.78 
2.25 
3.13 
1.70 
0.29 
0.25 

No. 2 

5.58 
1.92 

10.32 
63.02 
4..30 
9.43 
5.03 
0.;i4 
0.026 

No. 3 

1.267 
0.834 
8.02 

63.50 
5.25 

13.11 
7.46 
0.496 
0.080 

No. 4 

21.3 
10.2 
23.9 
43.4 
0.7 
0.4 
0.1 

<0.1 
<0.1 

Natural 
Xenon 

0.098 
0.090 
1.92 

26.44 
4.08 

21.18 
26.89 
10.44 
8.87 

• Xenon pnrily > '.WO',',. 
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NATURAL Xe 
MOUND MIXTURE 1 
NATURAL Xe 
MOUND MIXTURE 2 
NATURAL Xe 
MOUND MIXTURE 3 
MOUND MIXTURE 3 
MOUNO MIXTURE 4 
NATURAL Xe 

•MOUND MIXTURE 3 
•MOUND MIXTURE 2 

I 

i"xe/ '»Xe 

iO»-2177 
FIG. IV-5. Isotopic Relationships of Series A Xenon Tags. 

probably satisfy all EBR-II tag demands. Material 
for about seventeen new A-subseries tag mixtures is on 
hand or readily available from Mound Laboratory. 

A very large number of tag mixtures can be made 
by blending Mound Laboratory enriched mixtures of 
xenon (or enriched plus natural xenon) with pure '2*Xe 
prepared by neutron irradiation of natural iodine." 
In these tag mixtures, which will be designated Series 
B, each different '=9Xe/'=*Xe ratio will form a sub-
series. Released tags from Series B mixtures will nor
mally be identified by the '=*Xe/'=*Xe isotopic ratio. 

Argonne National Laboratory has awarded a con
tract to Douglas United Nuclear, Inc. to develop a 
method for preparing pure '-*Xe and to deliver 100 ml; 
the contract offers to buy an additional 1000 ml '=*Xe 
at a fixed price. The number of Series B tags that could 
be produced from a small quantity of pure '=*Xe would 
probably extend the available supply of tags suffi
ciently to meet all EBR-II demands. Availability of 
pure '='Xe at a reasonable price could possibly permit 
application of xenon tagging to the next generation of 
fast reactors. 

" N a t u r a l iodine is 100% ' " I ; ' " . \ e is formed by the reac 

tions ' " I ( n , 7 ) ' " I ^ ' " X e . 

2. Addition of a Tag to a Fuel E lement 

Gas-bonded fuel elements that are irradiated in 
EBR-II consist of a fuel region and a gas plenum to 
contain released fission gases. The inside diameter of 
the cladding is about Vi in., the fuel length is about 
14 in., and the gas plenum length is generally greater 
than 8 in. Although the method of transferring a xenon 
tag from the ANL-supplied container to a fuel element 
is the responsibility of the experimenter, tag-addition 
procedures have been devised by ANL and suggested 
to experimenters, and ANL personnel have provided 
aid to experimenters in developing or improving their 
tag-addition procedures. 

Two basic techniques of xenon tag addition have 
been developed: hypodermic syringe and pre-mixed 
backfill. In the former method, a syringe is filled with 
several milliliters of xenon tag mixture and 1 ml is in
jected into each of several fuel elements by means of a 
long needle reaching near the bottom of the helium-
filled gas plenum. In the latter method, the fuel ele
ment is evacuated and then backfilled with a mixture 
of helium and xenon tag. In each case, the fuel element 
is immediately capped and welded to prevent loss by 
diffusion. 

Two methods have been developed for transferring 
xenon tag mixture from an ANL-supplied transfer.con
tainer (usually of 30-ml capacity) to a hypodermic 
syringe tor tag addition. The first method, which was 
previously described," utilizes a manually operated 

mercury piston to remove tag gas from the transfer 
container at negative pressure and supply it at a 
slightly positive pressure to a chamber equipped with 
a needle-loading rubber septum. Because close obser
vation of the mercury-gas interface is required, much 
of this apparatus must be of glass. An apparatus of 
this type was used by the General Electric Company" 
to prepare the first xenon-tagged fuel elements. 

A cryogenic transfer technique for syringe loading 
was developed to overcome shortcomings in the mer
cury-transfer technique. The new technique eliminates 
the possibility of mercury contamination, and the all-
metal construction of the system eliminates fragile 
components. Furthermore, the method provides a 
means of purifying the tag mixture of the common 
contaminants oxygen and nitrogen. 

An apparatus utilizing this principle is shown in Fig. 
IV-6. The operating procedure is briefly as follows. 
With the 30-ml transfer cylinder isolated, the appara
tus is purged of contaminants by repeated evacuations 
and helium backfills. The tag mixture is purified hy 
immersing the transfer cylinder in liquid nitrogen, 
freezing the xenon, and pumping off the volatile con
taminants. The xenon is then cryogenically transferred 
to the small charging cylinder, after which the tubing 
cross-connection is isolated from the pipe tee. The tub-

" D. M. Bishop, General Electric Company-Vallecitos, 
private communication. 

H 
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ing cross-connection is attached by means of a flange 
to a rubber septum located in a helium-filled glovebox 
used for fuel element assembly. .A hypodermic syringe 
with a long needle is used to withdraw tag mixture 
through the septum and discharge 1 ml into the plenum 
of each of several fuel elements. During syringe 
fharge, the xenon is maintained at a slight positive 
pressure by manipulating the fine-control throttling 
valve. The charging cylinder and cross-connection have 
small internal \olumes, and all but 4 ml of the tag 
mixture can be transferred to the syringe. The remain
ing 4 ml can be cryogenically transferred back to the 
transfer cybnder for use in subsequent tag mixture 
preparation. This apparatus was successfully used'* to 
tag fuel elements for an instrumented subassembly. 

In the pre-mixed backfill technique, the xenon-tag 
transfer cylinder is pressurized with helium to form a 
helium-xenon mLxture. The mixture is then supplied to 
an evacuated fuel element to fill it to a pressure of 1 
atm. The helium-to-xenon ratio in the mixture is se
lected so that the back-filled element will contain 1 ml 
of xenon tag. After backfilling, the fuel element is im
mediately capped and seal-welded. The primary ad
vantage of this back-fill technique is that it eliminates 
use of the hypodermic needle. This technique has been 
used successfully at Pacific Northwest Laboratory'* 
iPXL) to tag a large number of fuel elements.-" 

"D. E. Walker, P. J. Halfman, J. H. Sanecki, "Xenon 
Tagging of Instrumented Fuel Capsules for Use in EBR-I I , " 
presented al US,\EC-NASA National .Symposium on Develop
ments in Irradiation Testing Technology, Sandusky, Ohio, 
Sept. 9-11, 1909. 

" Operated by Battelle Memorial Institute for the USAEC. 
"I t . M. Crawford, PNL, private communicalion. 

TUBING CROSS-CONNECTION 

GLOVEBOX FLANGE 

308-2225 
FIG. IV-6. Cryogenic Syringe-Charging Apparatus for 

Purification and Transfer of Xenon Tags. 

The three transfer techniques described above all 
have disadvantages in that special equipment is re
quired by the experimenter and absolute certainty that 
an element has been tagged is not possible. These dis
advantages might be overcome if tag gas for an indi
vidual fuel element could be provided in a sealed cap
sule which could be automatically opened after or at 
the time of final element closure. Preliminary devel
opment of a capsule technique is under way at ANL. 

3. Possible Detr imenta l Effects of X e n o n Tagging 

Possible detrimental effects of the presence of a 
xenon tag in gas-bonded fuel elements were previously 
fonsidercd." The only detrimental effect considered 
to be possible was a decrease in the thermal conduct
ance of the fuel-to-cladding gap during the early stages 
»f fuel-element irradiation. Examination of the litera
ture indicated that this should not be a significant 
problem, but this indication was not considered suffi
ciently conclusive. Accordingly, experimental investi-
Sations of the thermal-conductance effect were inde
pendently planned by PNL and ANL. 

In the PNL experiment,-'' -' four gas-bonded fuel 
'apsules were prepared with fuel, cladding, and fuel-

"G. It. Horn, "The EITects of Xenon on Fuel-to-CIadding 
IspCondiiclivily," Trans. Amer. Nucl. Soc. 12(2), 607 (1969). 

"fi. R, Horn, private communication. 

to-cladding gaps representative of PNL fuel elements 
but with abbreviated lengths. The gas spaces of the 
capsules were filled with helium-xenon mixtures having 
xenon concentrations varying from 0 to 100%. The four 
capsules were irradiated concurrently for 4 hr in the 
rabbit facility of a thermal reactor under conditions 
that assured central melting of the fuel. Post-irradia
tion metallographic examination and measurement of 
the radius of the molten zone in each fuel pellet per
mitted calculation of the gap conductance for each 
case. For a 10% Xe-90% He mixture, the mixture most 
representative of proposed tagging conditions, the de
crease in gap conductance attributed to xenon was 
only 4%. The experimenter estiraatetl that operating 
under more representative conditions (no central melt
ing) might cause decreases in the gap conductance of 

file:///olumes
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10-12%. Decreases of this magnitude in the early-
stage gap conductance should not be a significant detri
ment. 

The ANL experiment,'* which is currently being con
ducted, utilizes an instrumented subassembly that was 
designed and constructed at ANL. The fuel elements, 
which contain 44.5%-enriched UO2 pellets, are in so
dium-bonded capsules. Four tagged elements (14% 

Xe-86% He) , equipped with central thermocouples,j 

are arranged to experience the same neutron flux as.( 

two untagged elements, which are also equipped with I 

central thermocouples. This experiment will allow the 0 

effect of a xenon tag on the fuel-to-cladding gap con-'' 

ductance to be determined continuously for a wide' 

range of power densities. 

4. Identification of a Released X e n o n Tag 

Consideration of factors that could cause difficulties 
in identifying a released xenon tag showed that the 
most probable problem area would be contamination of 
the reactor cover gas by a previously released tag.'* 
This problem can be alleviated by purging the reactor 
cover gas after each tag release. Studies are under way 
at EBR-II to determine the amount of purge gas neces
sary for various contaminant-reduction factors, possi
ble improvements in the location of purge inlet and 
exhaust lines, and the advisability of providing interim 
storage capacity for the purged gas. 

If any of the EBR-II on-line fission product moni
tors indicate that a cladding failure has occurred, a 
sample of the reactor cover gas will be analyzed for 
the presence and identity of a xenon tag. Three percent 
of the cover gas (~10 ft̂  at ambient conditions) will 
be passed over activated carbon at — TS^C to sorb the 
xenon. The sample will then be analyzed mass spec
trometrically to identify the tag. 

Experiments with activated carbon at —78°C in a 
%-in. OD U-tube showed that essentially all of the 
xenon in a 10-ft^ sample of reactor cover gas is col
lected in the first two inches of the carbon. A station 
for cover-gas sampling is available within the reactor 
containment shell, and a more convenient sampling 
station outside the containment shell is in an advanced 
construction stage. 

Positive identification of the xenon tag will be ac
complished by mass spectrometry. A mass spectrom
eter (Varian-MAT Model CH-7) designed for gas 
analysis has been installed at EBR-II for this purpose. 
Analytic data can be obtained by either of two col
lector systems: an electron-multiplier single collector 
or a dual cup-and-plate simultaneous detector. Po-
tentiometric and galvanometric recorders are available 
for data display. The multiplier detector system scans 
the mass range 124-136 and records on either recorder. 
The dual collector consists of a collector plate with a 
precision slit focused upon a cup detector. A preselected 
isotope can be focused upon the slit and measured by 
the cup detector, with the remaining isotopes being 
measured by the plate. Thus, the ratio of any isotope 

to the balance of the isotopes can be measured directly 
within 0.05% and the ratio recorded on the potentio-
metric recorder. 

The mass spectrometer is provided with a versatile 
source having three inlet systems: (1) a directly 
coupled gas chromatograph with a sample enricher, (2) 
a viscous-flow inlet system, and (3) a molecular-flow 
inlet system. A sample of the reactor cover gas intro
duced into the mass spectrometer through any one of 
the inlet systems can be analyzed by means of either 
collector system. 

With the gas-chromatographic inlet system a reactor 
cover-gas sample from the activated carbon trap is in
troduced into the chromatograph, which separates the 
xenon component from the bulk argon in the trap. The 
separated xenon is then introduced into the mass spec
trometer via the sample enricher, which removes the 
helium carrier gas used in the chromatographic sepa
ration. 

The viscous-flow inlet system contains two small 
gas reservoirs (<50 ml), one for a reference sample 
and the other for a cover-gas sample. By utilizing the 
dual collector and the rapid sample interchange fea
ture of the viscous-flovp inlet system, a direct compari
son can be made between the isotopic ratios of the 
cover-gas sample and the isotopic ratios of a reference 
sample. The molecular-flow inlet system, which is the 
simplest system to operate, contains a single large 
(2000 ml) sample reservoir. Because sample flow is 
molecular, some bias may develop in the flow of gases 
of different molecular weights and special calibration 
will be required for high precision. Use of either the 
viscous-flow or the molecular-flow inlet systems will 
probably require a separate step to concentrate the 
xenon from the xenon-argon mixture in the sample trap 
if the operating time for the spectrometer is to be kept 
to a reasonable level. 

All three inlet systems are feasible for xenon-tag 
identification. The chromatographic inlet will obviate 
the need for sample concentration prior to analysis 
and, therefore, will give the most rapid analysis. The 
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viscous-flow inlet will provide immediate ability for 
comparison of a sample isotopic ratio with a reference 
isotopic ratio for rapid identification, but sample prep
aration time will be longer than for the chromato
graphic input. The viscous-flow system, with immedi
ate referencing capability, also provides the greatest 
detection sensitivity. The molecular-flow input is the 
simplest mode to employ but is difficult to shield, when 
samples are highly radioactive, because of its large 
reser\'oir and configuration. Sample size, detection sen
sitivity and the amount of shielding required will dic
tate the input system to be used with a cover gas sam
ple. 

Implementation of the xenon-tagging system in 

EBR-II is well advanced. Eighteen tag mixtures have 
been prepared and material for seventeen new tag mix
tures is on hand or readily available. A technique for 
producing pure '-*Xe is being developed and '^"Xe 
availability will greatly extend the possible number 
of tag mixtures. A large number of experimental fuel 
elements have been tagged, and in the near future the 
ratio of tagged to untagged experimental fuel sub
assemblies in the EBR-II core should increase to a 
point where the full value of the xenon-tagging pro
gram can be realized. The xenon-tagging program has 
essentially passed from a development stage to an op
erational stage and is now completely under the direc
tion of the EBR-II Project. 

C. FAST-REACTOR CROSS-SECTION MEASUREMENTS (iV. D. Dudey, 
C. E. Crouthamel) 

An understanding of fast-neutron processes is es
sential to the design and development of fast breeder 
reactors. The objective of the cross-sections program 
is to obtain data for neutron reactions occurring in 
hiel, structural, and control materials, and to apply 
these data to problems of interest to the overall fast 
breeder reactor program. In past work, a large part of 
the effort in the cross-sections program was directed 
toward determination of capture cross sections as a 
function of monoenergetic neutron energy; however, 
this portion of the work has now been completed. Re
cent efforts have been concentrated on the measure
ment of cross sections in the broad neutron-energy 
spectrum of EBR-II . These spectrum-averaged cross 

sections are of particular interest because they provide 
a means of characterizing the magnitude and the en
ergy distribution of the neutron flux within an operat
ing reactor. 

Current progress is reported for spectrum-averaged 
measurements in EBR-II. These include (1) cross sec
tions for (n,y), (n,p), (n,a), (n,2n) reactions for mate
rials of interest to the fast breeder reactor program 
and (2) capture-to-fission ratios (alpha) of principal 
fast breeder reactor fuels. The present status of neu
tron spectral Characterization studies using foil-acti
vation techniques is discussed. The status of the pro
gram to measure the fast fission yields of low-mass 
particles is also described. 

1. Spectrum-Averaged Measurements (N. D. Dudey, R. R. Heinrich, J. W. Williams) 

«• Flux Characterization Studies in EBR-II 

A knowledge of the neutron flux as a function of 
position within an operating reactor is necessary in pre
dicting the long-term behavior of fuels, cladding, and 
stnictural materials. In studies of radiation damage 
and in evaluations of models of fuel and cladding 
swelling, for example, an accurate means of monitor
ing the neutron flux is needed. The fast neutron flux 
and .spectral distribution can be predicted by means of 
reactor phy.sics calculations, but a comparison of 
these theoretical calculations with ex])erimental data 
is also needed. .\n extensive program is presently being 
conducted in which flux values are being determined in 

EBR-II from tictivation-rate data of selected monitor 
foils. The method employed is described in detail else
where;-^ only a brief description will be given here. 

Monitor reactions can be conveniently categorized 
into three classes: (1) low-energy reactions, which are 
predominately sensitive to neutrons below 1 MeV, for 
example, •'•''Sc(n,y) and '"Fe(n,y); (2) high-energy or 
threshold reactions such as ''*Fe(n,p), ^*Ni(n,a), or 
"*^Au(n,2n) reactions, which are characterized by a 
threshold energy (usually greater than a few hundred 

" N . 1). Dudey, U. H. Heinrich, "Flux Characterization 
and Neutron Cro.s8 Section Studies in I ' 3 H - I I , " USAEC re
port ANL-7(i29 (in press). 
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keV) below which the reaction does not take place; and 
(3) broad-spectrum reactions, such as ^^^U{n,f) and 
2^^Pu(n,f), whose cross sections are relatively insensi
tive to variations in neutron energy between a few 
keV and 10 MeV. 

To obtain activation-rate data, appropriate monitor 
foils are irradiated in various positions in EBR-II , 
and the number of reaction product atoms present at 
the end of the irradiation is determined by radiochemi
cal analysis. A spectrum-averaged cross section is then 
computed for each monitor reaction at each sample 
location from published differential cross section data 
and from a two-dimensional diffusion-theory calcula
tion of the neutron spectral distribution. From the 
measured reaction rates and the computed spectrum-
averaged cross sections, values of the flux, <}>, or flux 
per megawatt, 0/MW, are determined for each loca
tion. The reliability of the flux determinations can be 
increased by measuring several monitor reactions at 
each location and determining an average value of 
the flux. 

The results of our flux measurements in EBR-II , 
based on five monitor reactions, are shown in Fig. 
IV-7, along with some measurements reported by 

i DESIGNATES DRIVER SUBASSEMBLIES 

; DESIGNATES STRUCTURAL SUBASSEMBLIES 
A ANL RUN 31F 
A ANL RUN 5-20 
0 GE RUN 20-24 

<S> PNL RUN 20-24 

0 PNL RUN 25A 

11. T iT T iT 
0 10 20 30 40 50 60 70 

RADIAL DISTANCE FROM CENTER OF CORE, cm 
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FIG. IV-7. Flux per Megawatt as a Function of R,adial 
Position in EBR-II . 

TABLE IV-3. SPECTRUM-AVERAGED CROSS SECTIONS K 

EBR-II CALCULATED FROM MEASURED REACTION RATES 

AND EXPERIMENTALLY DKTERMINED F L U X E S 

Reaction 

"Fe(n ,7) 
"Ni(n,7) 
<'Sc(u,7) 
>«Fe(n,7) 
"Co(n,7) 
• 'Cu(n,7) 

'•'Au(n,T) 
'<Fe(n,p) 
"NKn.p) 
"T i (n ,p ) 
"Ti (n ,p) 
"Ti (n ,p) 
'•Co(n,p) 
"Cu(n ,p) 
"S(n ,p ) 
"Fe(n ,o) 
'•Ni(n,<.) 
'«V(n,a) 
"V(n,o) 
"Cu(n ,a ) 

'"Au(n,2n) 
'•Co(n,2n) 

Spectrum-Averaged Cross Sections (mb) 

Row 2 

8.3 
7.6 

14 
3.9 

14 

— 
221 

16 
23 
2.0 
4.4 
0.052 
0.27 
4.9 
3.6 
0.18 
0.90 
0.21 
0.0O41 
0.10 
0.56 
0,065 

Row 4 

8.2 
8.0 

15 
4.0 

14 
19 

228 
16 
22 
2.0 
4.3 
0.050 
0.27 
4.(i 
3.4 
0.18 
0.87 
0.079 
0.0041 
0.090 
0.66 
0.058 

Row 6 

9.5 
9.7 

19 
4.7 

18 
20 

262 
13 
20 

1.7 
3.8 
0.041 
0.24 
4.3 
3.0 
0.15 
0.78 
0.099 
0.0035 
0.086 
0.50 
0.052 

Row? 

11 
13 
20 
6.0 

23 

— 
376 

7.3 
10 
0.93 
2.1 
0.021 
0.12 
2.4 
1.7 
0.073 
0.41 
0.073 
0.002 
0.049 
0.39 
0.0021 

PNL^-" and Ge.^^ The variations in the 0 /MW values 
result principally from the fact that measurements 
were made in two different types of subassemblies: 
fuel subassemblies (designated by points in Fig. IV-7) 
and structural subassemblies (designated by x's), in 
which the samples were probably surrounded by neu
tron-scattering and neutron-absorbing materials, such 
as stainless steel. Other factors also contribute to the 
variations in results; (1) With present methods of flux 
determinations by foil-activation techniques, measure
ments based upon a single monitor reaction have un
certainties, in the best cases, of ±15%. (2) Changes in 
the composition of EBR-II occurred during the numer
ous experiments from which the data were obtained. 

In addition to the obvious variations in Fig. IV-7, 
the measured flux values are, in general, about 20-25% 
lower than the flux values predicted by reactor-physics 
calculations; this difference results principally from 
the assumption in the reactor physics calculations that 
the reactor core is homogeneous. 

If one takes into account all the factors discussed 
above, the data are qualitatively consistent within 
themselves and with the reactor physics calculations. 

<ii[ 

" J. L. Jackson, J. A. ULseth, Nucl. Appl. 6, 275 (19U8). 
" A . Witliop, B. A. Hutchins, G. C. Martin, "Analytical ] 

Procedures and Applications of Fluence Determinations from 
EBR-II Flux Wires," GEAP-5744 (1969). 
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a' 

® RUNS 5-20 
• RUN 31 F 

ever, if the flux monitoring is reliable, the deviations 
should be predictable and understandable. 

0 100 200 300 400 500 600 

MEDIAN NEUTRON ENERGY. keV 

308-2065 
FIG, IV-8. " M n / " F e Ratio, « , r.v Median Neutron F.nersy 

in EBR-II. 

The important conclusion to be drawn from analysis 
ol these data is that future flux measurements intended 
to monitor irradiation experiments in EBR-II must 
be designed specifically to monitor the neutron flux 
and spectrum "seen" by the samples. Furthermore, the 
results of one experiment cannot be expected to agree 
with results of other experiments in which the flux 
monitors experience different conditions, nor can they 
be expected to agree with reactor-physics calculations 
in which a homogeneous reactor core is assumed. How-

b. Spectrum-Averaged 
ments 

Cross-Section Measure-

The flux values determined by the method described 
above can be used to obtain spectrum-averaged cross 
sections of reactions for which appropriate differential 
cross-section data are not available. In this case, other 
selected foil materials are irradiated along with the 
monitor foils. The activation-rate data from these ma
terials and the average flux values for each sample lo
cation, determined from the monitor foils, provide the 
necessary data to calculate spectrum-averaged cross 
sections. A summary of our spectrum-averaged cross-
section data, measured at various positions in EBR-II 
during Run 31F, is presented in Table IV-3. 

It must be recognized that if spectrum-averaged 
cross sections are to be applicable to other reactors or 
other reactor positions, the neutron spectral distribu
tion in which the cross section was determined must be 
specified. I t would, therefore, be desirable to be able 
to refer to a spectral index that, to some degree, de
scribes the neutron spectral distribution. One such 
spectral index, which we have been examining, is the 
ratio of the reaction rates of the '>*'Fe(n,p)^'']Vln and 
"Fe(n,y)==Fe reactions. The =''Fe(n,p)=*Mn reaction 
is sensitive only to neutrons above ~ 2 MeV, and the 
^^Fe(n,7)^^Fe reaction is, in general, sensitive only to 
neutrons below 2 MeV. The ='Mn/"=Fe ratio, R, has 
been shown to be extremely sensitive to changes in the 
neutron spectral shape (see ANL-7575, p. 174). Addi
tional measurements of this ratio were made in EBR-II 
in Run 31F, and all of the data obtained to date are 
shown in Fig. IV-8, where the ratio, if, is plotted 
against the median energy of the neutron spectrum 
as computed from reactor-physics calculations. The 
correlation between R and the median neutron energy 
is very encouraging; however, further work in reduc-

TABLE IV-4. CAPTUHK-TO-FISSION R.vTin (ALPHA) FOR " ' U AS A FUNCTION OF PO.SITION IN EBR-II 

Distance from Core Center 

Radial (cm) 

2.86 
2.86 
2.86 
2.8fi 
2.86 
2.86 

21.25 
40.83 
61. Zi 

Axial (cm) 

- 1 7 . 0 
- 8 . 6 
4-0.0 
4-8.5 

-t-17.0 
4-51.5 

- 3 . 4 9 
- 2 . 3 0 
-2..30 

Captures per 
10" '»U Atoms 

1.77 ± 0.018 
2.16 ± 0.022 
2.30 ± 0.023 
2.14 ± 0.021 
1.68 ± 0.017 

0.464 ± 0,0046 
2.37 ± 0.024 
1.48 ± 0.015 

0..357 ± 0.0036 

Fissions per 
Iff ""U Atoms 

2.49 ± 0.072 
3.23 ± 0.093 
3,51 ± 0,101 
3,20 ± 0,093 
2.37 ± 0.067 

0.495 ± 0.014 
3.28 ± 0.190 
1.73 ± 0.050 

0.372 ± 0.011 

Alpha 
(captures/fissions) 

0.0710 ± 0,0022 
0.0668 ± 0.0020 
0.0056 ± 0.0020 
0,0668 ± 0.0020 
0,0709 ± 0,0022 
0,09.37 ± 0,0029 
0.0723 ± 0.0044 
0.0856 ± 0,0026 
0,0960 ± 0.0029 
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TABLE IV-5. CAPTURK-TC 

Distance from Core Center 

Radial (cm) 

2.50 
2.50 
2.86 
2.86 
2,86 
2.86 
2.86 

10.21 
21.25 
30.62 
40.83 
51.03 
61.24 
71.45 

Axial (cm) 

-1-72,9 
4-30.2 
4-17.0 
4-8.6 

0.0 
- 8 . 6 

- 1 7 . 0 
4-0.32 
4-0,32 
4-0,42 
4-0,42 
4-0,42 
4-0.42 
4-0,42 

-FISSION RATIO (ALPHA) FOI 

Captures per 
10'™Pu Atoms 

6,30 ± 0.06 
22.40 ± 0.22 
22.05 ± 0.22 
24.30 ± 0.24 
26.40 4= 0.26 
24,80 4: 0,25 
24,35 ± 0,24 
24,65 ± 0,25 
27,90 4: 0,28 
10.25 4r 0,10 
21.15 4= 0,21 
10,00 4= 0,10 
fi.02 ± 0.06 
3,51 ± 0,04 

-'^Pu A.S A FUNCTION OF POSITION I.N" l i l lR- l I 

Fissions per 
10""Pu. \ toms 

1,31 4: 0.04 
10,41 4: 0.34 
17.89 ± 0.58 
23.48 ± 0.76 
30.93 4: 0.10 
26.!,3 ± 0.8(i 
18,01 4: 0.58 
29.93 4= 0.97 
28,2(i 4= 0.92 
7.44 ± 0,24 

14,76 4: 0,48 
5.30 4: 0.17 
2.38 4= 0,77 
0,91 4i 0,30 

Alpha 
(captures/fissions) 

0.480 4: 0.016 
0.215 4: 0.007 
0.123 4= 0.004 
0,104 4: 0.004 
0.085 4: 0.003 
0.093 ± 0.003 
0.135 ± 0.005 
0.082 ± 0,003 
0,099 4: 0.003 
0,1.38 4= 0,005 
0,143 4: 0,005 
0.189 4= 0.006 
0,263 4= 0.009 
0,.385 4: 0,013 

1.0 

. 
0,1 

0,01 
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FIG, IV-9, Correlation of Capture-to-FissionUiitio (.41pha) 
for ="U and Spectral Index, ffi (fl = s<Mn/"Fe), 

ing experimental uncertainties will be required before 
a complete evaluation can be made of the "'Mn/^-''Fe 
ratio as a spectral index. 

c. Capture-to-Fission Ratios in EBR-II 

The purpose of a breeder reactor is to produce or 
breed more fissile fuel than it consumes; for this 

reason, it is essential that the breeding potential of 
fast reactor fuels be established. The breeding poten
tial, that is, the maximum number of neutrons avail
able for breeding can be described by the following 
equation: 

B 
(p 1 r) 

(1 -I- a) 

where v is the number of neutrons emitted per fission 
of the reactor fuel and a is the capture-to-fission ratio 
of the fuel. Measurements of alpha (see ANL-7575, p. 
174) have now been completed for samples of •̂̂ Û 
and --'^Pu irradiated in various positions (i.e., differ
ent spectra) of EBR-II . The samples were irradiated 
for periods ranging from 0.5 to 1.6 yr. The number of 
capture products (--̂ "̂ U or -'*'*Pu atoms) was determined 
by mass-spectrometric isotope-dilution analyses.-° The 
numl)cr of fissions was determined by counting ^''^Cs, 
using a fission yield of 6.51% for -^^U and a fission 
yield of 6.58% for -^"Pu. The results of these measure
ments for -^^U and -^"Pu are given in Tables IV-4 and 
IV-5, respectively. 

The values of alpha for -̂'-'U at four radial positions 
and four axial positions are shown as a function of the 
spectral index "Mn/==Fe (R) in Fig. IV-9. Each open 
circle represents two axial measurements at symmetric 
points above and below the reactor midplane in Row 
1. These results help to confirm the feasibility of corre
lating data by means of the spectral index. 

^̂  The ma.s.s .spectromelry was performed by M, 
Idaho Division. 

Laug, 
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2. Low-lMass Fas t -Neutron Fission Yields (A .̂ D. Dudey, A. A. Madson) 

119 

A knowdedge of yields of the low-mass particles 
tritium, hydrogen, and helium in fast-neutron fission 
is important to the fast breeder reactor program. In
formation on the production of tritium in fast breeder 
reactors is particularly needed because of the problems 
of tritium disposal in fuel reprocessing. Hydrogen and 
helium produced in fission may produce chemical and 
physical eft'ects in high-burnup fuels and their clad
dings. Low-mass fission product yields are also of con
siderable theoretical interest in understanding the 
fission process. 

A study of the low-mass fast-fission yields is pres
ently being conducted. A particle identification system 
has been developed to identify simultaneously the 
charge, mass, and energy of all low-mass particles up 
to ^Li having energies below about 40 MeV. This sys
tem consists of three solid-state transmission-type de
tectors coupled to appropriate electronic instrumenta
tion. The identification is based upon the principle 
that the rate of energy loss in the detectors is propor
tional to mass, and roughly proportional to the square 
of the charge of the particle. The use of three detectors 
increases the dynamic range of the system, in terms of 
energy and particle type, over that of more conven
tional methods. This capability permits more informa
tion to be obtained in a single measurement. 

Two experiments have been performed to test the 
particle identification system. The first was a study of 
the Bohr Independence Hypothesis; the purpose of the 
study was to demonstrate that the mode of decay of a 
compound nucleus is independent of its mode of forma
tion. In this experiment the compound nucleus "''Cu 
was formed in two ways, namely, by bombarding ^°Co 
with alpha particles and °-Ni with protons. The energy 
and angular distribution of omitted protons, deuterons, 
and alpha particles were then determined. Although 
analysis of the resulting data is, at present, incomplete. 

the experiment demonstrated that the particle-identifi
cation system functioned properly. The purpose of the 
second experiment was to measure the energy distribu
tion of all low-mass particles emitted in the spontane
ous fission of -''-Cf. In this experiment the capabilities 
of the particle-identification method were verified: all 
low-mass particles up to 'Li were individually identi
fied and counted. 

A preliminary experiment was also conducted to 
measure the fission yield of tritium for the -'-Th(a,f) 
reaction. Although no fission-yield data were obtained, 
the experiment provided information that will be very 
useful in designing future experiments. Two priitcipal 
problems were disclosed: (1) radiation damage to the 
silicon fission detectors, and (2) strict requirements 
for setting the timing of the coincidence system. These 
problems were compounded by the extremely low 
tritium count rates. I t has been concluded that, in 
spite of the deterioration of the silicon detectors, no 
better detectors are available; when the operating 
characteristics become degraded, they will bo replaced. 
The timing problem can be solved by using a -^-Cf 
source in a special scattering chamber to set the timing 
before experimental measurements begin. 

Because of budget restrictions within the program 
it is unlikely that the particle-identification experi
ments will be conducted according to the original plan. 
An alternative, simpler experiment is therefore being 
considered for determination of fast-neutron tritium 
yields. This experiment involves irradiation of gram 
quantities hi fissile material in the Physics Division's 
neutron generator (Dynamitron), followed by radio
chemical separation and counting of the tritium. The 
radiochemical and particle-identification methods, 
which employ widely different approaches, should ulti
mately supplement each other and add considerable 
confidence to the final values for tritium fission yields. 

D. DETERMINATION OF BURNUP OF FAST REACTOR FUELS 
(R. P. Larsen, C. E. Crouthamel) 

The program for the development of methods for 
measuring burnup in fast reactor fuels is continuing. 
To achieve the program's objective it is necessary to 
develop accurate analytical methods for determining 

the concentration of fission products that can be used 
as burnup monitors and to establish accurate values 
for their fast fission yields. 
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1. X - R a y S p e c t r o m e t r i c D e t e r m i n a t i o n o f R a r e E a r t h F i s s i o n P r o d u c t s {R. D. Oldham, 
R. J. Meyer, R. V. Schahlaske) 

A method is under development for the measurement 
of burnup in fast reactor fuels by X-ray spectrometric 
assay of the four principal rare earth fission products: 
lanthanum, cerium, praseodymium, and neodymium. 
The general analytical procedure to be used was de
scribed in ANL-7425, p. 194, and preliminary evalua
tions of the sensitivity and selectivity of the method 
were reported. Evaluations of the precision of the 
method (ANL-7575, p. 178) as a function of the 
amount of rare earths assayed showed that, in the 
range 30 to 90 pg of rare earths, an accuracy of ±1-2% 
appeared feasible. 

In the proposed procedure, terbium (a rare earth 
with a fission yield of less than 0.05%) is added to the 
sample as an internal standard; the rare earths as a 
group are separated from uranium, plutonium, and the 
high-activity fission products; and the separated rare 
earths are mounted on a metal plate and assayed by 
X-ray spectrometry. The use of terbium as an internal 
standard has the following advantages: (1) the need 
for a high degree of geometric reproducibility in sample 
mounting is minimized, and (2) the depressive effect of 
foreign materials on the X-ray intensities of the rare 
earths is largely compensated for. Moreover, quantita
tive recovery of the rare earths in the separation pro
cedure may not be necessary, provided that the fission 
product rare earths and the terbium exhibit identical 
chemical behavior. 

Separation of the rare earths. The advantages of 
the internal-standard method and the good discrimina
tion from interferences that is afforded by X-ray spec
trometric analysis place rather modest requirements 
on the separation procedure: the rare earths must be 
separated only from the bulk constituents of the fuel 
and from the more active gamma-emitting fission 
products. This separation is accomplished by convert
ing the sample (which has been spiked with terbium) 
to 12A/ hydrochloric acid and passing it through a 
Dowex-1 ion-exchange column. Uranium, plutonium, 
"'Zr, ^Nb , i»=Ru, and '»«Ru are retained on the ion-
exchange column and the rare earths are eluted. The 
long-lived fission products '"ST and '^'Cs are not sepa
rated from the rare earths, but these do not contribute 
significantly to the total activity of the rare earth 
sample. 

Deposition of the rare earths for X-ray spectro
metric assay. In preliminary tests of the plating pro
cedure with a mixture of the fission product rare earths 
(inactive) and terbium, the rare earth chlorides were 
converted to nitrates by fuming to dryness with con
centrated nitric acid and redissolving in dilute nitric 

acid; this solution was pipetted onto an aluminum 
plate and dried. However, when this technique was 
coujdcd with the ion-exchange separation, the plates 
were not of satisfactory quality (see ANL-7575, p. 
180). 

An electroplating technique, which was devised by 
Handley and Cooper^' for the analysis of americium 
and curium by alpha spectrometry, has subsequently 
been adapted for preparing the rare earth sample 
mounts. The plating procedure is, briefly, as follows. 
After the ion-exchange step and subsequent conversion 
of the rare earth solution to a nitric acid medium (as 
described above), dimethyl sulfoxide is added, and the 
rare earths are electroplated onto an aluminum plate, 
which serves as a cathode. With a current density of 15 
mA/cm- and a potential of ~100 V, complete deposi
tion is achieved in 15 min. A significant improvement 
in the quality and reproducibility of the X-ray plates 
has been achieved by the electroplating technique. The 
deposition is uniform, the amount of solids on the 
plates is decreased, and the rare earths are completely 
adherent. 

The revised procedure was tested in the following 
manner. Four samples consisting of 35 pg of terbium 
and 100 pg of a simulated mixture of fission product 
rare earths were carried through the ion-exchange pro
cedure and electroplated on aluminum. These were 
treated as "unknowns" and were compared with two 
"standards" of the same composition that were elec
troplated directly. The average intensity ratios (rare 
earth-to-terbium) obtained for the standards and un
knowns were as follows: 

La/Tb 
Ce/Tb 
Pr /Tb 

N d . T b 

Avg. Intensity Ratio 

Standards 

0.161 
0.275 
0.218 
0.483 

Unknowns 

0.162 
0.273 
0.217 
0.482 

Rel. Std. 
Dev. (%) 

1.7 
2.6 
1.6 
0,5 

The relative standard deviation is for a single deter
mination; similar precision was obtained in duplicate 
experiments. 

Interelemental effects in the X-ray spectrometric 
assay. Before the accuracy of the method could be 
evaluated, it was necessary to assess the magnitude of 
interelemental interferences on the X-ray measure
ments and to devise a method for corrections if the 
interferences were significant. Two types of interele
mental effects were considered: (1) the effect of sec-

" T. H. Handley, J. H. Cooper, Anal. Chem. 41, 381 (1969). 



D. Determinalion of Huriiup of Fast Reactor Fuels 121 

ondary and tertiary (L/J and Ly) emission lines of 
oai'h rare earth on the intensity of the primary (La) 
emission line that is used in the assay and (2) the 
effect of the L/3 and Ly emission lines of cesium and 
barium (fission products not removed in the ion-ex
change separation) on the La linos of the rare earths. 
To establish the magnitude of these effects, mounts of 
the pure elements (— 1 mg) were prepared and each 
nss assayed at the wavelength of its primary emission 
line and also at each of the wavelengths used in the 
assay of the individual rare earths. Where significant 
interferences were observed (in one case, ~30%) , in-
lensity relations were established. These were used as 
eoeflicients in a set of simultaneous equations by which 
ihe necessary corrections were made. .\ small computer 
program was devised to handle data reduction. 

Calibration. To obtain a calibration curve for each 
of the rare earths, aliquots of a standard mixture of 
the rare earths (in amounts proportional to their fis
sion yields) were used to prepare plates containing a 
total of 44 to 217 fig of fission product rare earths; 
each plate also contained 40 pg of terbium. The line 
intensity of each rare earth was measured, the corrected 
line intensities were calculated using the computer 
program, and the rare earth-to-terbium line intensity 
ratios were plotted against weights of rare earths by a 
least-squares technique. The average divergence of the 
individual datum points over the entire concentration 
range was as follows: La, 1.5%; Cc, 3.0%; Pr, 0.2%; 
Xd. 1.2%. The maximum divergence obtained was for 
eerium (4%). 

The standard rare earth mixture described above 
MS also used to prepare two series of "unknown" sam
ples, each sample containing 102 /ig of rare earths. In 
the first series, the rare earths were electroplated di
rectly. The plates were then assayed, and the amount 
of each rare earth determined from its calibration 
crave. In the second scries, the rare earth "unknowns" 
were spiked with 100 mg of uranium and appropriate 
amounts of all the other major fission products (to 
emulate a 1 at. % burnup sample) and were carried 
through the ion-exchange separation prior to electro
plating and assay. The results are summarized in the 
following table: 

Recovery (%) 
Fission Yield 

Rare Earth from " 'Pu (%) Scries I Series II 

La 
Ce 
Pr 
Nd 

Total 

5.73 
10.54 
5,SI 

16.33 
.38.63 

100.0 ± 3.0 
98,0 ± 6,6 
(W,2 ± 6,2 

101,1 ± o.n 
00,6 ± 3.2 

99.3 ± 3.4 
94,6 ± 7.0 
93,5 ± 2,7 
99,4 ± 1.6 
95,9 ± 2,5 

instrumental difficulties. In Series I I , the low and er
ratic results are believed to be due to losses in the pro
cedure (probably by incomplete dissolution of the rare 
earths prior to the electroplating step); the fact that 
the absolute X-ray intensities were also relatively low 
substantiates this theory. 

An experiment is presently being planned that should 
pinpoint the source of difficulty. Samples of the indi
vidual rare earths will be irradiated in the Juggernaut 
reactor, and the behavior of each rare earth in various 
steps of the procedure will be established by assays for 
>"La (40 hr), i*-'Cc (33 hr), ^^^p,. (19 hr), i '̂̂ Nd (11 
days), and ^^^Xb (72 days). It is expected that, with 
minor refinements in the procedure, the accuracy of 
the method can be increased to the desired ±1%. 

Analysis of irradiated fuel. The entire procedure 
was tested on a sample of irradiated UO2 fuel (13% 
enriched, ~6.5 at. % burnup) to determine whether 
any problems, not previously considered, would be en
countered in the analysis of an actual fuel sample. The 
sample had been previously analyzed for total rare 
earths (TRE) by a complexiometric titration with 
EDTA (see ANL-7575, p. 178). The concentrations of 
lanthanum, cerium, praseodymium, and neodymium, as 
determined by X-ray spectrometric analysis, were 
compared with the concentrations calculated (on the 
basis of fission yields of the individual rare earths) 
from the results of the total rare earth titration analy
sis. This comparison is given below. 

Concentration (;imol/ml) 

Rare f arth 

La 
Ce 
Pr 
Nd 

[,a-|-Ce-|-Pr4-Nd 

Calculated 
from 

TRE Analysis 

0.0842 
0.1752 
0,0762 
0.2706 
0.6062 

Determined 
by X-ray 
Analysis 

0.0857 
0.1622 
0.0805 
0.2722 
0.0006 

The decrease in precision in the Series I results, as 
compared with previous results, has been attributed to 

The agreement of these results indicates that the anal
ysis of irradiated fuels presents no unforeseen prob
lems and lends confidence to the potential applicability 
of the method to burnup analysis. 

This sample was also analyzed for uranium, total 
neodymium, and '•"Nd by B. F. Rider of the General 
Electric Vallecitos Atomic Power Laboratory. The 
analyses were performed by a mass-spectrometric iso
tope-dilution (MSID) method. Rider's value tor total 
neodymium, 0.2723 ^mol/ml, is in excellent agreement 
with our X-ray value of 0,2722 f«mol/ml. 

A comparison was made of the burnup values ob
tained by the several rare earth methods that have 
been used to analyze this sample. These data and the 
fission yields used to calculate the burnups are given 
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TABLE IV-6. COMPARISON OF BtjENUP ANALYSES OF IRRA

DIATED UOj BY SEVERAL METHODS 

Rare Earths 
Determined 

Total 
La ,Ce ,P r ,Nd 
Tot.al Nd 
Total Nd 
'••Nd 

Fission Yield 

(%) 
49.35 
45,20 
20.52 
20.52 

1.70 

.Analytical 
Method 

EDTA 
X-ray 
X-ray 
M S I D ' 
M S I D ' 

Burnup 
(at. %) 

6.75 
6.68 
6.61" 
6.65-
6.62 

» These values were corrected for the ' "Ce (285 days) that had 
not decayed to ' " N d (stable). 

' MSID = mass-spectrometric isotope-dilution. 

in Table IV-6. Good agreement between the several 
methods is evident. 

Neodymium as a burnup monitor. From the data 
presented above, it can be seen that the data for neo
dymium show consistently better precision and accu
racy than those for the other rare earths or for the 
combined rare earths. Therefore, the X-ray spectro
metric determination of neodymium is also being eval
uated as a potential method ot measuring burnup (the 

six isotopes of neodymium produced in the fissioning ̂  
of 239Pu have a combined yield of about 16%). 

An X-ray spectrometric method based on neody
mium alone has several advantages. Modifications | 
could be made on the detection system of the X-ray. 
spectrometer that would improve the signal-to-noise' 
ratio by a factor of 5 or more. With this improvement, 
the sample size and, hence, the level of beta-gamma 
activity could be reduced significantly. The activity 
level of the sample could be reduced even further by 
adding a step to the procedure to remove cerium^' as 
cerium (IV), probably by ion exchange in nitrate me
dium on a column of Dowex-1 and lead dioxide. The ' 
only disadvantage in the use of neodymium, rather' 
than the combined rare earths, would be a greater van- ' 
ation in the fission yield as a function of fissioning nu- ' 
elide. ' 

A study will be made of the separation procedure \ 
and the X-ray assay to establish the optimum set ot 
conditions for a burnup determination based upon a 
neodymium analysis. 

I 

'» The two isotopes '"Ce (32 days) and ' "Ce (285 days) are ; 
the principal sources of activity in the rare earth moiinls. 

2. Development of a New Method for the Deter in inat ion of Fast Fiss ion Yields 
{R. J. Popek, R. J. Armani,'' H. Okashita'") 

In the determination of fission yields, two techniques 
have been used to establish the number of fissions that 
have occurred in the irradiated sample. One techniquc'^^ 
is to irradiate a known amount (about 20 mg) of fissile 
nuclide to a burnup of 20 to 30 at. % and determine the 
number of fissions by measuring the change in the 
actinide-atom content of the sample. The principal 
disadvantage of this technique is the length of the ir
radiation, for example 4 to 5 years in EBR-II. The 
other technique^^ is to irradiate gram amounts of the 
fissile nuclide to a burnup of 1 to 2 at. %, analyze the 
irradiated sample for all the fission product nuclides in 
the heavy mass peak, and sum the number of atoms of 
these nuclides. The principal disadvantage of this tech
nique is the magnitude and complexity of the analyti
cal effort. 

A new technique for determining the number of fis
sions is under development. This technique is, by com
parison, relatively easy to execute and will therefore 
be much more versatile. I t is expected that this tech
nique will provide the means for (1) determining fis-

2' Applied Physics Division. 
ô Resident Associate, Japan Atomic Energy Research 

Institute. 
" ANL-7350, p, 94, 
" F . L. Li.sman et al, IN-1277, p. 7 (1968). 

sion yields of selected burnup monitors in the reactor 
for which burnup measurements are required and (2) * 
determining fission yields as a function of neutron en- ' 
ergy. Two irradiations are required: one of about 2-hr t 
duration at a reactor power level of 50 kW and one of " 
about 3-month duration at full reactor power. 

Included in the short irradiation are fission-track 
counters^*^ (mica disks alternately stacked with plati
num disks on which are mounted nanogram amounts 
of the fissile material) and fission foils (milligram 
amounts of the fissile material). These samples pro
vide data for establishing a factor relating the number 
of fissions that occurred to the count rate of a particu
lar fission product, e.g., ' " C e ((1/2, 285 days). The 
fission tracks on the mica disks are counted under a 
microscope; the '''''Ce activity of the fission foils is de
termined by gamma spectrometry. Included in the 3-
month irradiation are gram amounts of fissile material, 
which are subsequently analyzed for the fission prod
uct whose yield is being determined and for '**Ce ac
tivity. The number of fissions that occurred is estab
lished from the ''•''Ce activity and the previously 
determined fissions-to-'''''Ce factor. I t is expected that 
the accuracy in determining the number of fissions by 

" R. Gold, R. J. Armani, J. H. Roberts, Nucl. Sci. Eng. 34, 
13 (1968). 
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this technique will be comparable with that of the 
other two techniques, namely, ±1V(''. 

An evaluation of this approach has been made in 
support of an experiment of the Applied Physics Divi
sion in ZPR-3, which had as its primary objective the 
determination of the capture-to-fission cross-section 
ratios for -•'•'U, -''"'U, and -^"Pu in a soft neutron spec-
tmni. In this experiment, the length of the short (cali
bration) irradiation was 80 min, and that of the long 
irradiation was 5 days. The number of cajitures per 
atom of fissile nuclide that occurred in the long irra
diation was determined by pre- and post-irradiation 
mass spectrometry of --'-'U, -'^''V, and - ' 'Pu samples of 
high isotopic puri ty." The immbor of fissions per atom 
of fissile nuclide was determined on separate samples 
ilo-mg foils) wdiich were irradiated with the high-
purity samples. Because the irradiation times in this 
experiment were considerably shorter than those pro
posed for fission-yield determinations, the activity of 
""Ba (tl/: , 12.8 days) was used to establish the neces-
sar)- relationships between the two irradiations. 

Included in the short (80-min) calibration irradia
tion were 15-mg foils of the fissile nuclides (4 of each) 
and fission-track counters (7 of each). The amount of 
fissile nuclide on each platinum disk in the fission track 
counters was determined by alpha counting,^' the 
amount of fissile nuclide in each 15-mg foil by weigh
ing, and the '"*Ba activity by gamnta-ray spectrometry 
using the 1.59-MeV ganmia ray emitted by the ""La 
tti/2. 40 hr) daughter. 

The number of fissions that occurred in a 15-mg foil 
in the long irratliation is the product of three factors: 

"This work was performed in the Chemistry Division. 
"The specific alpha activities of the '̂̂ U and ^̂ Û were 

increased by the addition of "*U. The small amounts of ^^i\j 
added had no significant effect on the determinalion of Ihe 
numher of fissions of ''*U or "*U. 

the number of fissions per atom of fissile nuclide in the 
short irradiation, the ratio of the "°Ba activities 
(cpm/mg of fissile material) in the two irradiations, 
and the number of fissile atoms in the foil. These three 
factors were determined with accuracies of ±0.6, ±1.4, 
and ±0 .1%, respectively; therefore, the accuracy of 
determining the number of fissions was ±1.5%. 

Obviously, the largest error in determining the num
ber of fissions in the long irradiation resulted from the 
factors that related the ""Ba activities per milligram 
of fissile nuclide in the two irradiations. In tests to de
termine possible sources of error in these measure
ments, the -•̂ "Pu foils from the long irradiation were 
also analyzed for other short-lived activities, namely, 
"•''Zr, '"''Ru, and ' "Ce . A comparison with the "°Ba 
data showed that the foils having the highest and the 
lowest values of ""Ba per milligram of -•"'Pu also had 
the highest and lowest values, respectively, of "^Zr, 
'" 'Ru, and " ' C e per milligram of ^'"Pu. These results 
demonstrate that the variability in the factor relating 
the number of fissions in the two irradiations was due 
to a variation in the neutron flux across the irradiation 
capsules and not to errors in the measurements. It is 
believed that with an improved geometric arrangement 
foils, the error in the relative number of fissions in the 
of the fission track detectors and the two sets of fission 
two irradiations can be reduced from ±1.4% to ±0.7%. 
This improvement would result in an overall accuracy 
of ±0.9%, which is comparable wdth that obtainable 
by other methods. 

The feasibility of using this method for the determi
nation of fission yields will be tested by (1) analyzing 
the 15-mg foils from the long irradiation for several of 
the radioactive fission products, "•''Zr, '""Ru, ' '"Ce, 
'*''Ce, and ' " C s , (2) calculating the fission yields, and 
(3) comparing these data with published values. ' ' 

'• F. L. Lisman et al, IN-1277, p. 64 (1968). 



Chemistry of Liquid Metals and Molten Salts^ 

(A. D. Tevebaugh, J. D. Bingle) 

Experimental and theoretical research efforts on 
molten metals and salts, which have been in progress 
for several years, have been directed toward (1) un
derstanding the behavior of liquid sodium as a coolant 
in nuclear reactors, (2) conducting basic research re
lating to the development of electrochemical cells with 
liquid sodium and liquid lithiurn anodes, and (3) de
termining the thermodynamic and structural properties 
of fused salts. 

The experimental program has centered around the 
determination of the thermodynamic properties and 
phase relationships for lithium- and sodium-containing 
binary systems and for fused alkali-halide systems by 
thermal-analysis, emf, solubility, and vapor-liquid 
equilibrium methods. In addition, measurements have 
been made of the ultrasonic properties of selected me
tallic liquids and of some structural and transport 
properties of fused alkali-halide mixtures. The electro
chemistry of lithium/chalcogen cells is being investi
gated in some detail. 

The theoretical program has been devoted to (1) de
veloping a model for predicting gas solubilities in liquid 
metals, (2) developing an empirical equation which re
lates the surface tension of a liquid metal at absolute 
zero to its critical properties, and (3) applying and ex
tending models for predicting phase diagrams of binary 
and multicomponent metal and salt systems. 

Progress in these experimental and theoretical re
search efforts over the past year is summarized in the 
following paragraphs. 

Much information has been gathered on the nature 
of binary intermetallic systems of elements having 
widely differing electronegativities such as lithium (or 
sodium) and elements of Groups IV-A, V-A, and VI-A. 
The phase relationships of such systems are not pre
dictable a priori and the experimental results have 
shown considerable complexity. In the lithium-selenium 
and lithium-sulfur systems, for example, compounds 
of high stability are found in the lithium-rich regions 
of the phase diagrams and extended liquid-liquid im-

' A summary of this section is given on pages 12 to 14. 

miseibility occurs throughout the chalcogen-rich re
gions. The need for synthesizing and characterizing 
high-purity single phases in these studies has been met 
with the development of several new experimental 
techniques. 

.\ model for predicting gas solubilities in liquid 
metals has been proposed. This model successfully ac
counts for the molar excess Gibbs free energies of solu
tion of rare gases (He, Ar, Kr) dissolved in sodium. 

The principle of corresponding states, which provides 
a relationship between the surface tension of a liquid 
at absolute zero, the critical molar volume, and the 
critical temperature, was demonstrated not to be in ac
cord with available data on liquid mercury and the 
alkali metals. A new empirical equation was developed 
which does relate these properties. 

The absorption of sound in liquid gallium was meas
ured as a function of temperature and was found to be 
anomalous in the temperature regions where curves of 
its density, viscosity, and surface tension exhibit dis
continuities. 

Studies of the thermodynamic and structural prop
erties of molten salts by thermal-analysis and spectro
scopic methods have continued. A polarization theory 
has been used for the calculation of phase diagrams es
sential to the identification of low-melting salt com
positions for use in electrochemical devices. This 
method has greatly reduced the experimental effort 
needed to obtain phase diagrams. Exploratory studies 
by Raman spectroscopy into the nature of anion-cation 
interactions in molten salts have yielded information 
pertinent to the understanding of transport properties 
and distribution-coefficient data. Interactions between 
oxy-anions such as CO^^ and alkali metal cations ap
pear to be of the contact "ion-pair" type. Much 
stronger and more covalent interactions exist between 
divalent cations (.such as Mg+= and Cd+2) and halide 
anions. 

Research in electrochemical energy conversion has 
been primarily in areas related to the investigation of 
systems that show promise of becoming a family of 
high-specific-power, high-specific-energy electrochemi-
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cal cells (projected values of 500 W/kg and 300 W-
hr/kg). This research is providing an understanding of 
the thermodynamic, electrochemical, chemical, and 
physical processes involved in the operation of electro
chemical cells with liquid-metal anodes and molten-
salt electrolytes. Several of the couples under investi
gation (e.g., Li/Sn, Na.'Bi, Na Pb) have physical and 
chemical properties which allow the cell products to be 
thermally decomposed, separated, and returned to the 
appropriate electrode compartment by the use of a re
generator, which acts as a single-stage distillation unit. 
The combination of cell and regenerator thus converts 
heat to electricity. The electrochemical properties of 
several new cathodes containing sulfur and mixtures of 
sulfur and phosphorus have been investigated. Some 
progress has been made in increasing the electronic 
conductivities of sulfur and selenium cathodes by the 
addition of Group V, VI, and VII elements. 

Several goal-oriented secondary-battery programs 
are in progress. Specifically, they are the development 
of (1) an implantable lithium./selenium battery for 
powering artificial organs (National Heart and Lung 
Institute); (2) high-specific-power lithium/selenium 
batteries for militarj' vehicle applications (U.S. Army, 
Ft. Belvoir, Va.) ; and (3) high-specific-power, high-
specific-energy, versatile lithium/sulfur batteries for 
use in family automobiles (National Air Pollution 
Control Administration). 

Various portions of our work on liquid metals and 

molten salts are discussed further in several recent pub
lications in the open literature.^'" 

^ II. Shimotake, E. J. Cairns, "A Lithium/Sulfur Secondary 
Cell with a Fused-Salt Electrolyte," The Electrochemical 
Society New York Meeting, May, 19G9 Abstr. No. 206; Extended 
Abstracts of the Industrial Electrolytic Div. 6, 520, May 1969. 

* E. J. Cairns, H. Shimotake, "High-Temperature Bat
teries," Science, 164,1347 (1969). 

' V. A. Maroni, E. J. Cairns, "Studies of aLi/P^Sio Electro
chemical Cell," American Chemical Society, New York Meet
ing, Sept. 1969; Abslr. No. PHYS.113. 

'• H. Shimotake, A. K. Fischer, E. J. Cairns, "Secondary 
Cells with Lithium Anodes and Paste Electrolytes," in Proc. 
4th Intersociety Energy Conversion Engineering Conference, 
American Institute of Chemical Engineers, New York (1969), 
p. 638. 

^ E. J. Cairns, H. Shimotake, A. K. Fischer, "Lithium/ 
Chalcogen Electrochemical Cells for Energy Storage," 
.4 rgonne National Laboratory Reviews 6 (2), 87 (1969). 

^V. A. Maroni, E. J. Cairns, "Raman Spectra of Fused 
Carbonates," J. Chem. Phys. (in press). 

^ V. A. Maroni, E. J. Hathaway, "Raman Spectra of the 
CdCli-KCl System," Electrochim. Acta (in press). 

" R. Sridhar, C. E. Johnson, E. J. Cairns, "Phase Diagrams 
of the Systems Lil-KI and Li l -Hbl ," J. Chem. Eng. Data 15, 
244 (April 1970). 

' " J , G, Eberhart, "The Surface Tension and Crilical Prop
erties of Liquid Metals," J. of Colloid, and Interface Science 
(in press). 

" J . G . Eberhart, F. A. Cafasso, H. M. Feder, W. Kremsner, 
"The Grain Boundary Grooving of Iron in Liquid Sodium," 
Proc. of the Symp. on Corrosion by Liquid Metals, the Metal
lurgical Society, October 13-16, 1969, Philadelphia, Pa., 
Plenum Press (1970). 

A. LIQUID METAL STUDIES (£ . / . Cairns, F. A. Cafasso) 

Research is being directed toward broadening and tensions; (2) measurement of transport properties, 
sj'stematizing knowledge of the liquid metallic state. 
Experimental and theoretical programs are being un
dertaken which include (1) determination of the ther
modynamic properties, including phase diagrams for 
binary metallic systems, gas solubilities, and surface 

such as electronic conductivities, of sulfur-, selenium-, 
and tellurium-containing liquids; and (3) measurement 
of the absorption of sound in liquid gallium as a means 
of studying its structure. 

1. THERMODYNAMICS 

a. The Sodium-Bismuth Syetem 

(1) Thermal Analysis Studies of NajBi (E. J. 
Cairns, S. A. Johnson) 

The preparation of pure compounds from the con
stituent elements and of mixtures having specific com
positions is a necessary procedure in many of our in

vestigations. Both the purity and the freezing point of 
single phases, which can provide a check on the prep
arations, can be determined with a high degree of ac
curacy from time-temperature cooling curves'^ by 
thermal analysis. To develop synthesis and thermal 

" W. J. Taylor, F, D, Rossini, J. Research Nat. Bur. Std. 32, 
197 (1044). 
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analysis techniques, the compound NaaBi was chosen 
since both an accurate freezing point and the enthalpy 
of fusion w-ere needed to complete the thermodynamic 
studies of the sodium-bismuth system." (The enthalpy 
of fusion measurements, performed by drop calorim
etry, are described in Section III .B.la of this report.) 

The preparation procedure which was developed con
sisted of loading pure sodium and bismuth, in amounts 
corresponding to the stoichiometry of NasBi, into a 
tantalum capsule, and then sealing the evacuated cap
sule by welding. (The capsule was designed so that it 
could be used for the preparation of the NasBi, for the 
thermal analyses, and also for the calorimetric studies, 
thus minimizing the possibility of contamination.) The 
sodium and bismuth react to form NasBi during heat-
up for the initial cooling curve measurements. 

Cooling curves were run both before and after the 
calorimetric studies to check for any change in the im
purity level. The shapes of the cooling curves indicated 
that the capsule design was appropriate for this use. 
No change in the impurity level, calculated to be 0.28 
mol %, was noted. (Included in the designation "im
purity" is any deviation from exact stoichiometry.) 
The value determined for the freezing point of Na.sBi 
was 850.4lS;3°C. The calorimetric studies reported in 
Section IIl.B.l.a yielded a value for the apparent en
thalpy of fusion for NasBi of 7.085 kcal/mol. 

(2) T h e Sod ium-Bi smuth P h a s e D i a g r a m (C. E. 
Johnson, A. K. Fischer, M. S. Foster, E. J. 
Cairns) 

The sodium-bismuth system is of interest not only 
because of its potential application in energy conver
sion devices, but also because it provides an opportu
nity for testing a solution theory in liquid metals. A 
previous report (ANL-7575, p. 165) describes a pre
liminary attempt to apply the quasi-ideal solution 
theory to the sodium-bismuth system. A model that 
incorporates Na, Bi, NasBi, and NaBi as species was 
used to construct a phase diagram. The phase diagram 
was divided into the regions Bi-NaBi, NaBi-NasBi, 
and NasBi-Na. The data used for each region of the 
phase diagram follow: 

Bi: r„ 271.3°C AH„, 2.6 kcal/mol 

NaBi: T,„ = ,-)00°C Aff„ = 3.6 kcal/mol 

NasBi: T^ = 848.1°C Aff„ = 11.1 kcal/mol 

" C. E. Johnson, A. K. Fischer, M. S. Foster, E. J. Cairns, 
"New Measurements for the Sodium-Bismuth Binary 
System," Abstracts of Papers, 156th Amer. Chem. Soc. Meet
ing, Atlantic City, Sept. 1968, PHYS-94; also C. E. Johnson, 
A. K. Fischer, "New Measurements for the Sodium-Bismuth 
Phase Diagram," V.Lcss-Comi/ionMcfc/s 20, 339 (April 1970). 

Thermal analysis and solubility data were then com
pared with the calculated solid-liquid equilibrium 
curve. There was generally poor agreement at the so
dium-rich end of the diagram. Since the deviation is 
consistent with association of sodium, the model was 
revised to include the dimer, Na2, and the tetramer, 
Nai, in addition to the species already postulated. Mul
tiple regression analysis yielded equilibrium constants 
of formation for each of the species, as follows: 

In A'(Na2) = 9.0981 4- 6795.3/r 

In i f (Na, ) = 17.296 -f- 16083.8/7 

In if(NaBi} = 10.057 + 30202.4/r 

In X(NasBi} = 3.2.350 + 11790.9/r 

The constants were used to recalculate the sodium-
bismuth phase diagram which is shown in Fig. V-1. 
The calculated solid-liquid equilibrium curve agrees 
well with the experimental data even to the extent of 
reproducing the concave-upward characteristic in the 
Na-NasBi region. Agreement in the NasBi-NaBi re
gion is excellent. The somewhat poorer fit for the bis
muth-rich region suggests a possible dimeric character 
for bismuth. (Dimeric bismuth is known to exist in 
the vapor phase.") 

As stated above, recent drop-calorimetry experiments 
have determined the apparent heat of fusion of NasBi 
to be 7.085 kcal/mol; this value differs considerably 
from the value of H . l kcal/mol, determined from solu
bility experiments, that was used in the theoretical 
calculation. When the new calorimetric value is sub
stituted in the calculation of the sodium-bismuth dia
gram, the agreement between the experimental data 
and the quasi-ideal solution model based on the pre
viously mentioned species was not as good as that 
shown in the figure, particularly for the NasBi com
pound peak. The calculated diagrain shows a narrower 
compositional range for the liquid-solid peak defining 
the NasBi compound region. Additional work is needed 
to resolve this difference between the model and the 
real system. 

b. The Lithium-Tin System (A. K. Fischer, S. A. 
Johnson) 

The lithium-tin system is one that was proposed for 
a thermally regenerative galvanic cell system. The 
bulk of work on this system was reported earlier (see 
ANL-7575, p. 137). 

To conclude experimentation on liquid-vapor equi
libria in the lithium-tin system and to allow an ap
proximate temperature-composition phase diagram to 
be constructed, some additional transpiration experi-

" A. K. Fischer, J. Chem. Phys. 46, 375 (1906). 
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ments have been carried out at 900°C for a composition 
of 40 at. % Li-60 at. % Sn. The total vapor pressure 
(all due to lithium) in the system was found to be 
0.15 ± 0.07 Torr at 900°C. 

It was reported in ANL-7575 that, for a pressure of 
0.41 to 0.42 Torr, the phase diagram of the lithium-tin 
system should show the liquid-vapor loop tangent or 
ahnost tangent to the liquid-solid region. An outline of 
the shape of the liquid-vapor loop when it is in a 
nearly tangent position would provide a guide in de
signing the regenerator for a lithium-tin thermally re
generative galvanic cell. A temperature-composition 
diagram, shown in Fig. V-2, was constructed for a pres
sure of 0.705 Torr; this value represents the total vapor 
pressure at 20 at. % Li-80 at. % Sn (ANL-7575, p. 138) 
and is near the critical value of 0.41 Torr. Tempera
tures corresponding to vapor pressures of 0.705 Torr 
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were obtained from the literature^''' ^̂  for pure lithium 
and tin and from our previous data (ANL-7575, p. 
140) for compositions of 80 and 90 at. % lithium. No 
data are available between 1200 and 1577''C (the boil
ing point of pure tin at 0.705 Torr) to define the va-

1̂  ' ^ T . B. Douglas, L. F.Epstein, J. L. Dever,W. H. Rowland, 
J. Amer. Chem. Soc. 77, 2144 (1955). 

'« !{.. Hultgren, II. L. Orr, P. D. Anderson, K. K. Kelley, 
SelecUd Values of Thermodynamic Properties of Metals and 
A Hoys, John Wiley and Sons, New York (19C3). 
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porus exactly; therefore, this curve is shown as a 
dashed line. The liquidus is drawn through the upper 
end of the temperature range (represented by the two 
points at 60 at. % tin) that was deduced from the pres
sure range measured in the recent experiments at 
900°C. It is seen that the liquidus, as drawn, has a 
slight inflection in the region close to the hump repre
senting the various compounds Li22Sii5 (or Li4Sn), 
LITSUO, and LisSn. There is some controversy regarding 
the stoichiometry of the compounds that exist here; 
thus only the outline of the hump is shown. The inflec
tion in the liquidus probably reflects, in the liquid, the 
attractive forces that resulted in compounds in the solid 
phases. 

It can be concluded from the data in Fig. V-2 that 
separation of lithium from a 20 at. % lithium in tin 
alloy can be achieved in a single-stage regenerator at 
a temperature of 1200°C and a pressure of 0.7 Torr. 

c. Llthium-Chalcogen Systems 

(1) Thermodynamics of the Lithium-Selenium 
System by Emf Methods {E. J. Cairns, G. 
H. Kucera) 

The determination of the thermodynamic behavior 
of lithium-selenium alloys is important to an under
standing of the interactions of elements of widely dif
fering electronegativities, and thermodynamic data are 
necessary for predicting the ideal performance of cells 
in which such alloys serve as the cathode material. 
Emf measurements of cells of the type Li/LiX/Li in 
Se have yielded values ot the activity coefficient of 
lithium in lithium-selenium alloys. Two approaches 

have been employed in performing emf measurements 
of lithium/selenium cells. 

The first approach was the measurement of the emf 
of the cell Li( l ) /LiF-LiCl-LiI( l ) /Li in Se as a function 
of temperature at known and constant compositions of 
the cathode alloy. The cathode alloys were prepared 
by dissolving solid Li2Se in molten selenium to form a 
mixture of the desired composition. The results of this 
first set of experiments, shown by solid symbols in Fig. 
V-3, indicate the following: (1) a single-phase liquid 
region extending from 0 to perhaps 10 at. % lithium in 
selenium, (2) a liquid-liquid immiscibility region from 
below 15 to about 32 at. % lithium, characterized by 
a constant emf over the indicated range of composi
tions, and (3) a liquid-solid region above 40 at. % 
lithium (for the temperature range 360 to 475°C). 

The second approach was the measurement of the 
emf as a function of cathode alloy composition at var
ious constant temperatures (the same cell was used for 
both types of measurements). The cell initially con
tained a lithium anode and a pure selenium cathode. 
The cathode composition was changed by discharging 
the cell at known and constant currents for specified 
periods of time until the desired lithium content was 
reached in the cathode. The results of experiments at 
390°C are presented as open symbols in Fig. V-4. This 
figure also includes data (solid symbols) that were 
obtained by the first approach and taken from Fig. 
V-3. Conversely, data obtained by the second approach 
are also included (open symbols) for comparison pur
poses in Fig. V-3. The agreement between the two types 
of experiments is good (<10 mV difference). 

The activity coefficient of lithium in selenium at 0.5 
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FIG. V-4. Emf of the Cell Li(l)/LiF-LiCI-Lil(l)/Li in Se as a Function of Cathode Composition (temperature : 390°C). 
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at. % lithium is 3.03 X IO" '" at 390°C, a value that is 
consistent with the formation of a very stable species 
in the cathode alloy. The emf plateau in Fig. V-4 that 
e.\tends from 36 at. ''i lithium to higher concentrations 
corresponds to the precipitation of solid LisSe from the 
cathode alloy; this emf corresponds to a free energy of 
formation of —94.3 kcal/mol for the formation of 
solid LijSe from lithium and selenium in 36 at. % Li 
in Se at 390°C. 

A more complete discussion of the lithium-selenium 
phase diagram is presented in the following subsection. 
At present, some discrepanices exist between the emf 
data and the phase-equilibrium data, particularly in 
the region of the selenium-rich boundary of the misei
bility gap ( — 10-15 at. % Li from emf studies vs. ~ 2 
at. % from phase-equilibrium studies). One possible 
source of error in the emf experiments by the first ap
proach might be traced to incomplete and/or slow dis
solution of the LioSe in the viscous selenium. The emf 
experiments are continuing, and data from these stud
ies are expected to minimize the discrepancies and re
sult in a useful thermodynamic analysis of the lithium-
selenium system. 

(2) Phase Diagrams ( P . T. Cunningham, S. A. 
Johnson) 

The phase diagrams of the lithium-chalcogen sys
tems have received little attention in the past, partially 
because of difficulties in working with these systems. 
All of the lithium-chalcogen systems have a very stable 
intermediate phase at the composition Li.Y, where Y 
represents the chalcogen. A study of the binary sys
tems Li-Te, Li-Se, Li-S provides an opportunity to 
observ'e the transition from metal-metal to metal-non-
metal in systems having widely different electronega
tivities. More work has been done in the similar alkali 
metal-halogen systems, but the nature of the interac
tions, particularly in the liquid phase, is not well under
stood. Additional experimental information on the 
lithium-chalcogen systems should provide a better base 
upon which to develop a theoretical understanding of 
systems with components of greatly different electro
negativities. 

(a) The Lithium-Selenium S y s t e m 

Phase-equilibrium studies have been made of the 
lithium-selenium system in the composition range from 
Li2Se to pure selenium using several techniques. All 
alloys were prepared by mixing appropriate amounts 
of Li2Se and selenium. The data obtained thus tar have 
been interpreted in terms of a simple monotectic sys
tem. The tentative phase diagram is shown in Fig. V-5; 
the figure also indicates the methods of analysis (ther-
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mal, chemical, or microscopic) by which the data were 
obtained. 

Thermal Analyses were performed on alloys of 3 to 
55 at. % lithium in selenium. All samples gave arrests 
in the vicinity of 350 and 220°C, the latter correspond
ing to the selenium melting point. Samples of the Li2Se 
phase were heated in quartz to 950°C without evidence 
of melting. 

Microscopic analyses of alloys containing 32 to 45 
at. % lithium which were quenched from several tem
peratures in the range 390 to 700°C have been used to 
place limits on the position of the upper liquidus in the 
proposed monotectic system. Although attack of pol
ished surfaces by atmospheric moisture created some 
problems, the interpretation of the microscopic struc
ture—that is, the determination of whether an alloy 
was quenched from above or below the liquidus—was 
not seriously impaired. 

To set limits on the extent of the miseibility gap, al
loys of 15 and 26 at, % lithium were quenched from 
various temperatures above the monotectic tempera
ture. In each experiment, the two phases were physi-
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cally separated and the lithium concentration in each 
phase was established from chemical analyses. 

X-ray analyses at room temperature of a number of 
alloys of various compositions and thermal histories in
dicate no intermediate phases between LioSe and se
lenium. 

The results of all the analyses, shown in Fig. V-5, 
indicate that the system has a monotectic temperature 
of 350°C and a monotectic composition of 32 at. % 
lithium. The miseibility gap extends to about 1.5 at. % 
lithium; no eutectic structure near pure selenium could 
be detected. The composition range from LioSe to pure 
lithium was not studied. 

(b) The Lithium-Sulfur System 

Only preliminary thermal analysis data have been 
obstained for the lithium-sulfur system. Samples of 
Li2S were heated to 1025°C in an alumina crucible 
without evidence of melting. Thermal arrests at 
~355°C were observed in the composition range 5 to 
15 at. % lithium in sulfur, and X-ray analyses indi
cated no intermediate phases other than Li2S. Pearson 
and Robinson^' observed temperature arrests around 
360°C for compositions in the region of 50-57 at. % 
lithium. This agreement in the thermal analysis data, 
together with the appearance of some quenched sam
ples, suggests that the lithium-sulfur system may have 
a simple monotectic similar to that proposed for the 
lithium-selenium system. 

" T. G. Pearson, P. L. I^obinson,/. Chem. Soc. 1931,413. 

d. Solubilities of LizS, LijSe and Selenium in 
Fused Lithium Halides (V. A. Maroni, E. J. 
Hathaway) 

The solubilities of LijS, LizSe, and selenium in 
molten lithium halides have been measured at various 
temperatures. The metal or intermetallic compound 
was equilibrated at each temperature with the selected 
lithium halide salt, and filtered samples were taken. 
(The experimental apparatus provided a uniform tem
perature zone throughout the molten salt.) The solu
bilities of LioS, Li2Se, and selenium, determined from 
chemical analysis of the samples, are given in Fig. V-6. 
Also included in the figure, for comparison, are (1) pre
viously determined solubilities (ANL-7316, p. 119) for 
LiaTe and two lithium-bismuth compounds and (2) the 
solubility of lithium from the data of Dworkin, Bron-
stein and Bredig." Extrapolation of the results for 
Li2Se, Li2S, selenium, and lithium in molten lithium 
halides indicates that their solubilities are significantly 
lower in the temperature range below 400°C. 

The solubility of selenium in molten LiF-LiCl was 
unexpectedly low (<10^* mol % at 500°C) compared 
with the solubilities for selenium in LiF-LiCl-Lil. Solu
bility measurements reported^^ for NaaBi in Nal and 
in NaCl-Nal indicate that the solubility of NasBi at a 
given temperature increases with increasing concentra
tion of Nal . I t appears that the presence of iodide may 
increase the solubility or the heat of solution of some 
metals and intermetallic compounds in alkali-halide 
melts. 

e. Theoretical Studies: Gas Solubility in Liquid 
Metals (H. Schnyders, H. M. Feder) 

To begin to understand the complex corrosion phe
nomena associated with the use of sodium as a coolant 
in fast breeder reactors, its fundamental behavior as 
a solvent must be studied in detail. In turn, to unravel 
the interrelated factors involved in sodium's role as a 
solvent, it is desirable to begin with a study of the most 
simple solutes, namely, the noble gases. By so doing, 
the contributions to the work required for the insertion 
of a single atom of a neutral solute species into a liquid 
metal can be conceptualized and can be separated from 
the additional contributions to the work of solution 
that arise with more complex solutes. As a start, a sim
ple model describing the thermodynamics of solution 
of noble gases in liquid sodium will be presented and 
compared with experimental results. 

In this model, the excess free energy of formation of 

'» A. S. Dworkin, H. R. Bronstein, M. A. Bredig, J. Phys. 
Chem. 66, 572 (1962). 

" M. Okada, R. A. Gnidotte, J . V. Corbett, Inorg. Chem. 7, 
2118 (1968). 
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a dilute solution is set equal to the difference of two 
terms: the electronic work done on the solvent in cre
ating within it a cavity (or bubble) of appropriate size 
to accommodate the solute atom, less the attractive 
work done by the solute atom when on insertion into 
this cavity it polarizes the surrounding solvent atoms. 
The electronic work, being by far the larger term, will 
be given primary attention; for its calculation the work 
of Funii-" (on the formation energy of vacancies in 
solid metals) provides an excellent basis. Consider a 
monovalent metal to be a spatially uniform, immobile 
distribution of positive charge corresponding to N posi
tive ions, neutralized by A' free, mobile valence elec
trons, all contained in a spherical volume V.-' (This is 
the well-known "jellium" model.) Now, remove from 
the center a small spherical volume, 81", of positive 
charge and distribute it uitiformly over the surface of 
the sphere, leaving a cavity. Two effects occur. First, 
the excess negative charge in the cavity ( = SV/O, 
where Q, the atomic volume, is V/N) repels, by a 
screened Coulombic potential, all the electrons in the 
conduction band and increases their potential energy. 
The amount of work done is equal to two-thirds the 
maximum kinetic or Fermi energy, E,, per electron 
times the excess negative charge in the cavity : '-

IF„ ( 1 ) 

Secondly, the ex-pansion of the sphere reduces the aver
age kinetic energy per electron of the valence electrons. 
For free electrons £si„ = 3/5 E,, and since Et varies 
as F-2/3, SE,/E, = - 2 / 3 ( S F / y ) . Hence 

lfki„ = A£ki„ = ^i N5E, 

(2) 

= -HE, 12 

So in total. 

W^.^HE,^-HE,^ « 5 i ? 4 (3) 

The Fumi model for the work of formation of a cav
ity in a monovalent metal has been shown^^ to be 
valid for solid metals by comparing W,.a, to known va
cancy formation energies. The result appears to be 
good to within ten percent provided allowance is made 

" F. G. Fumi, Phil. .Mag. 46. 1007 (1955). 
"Atomic units are used thrriiighout this discu.ssion. 
" N. H. Mareh, Lif/uid Metals, Pergamon Press, Loiiditn, p. 

51 (1%8). 
" K. Mukherjee, Trans. Mel. Soc. A IME 236, 1324 (I9f.li), 

for the fact that in solid metals the lattice can relax in 
the neighborhood of the vacancy. Since the Fumi model 
is a reasonable description of the energetics of vacancy 
formation and does not depend on lattice structure, it 
may be directly applied to the problem of creating a 
cavity in a liquid metal to accommodate a solute mole
cule. In fact, to obtain a value for TFc„,., one only needs 
a model describing the fractional volume change, 8F/n , 
upon introducing a solute molecule. For the present 
model, it is proposed that 

SV/a = 1 -H 
6n 

(4) 

where ij, the packing fraction of the solvent, is equiv
alent to (7r/6) ( a ' / n ) , a being the effective hard-sphere 
diameter of the solvent atoms, and a the corresponding 
hard-sphere diameter of the solute atoms. The rationale 
of Eq. 4 is that the increase in volume on moving one 
solvent atom out to the surface is not just an atomic 
volume, but the atomic volume plus the increment due 
to the difference in hard-sphere volumes between the 
solute and solvent atoms. The validity of hard-sphere 
theory in this connection is supported by the correct 
prediction of the location and height of the first peaks 
in the experimental liquid structure factors a(K) for 
both metals^* and noble gases. These peaks are matched 
very well by the calculated a(K) for fluids of hard 
spheres of appropriate diameters and number densities. 
Insertion of Eq. 4 into Eq. 3 gives 

W„ •i}^ii-^ ( 5 ) 

If the Gibbs free energy of solution is considered to 
be very welt approximated by the Hclmholtz free en
ergy of solution, then the excess molar Gibbs free en
ergy of solution of the dissolved noble gas relative to 
its molar Gibbs free energy as an ideal gas at the same 
temperature is given by 

A(?" = -NknT In \ = VWenv - NWM, (6) 

where fcs is Boltzmann's constant, T the absolute tem
perature, A the Ostwald solubility coefficient,^'' and 
TFaitr the work of attraction by the solvent per atom 
of solute. 

To evaluate Eq. 6, values for T; and a must be de
rived from appropriate experimental data. Values of r; 
at various temperatures were conveniently obtained 
from the well-known thermodynamic limit (K -> 0) 
for the liquid structure factor and the limiting expres
sion for a{K) of a fluid of hard spheres,-*' ^' i.e., 

" N. W. Ashcroft, J. I,ckncr, Phys. Rev. 146, 83 (1900). 
" The Ostwald solubility coefficient is defined as the volume 

of dissolved gas per unit volume of solvent. 
' • M . S. Wertheim, Phys. Rev. Lett. 10, 321 (1003). 
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TABLE V-1. MOLAR EXCESS GIBBS F R E E ENERGIES OF SOLU

TION OF NOBLE GASES DISSOLVED IN LIQUID SODIUM AT 

4(»°C 

Gas 

He 
Ar 
Kr 

AG"(e.\ptl)" 

12.5 ± C l ' 
17.1 ± 0.3" 

19.1'' 

iVH'c„(calcd)'' 

14.6 
19.2 
20.7 

' In kcal/mol. 
' E . Veleckis, ANL, private communication. 
' E. Veleckis, R. Blomquist, R. Yonco, M. Perin, ANL-7325, 

p. 128. 
' S. K. Dhar, ANL-0900, p. 125. 

TABLE V-2. T E S T OF THE PRINCIPLE OF CORRESPONDING 

Metal 

Hg 
Li 
Na 
K 
Rb 
Cs 

7o 
(erg/cm«) 

545"" 
470O!) 
220"" 
125"" 
9 5 " " 
80"" 

STATES^ 

(cm^/mol) 

43(14. 36) 

6 6 " " 
116"'i 
209«« 
247"" 
311(361 

r . (°K) 

1763"" 
3223"" 
2573"" 
2223"" 
2093"" 
2057"" 

7oi '> ' ' / r . 
[erg/(°K) 
(mol"')l 

3.79 
2.38 
2.03 
1.98 
1.79 
1.79 

' Superior numbers in parentheses indicate references that 
were sources of data. 

a(0) pknTxT (1 - , ) V ( 1 + 2 , ) - (7) 

where XT is the isothermal compressibility of the sol
vent and p its number density. The length parameter 
in the Lennard-Jones 6-12 potential, which has been 
used to fit second virial coefficient data for the noble 
gases,^^ was chosen as the value for a. This particular 
choice is justified because the location and height of 
the first peak in a(K) for a fluid of hard spheres of 
this constant diameter matches that for liquid krypton 
at several intervals in the temperature range 117-
183°K.2s 

Calculated values of JVPFjaT for helium, argon, or 
krypton dissolved in sodium are compared with experi
mental data for AG" in Table V-1. The errors assigned 
to the experimental data for helium and argon are our 
estimates; however, because of the possibility of sys
tematic error in the krypton data, error limits were not 
assigned. The agreement between the experimental and 
calculated values is quite good with respect to sign, se
quence, and magnitude. The results of similar calcula
tions made for 300 and 500°C (not shown) indicate 

" J . O. Hirschfelder, C. F. Curtiss, R. Bird, Molecular 
Theory of Gases and Liguids, Ch. 3, John Wiley and Sons, New 
York (1954). 

=" G. T . Clayton, LeRoy Heaton, Phys. Rev. 121,649 (1961). 

that the temperature dependence of Aff" given by the 
NWc^, term is, at least, qualitatively in agreement with 
experiment. The overall agreement is particularly grat
ifying since previous theoretical models that ignored 
the specifically metallic nature of the solvent, e.g., the 
Hildebrand solubility parameter, failed to give even 
order-of-magnitude agreement for A. Furthermore, the 
nature of the agreement encourages us to calculate 
Ostwald coefficients for xenon prior to actual measure
ment because of xenon's importance in nuclear reactor 
technology. The coefficients at 300, 400, and 500°C are 
8.1 X 1 0 - " , 2.5 X 1 0 - ^ and 3.3 X 10" ' , respectively, 
when the values calculated for A^If cav are decreased by 
2 kcal/mol. This correction was made to compensate 
for the apparent systematic overestimate of AG" by 
this amount. 

I t is premature to conclude that the excess of 
VPFcav (calcd) over AG"(exptl) is, in fact, indicative 
of a term NWMT of the order of 2 kcal/mol. A'lF.tit is 
difficult to calculate from simple principles. In addi
tion, more detailed consideration must be given to the 
value 4/15 in Eqs. 3 and 5. However, the success of this 
simple model justifies refinements which could lead to 
better agreement with experiment for the monovalent 
metals, and which are considered essential to the exten
sion of the model to polyvalent metals. The density of 
states for conduction electrons in metals is nonpara-
bolic in the wave vector k as a result of the interaction 
of the electrons with locally attractive ionic potentials. 
Therefore, the valence electrons are not completely 
free in the metal, and their average kinetic energy rel
ative to the bottom of the conduction band may be 
different from the free electron value of 3/5 Et. Fur
thermore, the contribution of 2/3 Et to Eqs. 1 and 3, 
arising from the screened repulsive interaction between 
the conduction electrons and the excess electronic 
charge in the cavity, is known to be correct to first or
der in perturbation theory, but higher order terms may 
be significant. Some or all of these approximations may 
not be valid for polyvalent metals, and this is being 
investigated. 

f. The Surface Tension and Critical Properties of 
Liquid Metals (J. G. Eberhart) 

In 1945, Guggenheim-' applied the principle of cor
responding states to the surface tension of liquids and 
obtained the relation: 

yoVl'^ = KT, (8) 

where y„ is surface tension extrapolated to absolute 
zero, Fc is the critical molar volume, Tc is the critical 
temperature, and if is a universal constant. By analy
sis of surface tension and critical property data, Gug-
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the genheim=»-'" obtained 4.3 erg/(°K) (moF") 
value oi K. 

Surface tension and critical-property data have since 
become available for mercury and the alkali met
als.-"-^' These are shown in Table V-2 together with 
the values for yS\"/T, calculated according to Eq. 
8. Clearly y„V'J^/T,. is not a constant for these liquid 
metals and has a value consistently smaller than that 
for the simple liquids. Thus, Eq. 8 is not valid for liquid 
metals, i.e.. the surface tension of liquid metals does 
not follow the principle of corresponding states. 

Because Eq. 8 cannot be applied to liquid metals, a 
new empirical relationship between y„, I 'c, and T,. was 
sought. The equation 

y, (Vc - B ) = 3 = jiT^ (9) 

where .\ and B are constants, was found to accurately 
relate these three properties. The equation may be re-
irritten 

(TJy„)'"- = .i-"-{V, B) (101 

Its validity for mercury antl the alkali metals is evi
dent in Fig. V-7 by the linearity of a plot of (T^'yo)'"^ 
versus I'c for the data in Table V-2. From the inter
cept of the line on the TV-axis, the constant B is 31 
cmVmol; from the slope of the line, the constant A is 
1.67erg/ (°Kj (mol-'' '). Both constants were derived by 
least-squares analysis. The dashed line in Fig. V-7 is 
for simple liquids that follow the principle of cor
responding states. Equations 8 and 9 differ in that K 
is about 2.5 times larger than .4, and B = 0 for simple 
liquids. 

The critical volumes and temperatures of other liquid 
metals can be estimated from Eq. 9 and the law of the 
rectilinear diameter,-* as follows. The value of 70, ob
tained by extrapolating the surface tension of the liquid 
inetal to absolute zero, is inserted into Eq. 9 together 
with the values for the constants A and B. This fixes 
one relationship between T, and the critical density 
Pc = M/Vf, where M is the molar mass. A second re
lationship between T, and pc is given by the law of the 
rectilinear diameter, which states that the average den
sity of the liquid and vapor phases, p = (pL -I- pv)/2, 

" E . A. Guggenheim, J Chem. Phys. 13, 253 (1945). 
" E . A. flnggenheim, Proc. Phys. Soc. 86. 811 (1965). 
" G. M. Zeising, Aust. J Phys. 6, 86 (19.53). 
" . / . Bohdansky, II. K. J. Schins, J Inorg. Nucl. Chrm. 29, 

2173 (1967). 
" E. U. Franck, F. Ilensel, /'/i»». Rev. 147, 109 (1966). 
" J . Bender, Ann. Phys. (Leipzig) 16, 246 (1915); 19. IKI 

(1918). 
" A. V. Grosse. J . Inorg. Nucl. Chem. 22, 23 (19lil). 
" I. G. Dillon, P. A. Nelson, B. .S. Swanson,./ . Chem. Phys. 

W, 4229 (1906). 
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is a linear function of temperature and passes through 
the critical point (Tc, pc). The latter relationship can 
be established from accurate low-temperature liquid 
density data, since at low temperatures p = PL/2 , and 
it can be extrapolated reliably to higher temperatures 
because of its linearity. If the two relationships are 
constructed on a density vs. temperature plot, then pc 
and T,, can be found from their intersection. This is 
illustrated in Fig. V-8 with data for liquid iron; the 
two curves intersect at T, = 6500°K and pc = 1.42 
g/cm^, giving V,. = 39 cm^/mol. 

This technique of solving two simultaneous equa
tions in the critical properties was used to estimate 
Pc, Vc , and Tc for a variety of liquid metals whose 
densities and turface tensions as functions of tempera
ture are known. The results are shown in Table V-3. 

It is important that these estimates be put into 
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TABLE V-3. ESTIMATKD C R I T I C . \ L PROPERTIES OF LiQUID 

M K T . V L S 

Metal 

Mg 
Sr 
Ba 
Al 
In 
Tl 
Sn 
Pb 
Bi 
Fe 
Ni 
Cu 
Ag 
U 

Po 

(g/cm') 

1.834 
2.648 
3.69 
2.659 
7.315 

12.15 
7.309 

11.469 
10.665 
8.618 
9.908 
9.007 

10.465 
19.356 

-10< 
dp/dr 

Ig/(cm') 
(°K)1 

2.647 
2.62 
2,74 
3.11 
6.798 

15.2 
6.127 

13.174 
11.820 
8.83 

11.589 
4.003 
9.067 

10.328 

To 
(erg/ 
cm') 

721 
392 
351 
996 
602 
536 
581 
538 
423 

2758 
2348 
1629 
U39 
1747 

Pe 

(g/cm') 

0.438 
0.850 
1.36 
0.427 
0.77 
2.11 
0.65 
1.94 
1.18 
1.42 
1.38 
1.10 
1.83 
3..30 

V, 
(cmV 
mol) 

56 
103 
101 
63 

149 
97 

183 
107 
177 
39 
42 
58 
59 
72 

T, (°K) 

3600 
4000 
3600 
6000 
8600 
5200 
9900 
5800 
7000 
6600 
BlOO 
8600 
6200 

12400 

proper perspective with respect to historical develop
ments in this area and to their probable reliability. 
Until recent years, mercury was the only metal whose 

critical properties were known. Est imates ' ' of the crit
ical properties of other metals had been based on data 
for mercury and the principle of corresponding states. 
However, measurement of the critical properties of the 
alkali metals^" showed that the liquid and vapor den
sities and the heats of vaporization of these metals were 
not related as predicted by the principle of correspond
ing states. Moreover, the present work extends this 
conclusion to the surface tension as well. Hence, appli
cation of the principle to estimation of critical proper
ties is of dubious validity. The technique of estimation 
presented here is based not only on data for mercury 
but on data for all metals whose critical properties are 
known at this time. This is probably an improvement 
over corresponding-state methods, but there is no as
surance that other liquid metals will have yo, Vc, and 
Tc values accurately related by Eq. 9. Thus the va
lidity of this relationship should be reassessed as fu
ture measurements of the critical properties of metals 
are made. In the meantime, the approach outlined here 
provides critical-property estimates of sufficient relia
bility for many scientific and engineering purposes. 

" A. V. Grosse, J . Inorg. Nud. Chem. 22. 23 (1961). 

2. Transport Properties: Electronic Conductivity of S e l e n i u m - and Sulfur-Containing 
Cathode Alloys {R. Sridhar, C. A. Trapp, L. W. Mishler, E. J. Cairns) 

Extensive data have been published on the electronic 
conductivity of solid (crystalline) elemental semicon
ductors and the effects of temperature and dopants on 
conductivity; however, little information is available 
on the electronic conductivity of liquid elemental semi
conductors and the effects on conductivity of tempera
ture, dopant composition, and dopant concentration in 
the semiconductor. Theory'* indicates that amorphous 
and liquid semiconductors should be less sensitive to 
doping than crystalline semiconductors, but the magni
tude ot the effect cannot yet be predicted. In addition, 
the extent to which the conductivity varies as a func
tion of dopant composition and concentration has not 
been formulated theoretically. Even the nature of the 
mechanism of conductivity in these systems is open to 
question; it is likely that jumping of electrons from one 
localized state to another, rather than excitation into 
a "conduction" band, is the predominant mechanism. 

Because suitable experimental data are lacking on 
the effects of doping liquid elemental semiconductors 
and because future portable power sources may rely 
heavily on liquid semiconducting elements as cathode, 
materials, the effects of doping on liquid selenium and 
sulfur are being studied. 

^1 A. I. Gerbanov, Quantum Electron Theory of Amorphous 
Conrfuc/or.'i, Consultants Bureau, New York (1965). 

a. Selenium 

The conductivities of liquid selenium and selenium-
tellurium alloys containing up to 26 at. % tellurium 
have been measured. The conductivity cell consisted of 
a pair of spectrographic graphite rods sealed in quartz 
tubes. The tubes were fused parallel to one another and 
mounted on a micrometer-controlled stand to provide 
a constant interelectrode distance and a measurable 
immersion depth. For an immersion depth of 1.27 cm, 
a cell constant of 0.3150 cm^^ at 25°C was measured 
by means of standard KCl solutions. Conductivities 
were measured with an impedance bridge (Electro Sci
entific Industries, Model 290A) at an ac frequency of 
1 kc; measurements were carried out in the tempera
ture range 300 to 400°C in a high-purity helium at
mosphere. The selenium and tellurium were obtained 
from American Smelting and Refining Company and 
were specified as 99.999% pure. 

In Fig. V-9, our data for the conductivity of pure 
selenium as a funetion of temperature are compared 
with those of other workers.'^"*^ Our results are in ex-

" H. W. Henkels, J. Appl. Phys. 21, 725 (1960). 
" H. Vi. Henkels, J. Maczuk, / . Appl. Phys. 24, 1056 (1953), 
" B. Lizell, J. Chem. Phys. 20, 672 (162). 
« E. H. Baker, / . Chem. Soc. A1968, 1089. 
" O, Watanabe, S. Tamaki, Electrochim. Acta 13,11 (1968). 
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FIG. V-9. Conductivity of Selenium and .'selenium-Tellu

rium .\lloys as a Function of Temperature. 

cellent agreement with those of Henkels^"' *" and Li-
u\l," whereas the values of Baker'^ and Watanabe 
and Tamaki*' are lower and higher, respectively. 

The conductivities of several selenium-tellurium al
loys are also given as a function of temperature in Fig. 
V-9. These results were extrapolated to 500°C (as-
•uming a constant activation energy for conduction in 
the range of 300 to 500°C), and compared with those 
of other workers."' *'' The extrapolated values from the 

" J , C. Perron. Advan. Phys. 16. 657 (1967). 
' 'A. I .Blum, A. R, Kegel, ^/i. Tekhn. Eiz. 23(C,),tm4 (1953); 
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FKl . V-10. Conductivity of Sulfur and Sulfur-Containing 

Mixtures as a Function of Temperature (mixtures made with 
sublimed sulfur except for'2"r I mixture). 

present study were in veiy good agreement with the 
data of Perron,^* who studied the conductivities at the 
tellurium-rich concentrations. 

b. Sulfur 

The conductivities of liquid sulfur and sulfur-rich 
mixtures have been determined as a function of tem
perature and composition. Measurements were made 
with a Jones electrolytic bridge (Leeds and Northrup 
Co.) operated at an ac frequency of 1 ko. Most of the 
measurements were made in the temperature range 220 
to 420°C. Experimental accuracies of the conductivity 
measurements were limited because of the high vola
tility of liquid sulfur; the error limits were estimated 
to be approximately ±10% at temperatures above 
260°C and ±50% at temperatures below 260°C. (The 
larger error limits associated with the measurements 
below 260°C resulted from the use of a shunt in paral
lel with the cell.) 

Conductivities were measured for two different 
grades of sulfur, namely, sublimed sulfur (N.F.) sup
plied by Mallinckrodt Chemical Works (no purity 
specification available) and sulfur of 99.999 + % purity 
obtained from American Smelting and Refining Com
pany. The results for both materials are given in the 

data taken from 1). M. C'hizhikov and V. 1*. Schasllivyi, Sele
nium and Sci cnidcs, J). :j(i2, Collett Publishers, liondon (1968). 

file:///lloys
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lower portion of Fig. V-10. In the data for high-purity 
sulfur, the change in the slope of the curve with chang
ing temperature indicates that even this grade of sulfur 
may not be free of impurities. Our data differ from the 
extrapolated values of Feher and Lutz,*" and from the 
findings of Watanabe and Tamaki*^ and Kraus and 
Johnson.*' However, the validity of the extrapolation 
of Feher and Lutz's data over a wide range of tempera
ture is questionable. 

The conductivities of several sulfur-tellurium mix
tures and one sulfur-selenium mixture are also included 
in Fig. V-10 (as dashed lines). In the case of sulfur-
tellurium mixtures, a plot of conductivity as a function 
of composition at constant temperature indicates that 
these curves are not linear near the sulfur-rich end. 

Conductivities of sulfur mixtures with 5 at. % each 
or 9 at. % each of selenium and tellurium were also 

" F. Feher, II. I). Lutz, Z. Anorg. Allgem. Chem. 333, 216 
(1964). 

" C . A, Kraus, E. W. Johnson, J. Phys. Chem. 32, 1281 
(1928). 

measured and were roughly the sum of the two binary 
systems. 

The conductivities as functions of temperature for 
some sulfur-phosphorus and sulfur-iodine mixtures are 
also shown in Fig. V-10. During measurements of io
dine-containing mixtures (1 and 2 at. % iodine), some 
iodine was lost by volatilization and hence a hysteresis 
was observed on temperature cycling. This effect was 
more evident in the sample containing 2 at. % iodine. 
The addition of phosphorus or iodine produced consid
erably larger increases in the conductivity of sulfur 
than did equal additions of tellurium or selenium. This 
result may be due to the extrinsic nature of conduction 
in the S-P and S-I mixtures, compared with the intrin
sic conduction mechanism in S-Se and S-Te mixtures. 
Such extrinsic conduction predominates at the lower 
temperatures, as is exhibited by the S-P and S-I mix
tures. 

Preliminary conductivity measurements have also 
been made on lithium-sulfur mixtures. The data indi
cate that a highly conducting (probably lithium-rich) 
phase appears at 375 ± 10°C. 

3. Ultrasonic Measurements in Liquid Metall ic Solut ions (F. A. Cafasso, R. Blomquist) 

Ultrasonic relaxation (absorption) spectrometry has 
proven to be a valuable tool for detecting and studying 
complex formation in nonmetallic systems. By virtue 
of its general sensitivity to the rate of transfer of en
ergy between molecules in equilibrium, i.e., to struc
tural relaxation processes in general, this tool may be 
expected to be sensitive to and thus enable detection of 
molecular ordering in liquid metals as well. To eval
uate its potential in this connection, absorption meas-

40 80 120 160 200 240 280 320 360 4 0 0 4 4 0 4 8 0 
TEMPERATURE. "C 

308-2187 
FIG. V-11. Frequency-Reduced Absorption Coefficient 

(a/P) of Gallium versus Temperature (135 MHz). 

urements are being made on liquid metallic systems 
claimed to possess or suspected of possessing dissocia
ble molecular complexes. 

Gallium is an outstanding example of a liquid metal 
(mp 30°C) in which ordering is said to occur. Anoma
lies in its density,'" viscosity,•*" and surface tension^" at 
230°C (and also at ~350''C in the surface tension) 
have been interpreted as evidence for the existence of 
dimers and for structural reorganization becoming pro
nounced at about 230°C. Accordingly, the absorption 
of sound in gallium was measured to determine whether 
or not an equilibrium between monomers and dimers 
could be discerned by the absorption spectrum. 

Measurements were made at 135 MHz between 100 
and 500°C by the pulse-echo method,"' the measure
ments alternating between high and low temperatures. 
The variation of the frequency-reduced absorption co
efficient (a//-) with temperature is shown in Fig. V-U. 
A distinct anomaly at about 200°C, an apparent anom
aly around 360°C, and a sharp increase in absorption 
from 400 to 500°C are the notable features of this 
curve. Of particular significance is the fact that the 
first two anomalies appear at about the same tempera-

'• A. S. Bassin, A. H. Solov'ev, Zh. Prikl. Mekh. Tekh. Fiz. 
6, 83 (1967) [ANL Trans-6771. 

" G . I. Goryaga, M. F. Morgovova, Nauch. Dokl. Yyoshci 
Shkoly, Fiz.-Mnt. Nauk 1, (1958). 

^1 0 . A. Timofeevicheva, P. P. Pugacheivich, Dokl. Akad. 
Nauk SSSR IZi, (1960). 

" ANL-722,5. p. 159; ANL-7.326, p. 131. 
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ture that other properties also exhibit anomalous be
havior. These iireliminary findings are therefore con
sistent with the interpretation, advanced by others,''"' 
»•'- that complex formation occurs in liquid gallium. 

" S . E. liodriguez, C. J. Pings. J Chem. Phys. 42, 2436 
ll9(i5). 

Before this conclusion can be considered firm, however, 
supporting information is needed on the variation of 
sound velocity with temperature and on the variation 
of both sound absorption and velocity with frequency. 
Work to obtain this information is in progress. 

B. MOLTEN SALT STUDIES (E. J. Cairns) 

Because of the extensive use of molten salts in var
ious applications, the understanding of their physico-
chemical, thermodynamic, and structtiral properties has 
become increasingly important. The program to study 
these properties has been concerned primarily with de

termining the phase relationships of binary and multi-
component systems and with elucidating the structure 
of these systems. Attention has also been given to the 
characterization and analysis of paste electrolytes and 
filler materials (used in the battery program). 

1. Thermodynamics : Phase Diagrams of L i th ium Halide-Containing Sys tems 
(R. Sridhar, C. E. Johnson) 

The feasibility of using low-melting mixefl-cation 
electrolytes in electrochemical cells is being investi
gated. Electrolytes for such cells would utilize mixtures 
of lithium halides with other alkali halides (excluding 
sodium I. because these have suitably low-melting eu
tectics and appropriate thermodynamic stabilities. The 
experimental effort in identifying suitable salt systems 
would be decreased significantly if a general method 
were available for predicting the eutectic temperatures 
and compositions. Accordingly, several theoretical 
models are being evaluated for application to this prob
lem. 

Lumsden^^ has developed a method of estimating the 
thermodynamic data for binary alkali halide systems 
with a common anion; these data can be used to calcu
late the requisite binary phase diagrams. (The tech
nique is complementary to that presented in ANL-
7575, p. 142.) Using a regular solution model, Lums-
den expressed the liquidus temperature of component i 

KNi -I- AH„, 
AS„ R In Ni 

(11) 

where A//„, and A.S„i are the heat and entropy of fu
sion of component i, .V is the mole fraction, and K is an 
interaction parameter calculated from London forces, 
polarization forces, and the interionic distances for each 
salt. 

Lumsden's model was used to calculate the phase 
diagrams for the Lil-KI and Lil-Rbl systems." A mini-

" J, Lumsden. Discussions Faraday Soc. 32. 138 (1961). 

n—I \ r "1 r 
- THIS STUDY / 
-CALCULATED f(' 
-LEISERond WHITTEMORE /> 
-L IU and LIETO 

I I i I \ \ \ \ L 
""Lil 10 20 30 40 50 60 70 80 90 KI 

MOLE X KI 
308-2094 

KIG. V-12. Solid-I.iiiuid Phase K(|uilibria for the Lil KI 

Syslem. 

mal number of thermal analysis data points were nec
essary to map the phase diagrams because of the guid
ance given hy the calculated diagrams. The data for 
the Lil-KI system are given in Fig. V-12 along with 
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FIG. V-13. Solid-Liquid Phase Equilibria for the Lil-Kbl 

System. 

The agreement between the calculated and experi
mentally determined phase diagrams is excellent, espe
cially for the Lil-Rbl system even though the 1:1 com
pound Li l -Rbl forms. The compound Li l -Rbl raises 
the minimum temperature only 25° above that obtained 
in the calculation. As seen in Fig. V-12, the data for 
the Lil-KI system obtained by Leiser and Whitte-
more" are in rather poor agreement with our experi
mental data. The temperature data that they obtained 
could have resulted from the presence of water in the 
lithium iodide that they used. Such an impurity could 
cause the temperatures that they observed to be low by 
the amounts shown. 

Since the two binaries Li l-KI and Lil-Rbl have 
low-melting eutectics, several ternary and multicom
ponent systems having these pairs as constituents were 
also investigated and mixtures having even lower melt
ing points were identified. Only those compositions that 
were estimated to be close to the eutectic compositions 
were studied; the results to date are summarized in 
Table V-4. 

I t is clear that the model proposed by Lumsden can 
decrease significantly the experimental effort required 

TABLE V-4. LOW-MELTING LITHIUM HALIDE MIXTURES 

System/Composition 

Lil — 
60 

Lil — 
60 

LiBr — Lil — 
9.6 64.3 

LiCI — LiBr — Lil — 
3.45 9.25 52.4 

(mol % 

Rbl -
20 

KI -
18 

KI -
16.2 

KI — 
15.7 

Csl 
20 

Csl 
22 

Csl 
19.9 

Csl 
19.2 

Liquidus 
Temp. 

(°C) 

232 

207 

194 

186 

Peritectic 
Temp. 

(°C) 

^230 

— 

— 

— 

Eutectic 
Temp. 

(°C) 

~227 

204 

189 

184 

Remarks 

Peritectic and eutectic occur close to each other. 

Composition close to eutectic composition. 

Composition close to eutectic composition. 

Composition close to eutectic composition. 

the available literature data""''== on the system; the to select low-melting molten salt mixtures. Although 
data for the Lil-Rbl system are given in Fig. V-13. 

" D. B. Leiser, O. J. Whittemore, Jr., J. Amer. Ceram. Soc. 
60, 60 (1967). 

" C . H. L iu .L .R .L ie to .y . Chem. Eng. DataU,83 (1969). 

this model is rigorously applicable only to simple eu
tectic systems, our work indicates that reasonable suc
cess can be expected in predicting the behavior of al
kali halide systems even when compound formation 
occurs. 

2. S t r u c t u r e I n v e s t i g a t i o n s b y S p e c t r o s c o p i c M e t h o d s (V. A. Maroni, 
E. J. Hathaway, E. J. Cairns) 

a. Raman Studies 

Several of the phosphorus-sulfur compounds under 
investigation as cathode substances for electrochemical 
cells have been investigated by Raman spectroscopy. 
Raman spectra of solid compounds were taken at room 

temperature and those of liquids at temperatures just 
above their melting points. The Raman spectra of ele
mental liquid sulfur and elemental liquid phosphorus 
are well known.'"' =' Sulfur exists in the form of an Ss-

" A. T. Ward, / . Phys. Chem. 72. 4133 (1968). 
" C . W. F . T . Pistorius, J . CAem. Phys.29, 1421 (1968). 
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TAHLl) V-5. COMPOSITE OK RAMAN FUKQUENCIES (CM~') FOR 

THE PHOSrHOItUS-Sul.FUIt SYSTEM" 

306-2188 
F K ; . V-14. Uaman Spprlrum of Liciuiil P,S, |200°C). 

puckered ring in the liquid state, whereas melts of the 
white modification of phosphorus contain P4 tetra
hedra. Phase diagram studies of the phosphorus-sulfur 
system"'" have indicated the formation of numerous 
compounds, the most stable of these being P^Sio, P4S7, 
and PiSa. 

The Raman spectra of solid and liquid P4S3 obtained 
in our laboratory- are essentially the same except that 
several low-frequency lattice modes were observed for 
the solid. The spectrum of molten VSi is shown in Fig. 
V-14 and the frec|uencies are tabulated in Table V-5, 
column 3. The Raman spectrum for molten PiSm is 
shown in Fig. V-15 and the frequencies are tabulated, 
along with those for the solid, in Table V-5, columns 1 
and 2. The Raman spectra of solid and liquid P^Ss 
and the spectrum of solid PjSio agree with previously 
reported results for these compounds.'''°' "" No previous 
investigations of molten P4S10 have been reported in the 
literature. 

Unlike P4S3, P48111 exhibits differences in the Raman 
spectra of the solid and liquid phases. The three bands 
ol highest frequency in the spectrum of solid P4S10, 
namely, those at 726, 697, and 401 cm" ' , are absent in 
the spectrum of the liquid. These bands probably arise 
from stretching vibrations of terminal P-S bonds. In 
fSn, six of the sulfur atoms are present in P-S-P 
bridge's and four in terminal P-S bonds,"' whereas in 
fSa all three sulfur atoms are present in P-S-P 
bridges."^ The absence of any bands above 400 cm~' 

" I t . Forthmann, A. Schneider. X. Phys. Chem. [Frankfurt 
am Main) 49, 22 (19rrf>) 

" H. Cerding, J. W. .Vlaarsen, P. C. Nobel, Rev. Tran. Chem. 
76,757 (1957). 

"1) , H. Zijp, Proc. 4lh Intern. Meet. Mol. Spectroscop. 
Sologmi. Itidg, 19.59. Vol. 1, p. 345 (1962). 

" A. Vos, K. II. Wiehcnga, Ada Cryst. 8. 217 (1955). 
" V. C. Leung, J. Waser, L. K. Roberts, Chemistry & Indus-

''1/74,948 (1955). 
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" s = strong intensity, m = medium intensity, w = weak in
tensity. 

'•Spectrum of liquid eutectic at 25°C before temperature 
cycling to 200''C. 

^ .Spectrum of liquid eiUeclic at 25''C after temperature cycling 
Io 200°C. 

'' Observed as a shoulder on the 185 cm"' band. 
^ Probably associated with polyphosphide or a ptnis])linrus-

sulfur comp.uind other than P.S,,, or P.S,. 

in the liquid indicates that, on melting, the terminal 
sulfur atoms in P4S10 become at least partially disso
ciated from the inner P4S8 skeleton. However, this in
ner cage structure is not affected by heating, as evi
denced by the similarity in the Raman data below 
400 cm~' for the solid and liquid phases. In P4S3, the 
bands below 400 cm~' arc also attributed to the P-S-P 
network and those in the region of 400 to 500 c m " ' 
are assigned to vibrations of the equihiteral triangular 
base formcil by three of the phosphorus atoms. 

The eutectic 85 at. '/,. P-15 at. % S has also been in
vestigated by Raman spectroscopy. This mixture is a 
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,308-2189 
FIG. V-15. Raman .Spectrum of Licpiid P.S,« (340°C). 

liquid at room temperature and can be formed by plac
ing the elements in intimate contact at about 40°C. 
Spectral data at 25°C for the mixture (Table V-5, col
umn 4) show that only P4 and Sg are present. Data 
taken at 25°C after the sample had been heated at 
200°C for 20 minutes (Table V-5, column 5) are con
siderably different from those for the unhealed sample 

308-2190 
FIG. V-16. Raman Spectrum of 40 mol % Mgla-60 mol % 

KI (.360°C). 

308-1973 
FIG. V-17 Raman Spectrum of Molten LijCOj-KjCO,-

Na,CO, Eutectic, 4Q0°C. (Scan speed = 9 cm-' /min; time 
constant = 20 sec; spectral band pass = 12.5 cm"'. Curve a: 
c, region, sensitivity = 10"" amp; curve b:.- , region, sensitivity 
= 10"'" amp; curve c: v. and vt region, sensitivity = 3 X 10"U 
amp.) 

and indicate the formation of P4S10, P& and possibly 
other phosphorus-sulfur compounds. Because of the 
large excess of phosphorus, P4 molecules are still evi
dent in the heat-treated sample but Ss molecules are 
not. 

The Raman studies of divalent metal ions in molten 
halide media have continued with studies of the Mgls-
KI and CdCU-KCl systems. Raman spectra of molten 
samples containing 40 and 50 mol % Mgl™ in KI were 
identical; the spectrum of the 40 mol % Mgia sample 
is shown in Fig. V-16. The band at 109 cm~^ is almost 
totally polarized, whereas the bands at 58 and 39 cm"' 
are depolarized, as indicated by trace b in the figure. 
These results and those previously reported in ANL-
7575, p. 144, for the MgCU-KCl and MgBr„-KBr sys
tems are very much the same. In each system two 
bands were observed: a strong polarized band and a 
broad depolarized band, which was loss intense and oc
curred at a lower frequency. In the Mgl . -KI system, 
the lower-frequency band was resolved into two com
ponents. Although this band was not resolved in the 
MgCla-KCl and MgBro-KBr systems, it very probably 
contained two components in these systems as well. 
The Raman spectra for the magnesium halide systems 
are most consistent with the formation of tetrahedral 
MgX7= (X = Cl, Br, or I ) . 

.\ brief examination was made of the Raman spectra 
of the molten CdCla-KCl system.'* Two previous stud-
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ies"'- "•' of the system have yielded conflicting results. 
Our results are in general agreement with the findings 
of Bues.'S" The KCl, when added to molten CdClo, 
breaks down the layer-like lattice structure, (CdClo)„, 
ffith gradual formation of a monomolecular species, 
CdCl;"", characterized by a strong polarized band at 
259 cm"' . The value of n was not accurately deter
mined but it is probably 3 or 4. 

Raman spectra have also been obtained for car
bonate ion-containing melts.^ The spectrum of the 
Li;C03-K;CO;,-Na2C03 eutectic is shown in Fig. V-17. 
The Li2C03-K:C03 and Li^COj-LiBr eutectics were 
also studied. The data for these systems have indicated 
that the carbonate ion undergoes strong interaction 
with the lithium ions leading to splitting of the Raman-
active degenerate modes for C07", vsiE') I Fig. V-17a) 
and vi\E') iFig. V-17c). In addition, the frequency of 
,,(.l,'l for COf- (Fig. V-17b) is measurably affected 
bv the lithium ion concentration. These results show 

" W Hues. Z Anorg. Atlgcm. Chem. 279. 104 (1955). 
" M. Tanaka. K. Balasubramanyain. J. O'M. Bockris, 

Slectrochim. Acta 8. 261 (1963). 

that carbonate ion-cation interactions in molten phases 
are closely analogous to those of nitrate ion-cation 
interactions in nitrate melts."^ 

b. Infrared Studies 

A rapid method has been developed for analyzing 
lithium aluminate preparations by infrared spectros-
cojiy. Samples of a-LlAlO:.., -y-LlAlOo, a-AloOs, and 
y-ALOn each had a different characteristic spectrum, 
which was independent of the history of the sample. 

Various samples have been examined by this tech
nique to measure the extent of reaction of -y-ALOs 
with LioCOs-NaoCOs eutectic to form LiAlOa and to 
determine the crystalline form {a or y) of the LiAlOa 
product. These measurements can be made with nearly 
the same sensitivity as the powder X-ray diffraction 
analysis previously used, and in all cases the two 
techniques have been in good agreement qualitatively. 

*̂ For a review of this subject see: V. A. Maroni, E. J. 
Cairns, "A Review of Raman Spectroscopy of Fused Sails and 
Studies <if Some Halide-Containing Systems," in Molten Salts: 
Characterization and Analysis, p. 234, (J. Mainantov, ed., 
Marcel Dekker, Inc.. New York (1969). 

C. ENERGY CONVERSION STUDIES (£. J. Cairns) 

Studies of laboratory-scale secondary cells have been 
directed toward obtaining a better understanding of 
the electrochemical processes occurring in the cells. 
New and potentially useful cathode materials contain
ing phosphorus anrl sulfur have been introduced, and 
the nature of the diffusion mechanism in these cath
odes has been examined. The influence of the salt-to-

filler ratios in paste electrolytes on cell performance 
has been investigated. Several promising low-melting 
mixed-cation electrolytes have evolved. In all of these 
studies, inert t'ontainment materials are needed to en
sure that electrochemical measurements are thermody
namically meaningful; this need is being met by the 
materials research program. 

1. L i t h i u m / C h a l c o g e n C e l l s 

a. Lithium .'Selenium Cells 

(1) Cells with Liquid Electrolytes (R. Sridhar) 

An attractive feature of the lithium/selenium cell is 
that both selenium and lithium have low melting 
points: 220 and 180°C, respectively. However, cell 
operating temperatures have been limited by the 
melting point, 341 °C, of the commonly used electro
lyte, the eutectic mixture composed of 11.7 mol % LiF-
29.1 mol % LiCl-59.2 mol % Lil (see ANL-7425, p. 
179). In an effort to achieve lower operating tempera
tures, lower-melting electrolytes for lithium/selenium 
cells have been sought. 

For successful cell operation, the electrolyte should 
have a high lithium-ion content and lithium-ion mo
bility as well as a low melting point. At present, the 
adequacy of the lithium-ion flux can only be inferred 
from the results of cell operation and from the sta
bility of other halides relative to Lil, the major com
ponent in most of the eutectics that have been used in 
cells. From a comparison of the standard free energies 
of formation at 600°C for all of the alkali metal 
halides,"" electrolytes based on the binaries Lil-KI, 
Lil-Rbl, and Lil-Csl seem attractive. With considera-

1̂ JANAF Thermochemical Tal)l('s, Dow ('hcmical Co., 
Midland, Mich. (1962). 
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308-2191 
FIG. V-18. Voltage-Current Densit.v Characteristics of a Lithium/Selenium Co]] with a Mixed-Cation Liquid Electrolyte. 

tion of the additional requirement that the electrolyte 
have a high lithium-ion content, a eutectic composed 
of 8.5 mol % LiCl-59 mol % LiI-32.5 mol % KI, mp = 
265°C (see ANL-7575, p. 142), was prepared for use 
in lithium/selenium cells. 

Short-time voltage-current density data for several 
lithium/selenium cells with LiCl-Lil-KI electrolytes 
are given in Fig. V-18, together with a tabulation of 
the cell parameters and operating conditions. The ef
fects of adding tellurium to selenium (to improve the 
conductivity) and of using an expanded-mesh current 
collector on the performance of these cells are well 
illustrated by the data. 

It was not possible to achieve the full theoretical ca
pacity in these cells operating at high current densi
ties and low temperatures (below 300°C) because a 
solid product formed in the cathode (see lithium-sele
nium phase diagram. Fig. V-4, this report). However, 
it was possible to achieve 82% of theoretical capacity 
(1.22 A-hr) at 295°C at a current density of 0.125 
A/cm" in a cell with an expanded-mesh cathode cur
rent collector; 70% of this capacity was achieved at a 
terminal voltage above 1 V. 

Thermal analysis of the electrolyte used in these 
experiments indicated that its composition had not 
changed during the runs; thus it can be concluded that 
no reduction of potassium ion occurred during cell op

eration. It appears from these results that selected low-
melting mixed-cation electrolytes can be used in lith
ium/selenium cells without significantly affecting cell 
performance relative to that of cells of the type Li/ 
LiF-LiCl-Lil/Li in Se. 

(2) Cells wi th P a s t e E l e c t r o l y t e s (H. Shimotake, 
J. C. Cassulo) 

In the study of lithium/selenium cells with paste 
electrolytes, cell performance has been evaluated as a 
function of (1) composition of the paste electrolyte 
and (2) properties of the cathode current collector, in
cluding porosity, pore size, and configuration (metal 
felt or expanded mesh). (A further discussion of paste 
electrolytes is given below in Section V.C.2.) A dia
gram of the cell configuration used in these studies is 
shown in Fig. V-19 along with voltage-current density 
characteristics and the pertinent structural information 
for two of the cells. The maximum power density ob
served for these Li/Se cells was 2.7 W/cm" at 375°C, 
for the cell with a stainless steel Feltmetal cathode 
current collector. Discharge curves for one of the cells 
are given in Fig. V-20; the curves are typical of those 
obtained throughout the investigation. At a current 
density of 0.053 A/cm^ an energy density of 0.3 
W-hr/cm- was obtained. Data for the entire series of 
cells are summarized in Table V-6. It was generally 
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- T H E O R E T I C A L CAPACITY DENSITY, 
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FIG. V-19. Voltage-Current Density Characteristics of Lithium/Selenium Cells with Paste Electrolytes. 

found that at low current densities (<0.1 A/cm'^), high 
capacity densities were obtained with expanded-mesh 
current collectors, whereas at higher current densities 
(>0.25 A/cm^), metal-felt current collectors provided 
higher capacity densities. Pastes with high concentra
tions of electrolyte (^70 wt %) experienced structural 
failure of the paste electrolyte owing to excessive soft
ening. Pastes with ^ 5 0 wt % electrolyte showed gen

erally higher resistivity ratios (paste/pure electrolyte) 
and poor wetting at the electrolyte-electrode inter
faces. 

b. Lithium/Sulfur Cells (//. Shimotake, R. Sridhar, 
J. C. Cassulo) 

A number of lithium/sulfur cells have been operated 
with liquid eutectic electrolytes.-' " Fig. V-21 contains 

Li/L 
ANODE: AREA 
Ca'HODE AREA 
iN-t:RE.E':'''*OOE 

LiiTiNCE 
TMEOftE"'lCAL 

CAPACITY DENSITY 
CELL TEMPERATURE 

IF-L.CI-L 

3.8 cm2 
3,6 cm ^ 

0 312 err 

0 249 A-
375-C 

1/L, . 

w/cm'' 

(Se*Te) 

PASTE ELECTROLYTE 
GO • ! % ELETROLYTC 
40 * t 7, y-LiAIOz 

IRON EXPANDED MESH 
CURRENT COLLECTOR 

POROSITY = 65 I t 
PORE DtA = ZOOO>.m 

002 0.04 0.0e 0.08 O.IO 0.12 0 t4 016 ore 0.20 0.22 
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308-2103 
FIG. V-20. Voltage-Capacity Density Characterifltics for a 

Ijthium/Selenium Cell. 
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308-2194 
FIG. V-21. Effect of Cathode Current Collector on Cell 

Performance of a Lithium/Sulfur Cell. 
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TAHLi; V-ti. CHAB-tcTKnisTica OF SOME LITHIOM/SELENIUM CELLS WITH PASTE ELECTBOLYTES 

Electrolyte 
Concentration 

(wt %) 

50 

60 

70 

Filler 

7-A|.,0, 
•y-LiAlO, 
1 -LiAlO, 
7-LiAlO. 

YiOi 
-K-LiAlO, 
1-LiAIOj 
7-LiAIO! 
y-UA]0, 
a-LiAlO, 

T.-Ha-LiA102 
T-LiAlO, 

Paste 

Thickness 
(cm) 

0.302 
0.282 
0.300 
0.244 
0.264 
0.259 
0.274 
0.312 
0.305 
0.285 
0.368 
0.325 

Resis
tivity 
Ratio" 

11.3' 
8.4" 
9.5 

10.4-
9.1 
3.5 
4.7 
6.3 

14.7 
5.4 

36" 
4.7 

Collector 
Material'' 

A 
A 
C 
A 
A 
C 

c 
A 
B 
D 
A 
D 

(hr) 

5.5 
24 
6.5 

24 
192 
25 
3 

24 
192 

5 
24 
75 

Max. Short 

Current 
Density 
(A/cm') 

1.0 
2.1 
1.6 
1.3 
1.3 
4.1 
3.4 
2.3 
0.79 
2.63 
0.42 
3,16 

Maximum 
Power 

Density 
(W/cm') 

0.6 
1.1 
0.9 
0.7 
0.7 
2.7 
1.9 
1.2 
0.45 
1.4 
0.23 
1.7 

Maximum 
Capacity 
Density 

(A-hr/cm«) 

0.066 
0.070 
0.105 
0.237 
0.197 
0.073 
0.105 
0.206 
0.040 
0.033 
0.088 
0.113 

Theoretical 
Capacity 
Density 

(A-hr/cm') 

0.355 
0.585 
0.451 
0.494 
0.494 
0.371 
0.114 
0.249 
0.460 
0.123 
0.454 
0.527 

* Resistivity of paste/resistivity of pure electrolyte. 
t A—Iron expanded mesh 1; porosity = 65%, pore size = 2000 pm. B—Iron expanded mesh 2; porosity = 57C^, pore size = 1800 ,im, 

C—Stainless steel felt 1: porosity = 90%, pore size = 67Mm. D—Stainlesssteelfelt 2: porosity = 80%, pore size = 29 ^m. 
' Poor wetting of paste by reactants. 

a diagram of the cell assembly, structural informa
tion, operating conditions, and results for three Li / 
LiF-LiCl-Lil/Li in S cells. 

The performance of lithium/sulfur cells was closely 
related to the characteristics (porosity and pore size) 

L i ( £ ) / L i F - L . C I - L i I / L i ' n S ( i ) 
CATHODE AREA • 2 6 c m 2 
ANODE AREA = O T c m ^ 
INTERELECTRODE 

DISTANCE = 0 3cm 
THEORETICAL 

CARACITY DENSITY = 095A-h /cm2 
TEMPERATURE - 3B5 °C 
SEPARATOR: ZiRCONIA CLOTH 
s s CURRENT COLLECTOR: 

8 0 % POROSITY 
2 V m D I A 

IR FREE VOLTAGE 

CELL CAPACITY PER UNIT ELECTRODE AREA.A-hr/cm'^ 

1-1748 T-1 
FIG. V-22. Voltage-Capacity Density Curves at Constant 

Current for a Lithium/Sulfur Cell. 

of the metals used as cathode current collectors. The 
low-porosity (<50%) cathode current collectors 
showed a low resistance overvoltage and a high dif
fusion overvoltage, whereas the converse was true for 
the high-porosity (>80%) materials. A current den
sity of 3 A/cm- at 1 V was obtained from a cell that 
had sintered tungsten powder (41% porosity, 15-^m 
pore dia) as the cathode current collector; a current 
density of 6 A/cm- at 1 V was achieved from a cell 
with stainless steel felt (90% porosity, 67-pm pore dia) 
as the cathode current collector. The best performance, 
7 A/cm- at 1 V, was obtained with stainless steel felt 
of 80% porosity and 29-^m pore dia. Although the 
cathode current collector with intermediate porosity 
showed the best performance of the three, it is not 
clear that these values of porosity and pore diameter 
(80% porosity, 29-fim pore dial are optimum. Further 
improvement seems likely with additional efforts at 
optimization of the structure of the cathode current 
collector. 

The voltage-current density curves for discharge of 
the cell having the current collector with 80% porosity 
show that an open-circuit voltage of 2.3 V is available 
and a short-circuit current density of 13 A/cm^ can 
be obtained for a short time. The maximum power 
density calculated from the data in Fig. V-21 is 7.5 
W/cm- (at 1.2 V). The resistance-free voltages meas
ured by a current-interruption technique indicated 
that the short-time overvoltage was essentially ohmic 
and originated primarily in the electrolyte and the 
cathode current collector. The diffusion overvoltage 
increases during the discharge while the resistance 
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FHl . \ '-23. Voltage-Current Density Characteristics for a Lithium/Sulfur Cell. 

overvoltage remains approximately constant, as can 
be seen in Fig. V-22. 

The overall cathode compositions at full discharge 
ranged from Lio.sS to LiS. Complete discharge of the 
cell to LioS was not possible at current densities near 
1 A/cm- because of the high diffusion over\'oltage. 
For this reason, the highest capacity density achieved 
at a current densitv of 1.4 A/cm- was 0.33 A-hr/cm-

- R b B . / L i . P4S10.P4S3 

ANODE AREA = 0.71 C 
CATHODE AREA = 0 71 Cm^ 

INTERELECTRODE DISTANCE = I cm 
TEMPERATURE = 400 *C 
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FIO. V-24. Voltage-t'urreiil IJeiisity Characteristics for 

Uthium/Sulfur, Lilhium/P,Si» .and l.ithium/P.Sa Cells. 

or 35% of the theoretical capacity density, based on 
Li2S as the final cathode composition. The open-circuit 
voltage was stable in a 54-hr test, thereby indicating 
a low rate of self-discharge. 

A lithium/sulfur cell was also operated with the 
low-melting (184°C) LiCl-LiBr-Lil-KI-CsI eutectic 
as the electrolyte. The sulfur cathode of this cell con
tained approximately 30 wt % of a selenium-tellurium 
alloy to aid in current collection. Figure V-23 gives the 

0.50 

-
3 
^ j 

«0.05 
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> 1 

^ \ 0 

D, Li/P^Sj 1 
O, Li/P,S,o 
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: \ \ , 
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308-1975 Rev. 1 
FKi . V-25. CfipiU'ily Density-Current Denshy Cliiirac-

teristics for Li /PiS, , lA/P^Hjo, and Li/S Cells at 400°C. 
(Dashed curve represents extrapolalion of data for Li/S cells 
operated at current densities Rrcaler than 2 A/cin^) 
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FIG. V-2Q. Voltage-Time Relations of a Lithium/P4Sio Cell after Current Interruption. 

cell design and voltage-current density characteristics 
for this cell at various temperatures. The performance 
of the cell is poor below 300°C, but improved appre
ciably at about 330°C. The poor performance at lower 
temperatures is attributed to the high viscosity of the 
cathode alloy and to solid formation in the cathode 
after addition of small amounts of lithium. At higher 
operating temperatures, the capacity of the cell is in
creased by the greater solubility of lithium in the 
cathode alloy. 

c. Lithium/P^cSy Cells {V. A. Maroni) 

Cells with lithium anodes and compounds of phos
phorus and sulfur as cathodes have been studied in an 
effort to improve the performance characteristics of 
sulfur-containing cells.* Although lithium/sulfur cells 
can be operated at open-circuit voltages and short-
circuit current densities comparable with those of the 
lithium/selenium and lithium/tellurium cells, the frac
tion of theoretical capacity density of the sulfur cath
ode that can be achieved has proven to be less than 
50% of that achieved by the selenium or tellurium 
cathode. The low fraction of theoretical capacity den
sity of the sulfur cathode is believed to be at least 
partially due to the high viscosity of liquid sulfur, 
which inhibits the diffusion of cell products away from 
the cathode-electrolyte interface. Additives such as 
phosphorus are known to reduce the viscosity of the 
sulfur considerably.*'^ 

" J . R. Van Wazer, Phosphorus and lis Compounds, Vol. I, 

A comparison of instantaneous voltage°'-current 
density characteristics for a Li/P4S3 cell, a Li/P4Sio 
cell, and a Li/S cell is given in Fig. V-24 along with 
a diagram of the cell assembly and a summary of the 
operating conditions, which were the same for each 
cell. The sulfur cathode appears to be superior to the 
phosphorus-sulfur cathodes in producing a high in
stantaneous power density; however, a comparison of 
capacity density-current density data for these cath
odes, which is shown in Fig. V-25, indicates that the 
phosphorus-sulfur cathodes are capable of higher ca
pacity densities, particularly at discharge rates above 
1 A/cm-. The dashed line represents an extrapolation 
of data for the sulfur cathode. The single datum point 
shown for the sulfur cathode is the best performance 
obtained to date with the cell configuration shown in 
Fig. V-24, but it was not reproducible. The linear rela
tionship between capacity density and current density 
on logarithmic scales is to be expected from simple 
diffusion theory, and the slopes and position of these 
lines are recognized as being related to the pore size, 
porosity, and configuration of the cathode current col
lector and to the nature of the cathode material. 

Voltage-current density data for the Li/P4Sio cell 
taken as a function of temperature indicate that the 
changes in internal resistance of the Li/LlBr-RbBr/ 

Chemistry, p. 300, Interscience Publishers, Inc. , New York 
(1958). 

8̂ The instantaneous voltage is the cell terminal voltage a 
fraction of asecond after initiation of current flow. 



C. Energy Conversion Studies 147 

P̂ Sut cell as a funetion of temperature occur almost 
exclusively in the electrolyte. The jilot of conductance 
against reciprocal temperattire yields a straight line 
with a slope corresponding to an activation energy of 
3.6 kcal mol. The activation eiuTgy for ionic liquids 
such as fused salts is normally very close to 3.6 kcal/ 
mol.*" The change in resistivity of the PjSu, cathode in 
the temperature range studied (315 to 425°C) is ap
parently negligible in cells with interelectrode dis
tances ^ 1 cm. 

The importance of diffusion in controlling cell ca
pacity densities has prompted an investigation of the 
diffusion mechanism in cells with sulfur-containing 
cathodes. The instantaneous and long-time recovery of 
the terminal voltage of Li/P4Sio cells was measured 
with a dual-beam dual-trace oscilloscope after rapid 

'»tl . Kortum, J . O'M. Bockris. Textbook of Electrochemistry, 
Vol. I .p. 203.ElsevierPuliliiihiMgCo.. .Amsterdam (1951). 

interruption of current flow, using a method similar to 
that of Trachteid)erg."' P'igure V-26 shows the results 
of a typical experiment. The short-time or IR-related 
over\-oltage was measured with the lower beam by 
sweeping at a rate of 2 /isec/cm; the long-time or dif
fusion-related terminal voltage recovery was measured 
with the upper beam by sweeping at a much lower 
rate of 5 sec/cm. Graphs of the steady-state terminal 
voltage, E,„., obtained after interruption, minus the 
time-dependent terminal voltage, Et, plotted against 
time on a logarithmic scale have yielded straight lines 
in the time range of 1 to 100 sec after interruption of 
current flow (Fig. V-26). Work currently in progress 
to derive mathematical expressions for this behavior 
has indicated that the equations governing diffusion 
in a semi-infinite medium adequately predict the ob
served region of linearity. 

. Trachtpnl)erR, J. Etcctrochc. . 111(1), n o (19114). 

2. Immobi l i za t ion of Molten-Sal t Electrolytes 

-\n important factor in the development of practical 
cell configurations is the immobilization of one or more 
of the three liquid phases. A program is in progress 
tAXL-7575. p. 158) to study immobilization of the 
electrolyte phase through the use of paste disks. The 
paste electrolyte disk is a pressed composite of an inert 
infusible filler and the electrolyte proper, which is an 
ionic lithium salt mixture. .\t the operating tempera
ture of an electrochemical cell, the electrolyte is above 
its melting point; however, the paste, being a highly 
viscous material, behaves essentially as a solid. This 
pseudo-solid functions both as a mechanical separator 
between the electrodes and as an ionic conductor be
tween them. 

a. Studies of Filler Materials IA. K. Fischer, L. E. 
Trevorrow, F. L. Ferry, J. G. Riha) 

The paste electrolyte filler that has been studied 
most extensively is lithium aluminate (LiAlOvj. Two 
crystalline modifications of this compound are known: 
a low-temperature, high-density a form (3.4 g/cm') 
and a high-temperature, low-density y form (2.6 g/ 
cm-'). The a-to-y transition proceeds at an appreciable 
rate above 600°C. 

ilethods of preparation of both forms have been in
vestigated. The y form can be readily made by reac
tion of LijCOs with a-Al:;03, y-AUO,, or AlOOH at 
800°C. Our efforts to prepare the a form at ~600°C 
have shown that the reaction between Iji2C03 and 
Al.Oj is slow, taking 4 to 5 clays to reach 80% of com
pletion. Faster reactions were observed when a LiaCOs-

Na:;C(.);) mixture was used to provide a molten medium 
(see AXL-7575, p. 1591, but the product was still con
taminated with AI2O.1, as shown by X-ray diffraction 
analysis. 

In most of the preparations, the lithium aluminate 
product was washed with water at room temperature 
to remove any Li^COs remaining after the ])reparation 
reaction. Evidence has recently been obtained, how
ever, which indicates that dissolution and hydrolysis 
may occur diying the washing of lithium aluminate. 
Both processes may occur to a considerable extent be
cause of the extremely small particle size of the lith
ium aluminate used in the present work. 

Ac\i\ titration of the collected washings of a sample 
of lithium aluminate showed that a total of about 0.2 
e(iuivalent of acpteous base could be washed from a 
mole of lithium aluminate. On the other hand, a gas-
chromatogra]ihic analysis of the CO2 evolved when 
another sample of the same hatch of lithium aluminate 
was treated with HCl indicated that the carbonate 
content was 0.057 e(itiivalent per mole of lithium 
aluminate. 

The presence of a base other than carbonate in the 
washings might result from the hydrolysis of lithium 
aluminate. For example, a recent s tudy" reports that 
a hydrated lithium dialuminate results from the reac
tion 

2(Li2O-Al20:,) -I- (j; -I- 1) H2O ->• 

Li20-2AlAr.rH20 -I- 2Li+ + 2 O H -
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Experimental evidence" ' ' - also indicates that only 
the y structural modification is susceptible to hydrol
ysis. Consistent with these findings, our obseiwations 
indicate that when lithium aluminate is washed with 
water at room temperature, the concentration of the 
y modification decreases. If any of the dialuminate 
were introduced into the solid by hydrolysis at room 
temperature, however, its concentration was below the 
limit detectable by X-ray powder diffraction analysis. 

In addition to the a and y forms of LiAlOo discussed 
above, a third, previously unreported form has been 
discovered. The X-ray diffraction pattern is distinc
tive. This new material was first prepared by heating 
LiOH and a-AloOa at 500°C for about 11/2 days, fol
lowed by washing with water. Subsequent experiments 
showed that LiOH is a more effective reagent than 
LioO for producing the new form of LiAlO^. With 
LiaO (and a-AljOs), the product is a mixture, of vari
able proportions, of y-LlAlO^ and the new form of 
LiAlOii. With LiOH, only the new compound was ob
served as a product, whether a-AlaOs, y-AloOs, or 
AlOOH was the co-reactant. At high temperatures 
(900°C, but possibly lower), the new compound trans
formed to y-LiA102. 

Methods for the preparation of two other lithium-
aluminum oxides, LioA104 and LiAljOs, have also been 
investigated. The compound Li5A104 was prepared by 
a known procedure"' of heating a mixture of LiOH and 
a-Al203 in a 5:1 lithium-to-aluminum atomic ratio at 
gradually increasing temperature from 400 to 830°C, 
and by our own method, namely, heating a mixture 
of LijO and AI2O3 (5:1 molar ratio) at 800°C. X-ray 
diffraction analysis indicated our product was more 
nearly monophasic than the product obtained with 
Lehmann and Hesselbarth's procedure. I t was also 
shown that this compound is hydrolyzable and cannot 
be washed with water to free it of unreacted reagents. 

The compound LiAlsOs was prepared by the reac
t ion" 

3LiF + 8AI2O3 -> 3LiAlo08 -I- AIF3 

at 900°C. A new method of preparation of LiAljOs 
was also discovered during an attempt to form LiA102 
by the reaction 

LioSOi + AI2O3 -^ 2LiA102 -t- SO3 

at 900°C. The LiAlsOs product, after washing, was ex
tremely pure. The actual reaction is postulated to be 

" I. S, Lileev, L. K. Saehenko-Sakun, 1. V. Guseva, Zh. 
Neorg. Khim. (The Chemical Society Translation) 13(2), 213 
(1968). 

" A. M. Lejus, Rev. Hautes Temp. Refract. 1, 63 (1964). 
" H. Lehmann, H. Hesselbarth. Z. Anorg. Allgem. Chem. 

316. 14 (1962). 
" E . Hordes, Z. Kristall. 91. 193 (19.35). 

TABLE V-7. CONDITIONS OF PKEPARATION AND DENSITIES 

or 2.5-CM DIAMETER PASTE ELECTBOLYTE DISKS 

Electro
lyte-

Content 

(wt 

%) 
50 

00 

70 

(vol 

%) 
55 
49 

" 
" 
" 
" 
" 

64 
58 

" 
66'-

" 
65 
67 

" 
" 
" 
59 

" 
" 
" 
68 

" 
" 
" 
74 
77 

Finer 

a-LiAIOi 
y-LiAlO, 

" 
" 
" 
" 
" 

Y , 0 . 
7-AI2O3 

" 
ff-LiAlO. 

" 
" 
" 
" 
" 
" 

T-LiAlO, 

" 
" 
" 

7-AI,0a 

" 
" 
" 

a-LiAIOj 
7-AliO, 

Source^ 

ANL-1 
ANL-2 
ANL-2 
ESP 
ESP 
ESP 
G & S 
EOI 
VITRO 
VITRO 
ANL-3 
ANL-3 
ANL-1 
ANL-4 
ANL-4 
ANL-3 
ANL-3 
ANL-2 
ANL-2 
ANL-5 
E.SP 
VITRO 
VITRO 
VITRO 
VITRO 
ANL-1 
VITRO 

Press
ing'' 

Atmos
phere 

He 
He 
Vac 
He 
Vac 
Vac" 
He 
He 
He 
Vac 
Vac 
Vac 
He 
Vac 
Vac-
Vac 
Vac-
He 
Vac 
He 
He 
Vac 
He 
He 
He 
He 
He 

Press
ing 

Tem
pera
ture 
(°C) 

117 
124 
105 
120 
102 
25 

120 
125 
120 
106 
25 

120 
120 
120 
25 

180 
25 

120 
107 
120 
120 
105 
118 
300 
340 
120 
120 

Density 
(g/cm') 

1.69 
2.75 
2.70 
2.39 
2.48 
2.72 
2.42 
3.16 
2.53 
2.67 
2.79 
3.17 
2.74 
2.64 
3.20 
2.64 
3.22 
2.51 
2.91 
2.66 
2.57 
2.89 
2.69 
2.96 

> 3 . 0 
2.79 
2.81 

Percent 
of 

Theo
retical 

Density 

62 
99 
97 
86 
89 
98 
87 
81 
81 
77 
80 
91 
84 
78 
94 
78 
95 
85 
99 
91 
87 
85 
79 
87 

>88 
74 
84 

" LiF-LiCI-LiI eutectic except where indicated. 
' LiCI-Lil-KI eutectic. 
•̂  ANL = Argonne National Laboratory; ESP = Electronic 

Space Products; G & S = Gallard and Schlesinger; ROI = 
Re.search Organic/Inorganic Chemical Co. 

•' Pressing force 1450 kg except where indicated. 
" Pressing force 29,000 kg. 

LisSOi -I- 5AI2O3 -^ 2LiAl508 -b SOs 

The reaction of AI2O3 with Li2S04 and LiF prompted 
an investigation of its reaction with LiCl and LiBr. 
Experiments were conducted in which a-Al203 was 
heated for 5 days with LiCl or LiBr; the products were 
then washed and examined. The product of reaction 
with LiCl was a mixture of LiAlsOg, y-LiA102, and 
tmreacted ot-ALOs. The product of reaction with LiBr 
was veiy pure LiAlsOg. 

The reaction observed with LiCl further suggested 
that the paste electrolyte used in a cell is a potentially 
reactive system, being composed of LiA102 and a 
ternary electrolyte of LiF, LiCl, and Lil. This possi
bility was confirmed in an experiment in which a mbi-
ture of y-LiAlOz and LiCl (2:3 molar ratio) was 
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heated: .^ICl, was evolved at a temperature below 
900°C. and complete reaction occurred U|Hin heating 
at 900°C for about 5 days. Although this study has 
not been completed, the findings clearly indicate that 
a chance of a reaction within the paste electrolyte ex
ists. The considerably lower operating temperature of 
the cells, ~37o°C, may slow the reaction so that its 
effects in the pastes would take much longer to become 
apparent. Cells which are expected to operate for 
thousands of hours (1000 hr = 41.6 days) may well 
undergo chemical changes and, consequently, electrical 
and structural changes. These possibilities need to be 
evaluated experimentally. 

The development of a practical cell requires a paste 
electrolyte that is chemically stable toward the lith
ium anode and the chalcogen cathode. Stability tests 
have, therefore, been conducted on materials of inter
est. After contact with lithium for 2 hr at 500°C, the 
surface of y-LiA102 powder was darkened (became 
gray). L'nder similar conditions Y2O3 was blackened. 
At 375°C, LiA102 and MgO powders were both stable 
toward lithium in an 8-day test and were also stable 
toward molten selenium in a two-week test. However, 
the true utility of these materials in a secondary bat
tery must be demonstrated in tests of longer duration. 
The compound Li5A104 gave indications of possible re
action in a test with lithium at 375°G for one week; 
Li2Zr03 proved unacceptable in an 18-hr test with 
hthium at 500°C. 

b. Paste Studies (H. Shimotake, J. C. Cassulo) 

-\ necessary part of the development of cells em
ploying paste electrolytes is the selection of pastes 
with suitable electrochemical and physical character
istics. Work has continued on the preparation of paste 

electrolyte disks of various compositions and the de
termination of the properties of the disks. 

Recent efforts have been directed toward producing 
paste electrolytes of high density. Conditions of prepa
ration and the resulting densities for several paste 
electrolytes are listed in Table V-7. The disks were all 
2.5 em in diameter and varied in thickness from 2 to 
4 mm. The densities of the disks that were pressed 
without pre-evacuation of the mold were usually lower 
than the densities of those obtained when the mold 
was evacuated prior to pressing. The effects of pressing 
force and pressing temperature on disk density have 
not yet been investigated in detail; however, it has 
been established that high densities can be obtained 
even at room temperature if enough pressing force is 
used. For example, 98% of theoretical density was 
achieved for a disk containing 50 wt % y-LiA102 by 
pressing at 25°C under 29,000 kg force after mold 
evacuation. The effect of pressing temperature (at 
1450-kg pressing force) on disk density was investi
gated with and without evacuation using y-Al203 as the 
filler. At temperatures of 300 and 340°C, without evac
uation, the disk density approached 90% of the theo
retical value. These results can be compared with a 
value of 85% for an identical mixture pressed at only 
105°C with evacuation. Evidently, evacuation is more 
important to the achievement of high disk density than 
is elevated temperature (above 105°C). 

From the above experiments, it can be concluded 
that, for paste electrolyte disks of 2.5-cm dia, densities 
within a few percent of the theoretical value can be 
obtained by •acuum molding with a force of 29,000 kg 
at room temperature, or with a force of 1450 kg at 
110°C. 

3. Materials Stabil i ty {M. L. Kyle, P. W\ Krause) 

The chemical systems of interest in the research 
program on liquid metals and molten salts include sev
eral having high reactivity. Consequently, materials 
compatibility is being studied in the current program. 
Experimental apparatus must be constructed of stable 
materials to avoid contamination and corrosion, to 
allow thermodynamically meaningful results to be ob
tained, and to obtain long lifetimes of laboratory 
cells. Both metallic and ceramic (insulator) materials 
are required that are stable to molten alkali metals, 
fused alkali halides, and molten chalcogens. A contin
uing program is being carried out to identify metals, 
alloys, and ceramics that resist the corrosive action of 
the systems being investigated. 

a. Corrosion by Molten Lithium 

Although aluminum oxide (AI2O3) is suitable as an 
electrical insulator material for use in systems with 
sodium and sodium-containing alloys, the development 
of insulators for systems containing lithium and its al
loys has proven to be more diflScult. 

The results of static immersion tests to determine 
the resistance of various insulating materials to molten 
lithium at 375°C are shown in Table V-8. In these ex
periments, the sample (about 0.32 by 0.32 by 2.5 cm) 
is .sealed in a stainless steel capsule (~2.5-cm dia by 
6.25 cm long) with an appropriate amount of lithium. 
The capsule is then held at an elevated temperature 
for the desired time. 
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In general, the data in Table V-8 indicati? that high-
purity grades of Th02, BN, AIN, Y2O3, BeO, and 
single-crystal MgO possess sufficient corrosion re
sistance to be utilized in most experiments with lithium 
UJ) to 375''C. On the other hand, impure grades of the 
above materials, MgO, Zr02, AI2O3 (including single 
crystal), and SiOa (Pyrex and quartz) are not resistant 
to molten lithium at 375°C. 

b. Corrosion by Molten Li-P4Sio Mixtures 

The corrosion resistance of various materials to 
molten Li-P4Sio mixtures at 375°C was measured in 

TABLE \ ' -8 . CoitnosKiN OF T E S T MATEKJAI.S HY .MOLTEN 

LITHIUM AT 375°C 

TABLE V-9. CoBROsioN o r T E S T MATERIALS BY MOLTEN 

Li-Se and Li-Te-Se MIXTURES AT 375°C FOR 50-350 Hn 

Material 

ThO, 
BN 

AIN 
YiO, ' 
BeO 
MgO'' 
MgO 
ZrO. 
Al,0,i' 
SiO, 

No. of 
Tests 

4 
7 

1 
4 
2 
2 
2 
1 
1 

Several 

Test 
Duration 

(hr) 

234-1066 
64-1130 

1006 
64-1051 

629,1006 
162, 983 
219, 602 

528 
528 

12-300 

01)5ervec 
Corro

sion 
Rate 

(mils/yr) 

<1 
3-130 

2 
0-3 

20-600 
19 

High 
High 
High 
High 

Remarks 

Low corrosion rates 
obtained with high 
purity BN. 

Binder attacked. 
Sample destroyed. 
Sample destroyed. 

« Air-fired at lOOO^C; vacuum-fired at 1800°C. 
'• Single crystal. 

MATERIAL 

CORROSION RATE, mils/yr 

308-2196 

FIG. V-27. Corrosion of Test Materials by Li-P.,Sio Mix
tures (temperature: 375°C; lithium concentration: 5-20 at ^j ; 
test duration: 50-350 hr}. 

Material 

Beryllium 
Niobium 
Nb-1% Zr 
Chromium 
Tungsten 
Iron 
.•!04 SS 
Vanadium 
Tantalum 
Cold 

Observed Corrosion Rates (mils/yr) 

10 at. 
% Li-90 
at. % Se 

1.3 
19 

— 
— 
21 

170 
<70 

-— 
— 
— 

20 at. 
% Li-80 
at. % Se 

16 

— 
23 

— 
— 
— 

117 
1100 
2200 

.34,000 

10 at. % Li-
10 at. % Te-
80at. %Se 

98 
23 

— 
28 

— 
— 
— 
— 
— 
— 

both static immersion and corrosion agitator exjieri-
ments. In the latter type of experiment, a paddle made 
of the test material is rotated slowly (1 rpm) in the 
cathode mixture. The results of these experiments are 
summarized in Fig. V-27. Several materials—namely, 
Hastelloy C, molybdenum, Durimet 20, Hastelloy B, 
tantalum, Inconel 718, niobium, and Uniloy—demon
strated corrosion rates of less than 5 mils/yr (0.12 
mm/yr) and should be usable with Li-P4S]o mixtures. 
Both niobium and molybdenum have been utilized in 
laboratory electrochemical cells, and corrosion caused 
no significant interference with their operation. 

c. Corrosion by Molten Li-Se and Li-Se-Te Mix
tures 

The use of molten selenium and lithium-selenium 
mixtures creates problems in the selection of corrosion-
resistant containment materials. Selenium contain
ment in metals is particularly difficult because sele-
nides of most common metals are formed upon direct 
contact of the two elements at temperatures below 
1000°C. 

Several corrosion tests (static immersion and cor
rosion agitator) were conducted to determine the cor
rosion resistance of various materials to molten Li-Se 
and Li-Te-Se mixtures at 375°C. The Li-Te-Se system 
is of interest because the addition of tellurium to the 
selenium increases the electrical conductivity of the 
mixture, which is important in cell applications. The 
results of these tests are shown in Table V-9. Of the 
materials tested in the Li-Se mixtures, only beryllium, 
niobium, niobium-1% zirconium alloy, chromium, and 
tungsten possess sufficient corrosion resistance to be 
usable for cell applications. Niobium is resistant to 
Li-Te-8e mixtures but beryllium is not. Other selenium 
corrosion data are presented in Section V.D.2.d of this 
report. 



D. BATTERY DEVELOPMENT (E. J. Cairns) 

1. High-Specific-Energy Lithium/Selenium Batteries for Implantat ion" 

The Chemical Engineering Division has undertaken 
work for the Artificial Heart Program of the National 
Heart and Lung Institute (NHLI) to develop an im
plantable battery that would deliver 10 W of power 
and store 120 \\ '-hr of energy. The proposed batten,' is 
to be composed of four lithium/selenium cells having 
paste electrolytes of LiA102 compacted with the eu
tectic salt of LiF-LiCl-Lil. The program has the fol
lowing objectives: 

1) to carry out design, fabrication, and electrical 
performance evaluations of the pertinent character
istics of cells 7.5 cm in diameter; 

Feltmetal (Huyck Metal Co.) wetted with lithium, 
(2) a cathode cup containing layers of niobium ex
panded mesh (0.023-cm die size, 57% porosity) wetted 
with selenium, and (3) a paste electrolyte disk having 
a composition of 60 wt % LiF-LiCl-LiI eutectic and 40 
wt % LiAlOs filler. 

The performance of the cell at 375°C is summarized 
in Table V-10. During the 26-hr experiment, the cell 
was charged and discharged 15 times; current den
sities during charging ranged from 0.25 to 1 A/cm-. 
The cell resistance was high; however, no short-circuits 
were observed, indicating that the boron nitride ring 

BORON NITRIDE RING 

PASTE ELECTROLYTE 

METALLIC MESHES 

308-2197 
FIG. V-28. Modified Paste Electrolyte Disk and Insulator 

(2.5 em diameter). 

21 to develop sealing and insulating materials that 
are stable during long-term battery operation under 
implantable conditions; 

3) to design, fabricate, and test three first-genera
tion batteries of implantable-sized and sealed config
uration in vitro at 37°C. 

a. Studies of Lithium/Selenium Single Cells 

(1) Cells with Ceramic Ring Insulators (H. 
Shimotake, J. C. Cassulo) 

Performance data at 375°C have been obtained for 
a lithium/selenium cell having a 2.5-cm dia paste elec
trolyte disk incorporating a boron nitride insulator. 
Figure V-28 shows the paste electrolyte disk used in 
this cell. The inner periphery of the boron nitride ring 
was threaded to form a well-bonded surface between 
the ring and the paste. 

The cell assembly is shown in Fig. V-29. It consists 
of (1) an anode cup containing type 302 stainless steel 

^'This work is flponsr)red by the Artificial Heart FroKram, 
JJational Heart and LiinK IiiHtitnte. 

308-9(14 
FKI V-29. A 2..')-rin Dianieler l.itliiuin/.Selonium Cell. 
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TABLE V-10. SUMMARY OF PERFORMANCE DATA FOR LITH-

lUM/SELriNiUM CELL WITH BORON N I T R I D E R I N G / P A S T E 

ELKCTROLYTK D I S K 

Open-Circuit 
Voltage 

(V) 

2.11 

Short-
circuit 
Current 
Density 
(A/cm*) 

1.(1 

Diffusion 
Overvoltage" 

(V) 

0.39 

Resistance 
Overvoltage* 

(V) 

1.16 

Resistivity 
Ratio'' 

11.1 

• At 0.26 A/cm' after 0.022 A-hr/cm' discharge. Diffusion 
overvoltage = open-circuit voltage — IR-free voltage. Re-
.sistance overvoltage = IH-free voltage — terminal voltage. 

'' llesistivity of the pa.ste disk divided by the resistivity of the 
pure fused-salt electrolyte. 

was successful in preventing the deposition of lithium 
in the gasket area. 

(2) Cells with Polymer-Containing Insulators 
{A. A. Chilenskas) 

.\n alternative to using a ceramic ring as an insula
tor and seal in a lithium/selenium cell is to use a com
posite material consisting of a high-temperature-re
sistant polymer mixed with an inert filler such as 
LiAlOa which can be cast in place. A cell design in
corporating this concept is shown in Fig. V-30. Since 
the inner anode cup is electrically isolated from the 
outer cup by the insulation, the cell can be hermeti
cally sealed by potting, brazing, or welding. Compo
nents for several cells based upon this design have 
been fabricated and will be tested for sealing and in
sulating capability. If warranted, electrical perform
ance and corrosion resistance under operating condi
tions will be evaluated. 

-CATHODE CUP 

DINNER ANODE CUP 
-OUTER ANODE CUP 

INSULATOR 
PASTE ELECTROLYTE 

308-2198 
Fi t ; . V-30. Test Cell Ulilizing a Laminated Anode C-.ip. 

b. Studies of Sealing Methods (A. A. Chilenskas, 
F.L.Ferry) 

As discussed above, boron nitride has proved to be a 
suitable material for sealing the anode compartment-
paste interface in a lithium/chalcogen paste electrolyte 
cell so that lithium would not be deposited in the 
gasketing area of the anode compartment during the 
charging operation. In preliminary studies, the gasket
ing area of the anode compartment had been flame-
sprayed with either Y2O.,, AI2O3, or y-LlAlOz;'" all 
three left a coarse, grainy surface which was not suit
able for good sealing. These cells failed through a 
combination of separation, cracking, and corrosion of 
the sjirayed materials. Although the boron nitride ring 
seal (Fig. V-28) worked adequately, investigations are 
also being made of the sealing properties of some i)oly-
mcric materials, including polyimides, with the aim 
of reducing the cell weight and simplifying fabrication. 

A polyimide (Pyre ML, manufactured by E. I. du-
Font), and a silicone resin (DC 63-502, manufactured 

'* E.xperiments conducted by E. C. Gay under AEC-spon-
sored work. 

TAliLE V-11. PREPARATION AND TESTING OF COMPOSITK .SP;ALS ANU INSULATORS 

Binder" 

Pyre ML 

Pyre ML 

DC-B3-602 

Pyre ML 

Pyre ML 

Wt Ratio 
LiAIOj/Binder 

IP" 

22>' 

2 

2.51' 

2.5i> 

Cure 

4 hr at -^SO^C in vacuum, 16 hr 
at ^150°C in air 

4 hr at '^80°C in vacuum, Hi hr 
at ~150''C in air 

18 hr at ^142-0 in air, ^ 4 hr at 
225°C in air 

2 hr at 80°C in vacuum, 16 hr at 
225°C in air 

4 hr at 80°C in vacuum, 2 hr at 
160°C in air, 16 hr at 225°C in 
air 

Results 

Composite porous and easily criLshed. 

Not as porous as above, not as easily crushed. 

Good bonding to SS shim stock. Hard and tough; sawed 
readily, difficult to crush. 

Strong bond to .S.S shim stock. Porous structure, easily 
cut. easily crushed. 

Strongly bonded to SS anode cup. Some swelling during 
cure. Strong and resistant to crushing. Easily sawed 
and filed. 

' PyreML,m:uuif!icluredb.v R. I. duPoiit; UC-(i3-502, manufactured by Dow Corning. 
•• Assuming that the solvent is completely removed from the composite after curing. 
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o.) LITHIUM/SELENIUM CELL 

CERAMIC RING /-LITHIUM ANODE 
^PftSTE ELECTROLYTE 

-NIOBIUM CUP 

ilNCONEL CLIP 

SELENIUM CATHODE 

b) LITHIUM/SELENIUM BATTERY 

ELECTRICAL TERMINAL-
HERMETICALUf SEALED 

^VACUUM 
/FEEDTHROUGH /HERMETIC SEAL 

:i08-2i'.)<i 
FIC. V-31. Proposed 

(Mark I Design). 
N H M Lilliiuni/Seleniuni Halterv 

by Dow Corning), have been examined as possible 
binders with LiAlO^ filler to form composite materials 
which possess both sealing and insulating properties. 
The initial results, which are summarized in Table 

TABI.K V-12. CH.\R.\rTKRisTics OF PROE-O.SKD NHLI L I T H 
IUM ASELKNIUM B.XTTKRV f̂ LvUK I DKSIGNJ 

Diameter of paste electrtilyte: 8.3 cm 
Active electrode area per cell: 38.7 cm* 
Thickness of paste electrrdyte: 0.2 cm 

Thickness of selenium (without cur- 0.3 <'m 
rent collector): 

Total cathode thickness; 0.(15 cm 
Thickness of lithium and anode rur- 0.35 cm 

rent collector: 

Diameter of cell: 
Thickness of cell: 
Number of cells: 

Overall diameter of bat tery 
(with 1-cm thick insulation): 

Height of bat tery (with insulation): 
Volume of bat tery (with insulation): 
Weight of bat tery: 
Specific energy of bat tery: 

Operating temperature: 
Oppti-cireuit voltage (average): 
Operating voltage (average): 
Operating current: 
Operating current density: 
Short-circuit current density: 

9.4 cm 
1.36 cm 
4 

11.5cm 

7.5 cm 
781 cm* 
1.0!) kg 
110 W-hr/kg 

375''C 
2.0 V/eell, 8.0 V total 
1.9 V/cell, 7.6 V total 
1.32 A 
0.034 A/cm* 
2.0 A/cm' 

POWER 
ENERGY 
NUMBER OF CELLS 
CATHODE THICKNESS 
PASTE THICKNESS 

= low 
= 120 W-hr 
= 4 
- 0.32-0.65 cm 
= 0,2 cm 

MARK TL DESIGN 
WITH Be 

MARK H DESIGN 
WITH Nb 

MARK I DESIGN 
WITH Nb 

8 9 10 tl 
DIAMETER OF PASTE ELECTROLYTE, cm 

308-2200 
FIC. V-.32. Specific Energy Analysis of Proposed NHLI 

Biittories. 

V-11, indicate that structurally sound and adherent 
composites cfen be produced with both tyjies of resins. 

A composite of LiAlOj and Pyre ML was tested as 
an insulator in an anode cup of the design shown in 
Fig. V-30. The cup was thermally cycled from room 
temperature to 370°C under helium atmosphere; no 
cracking or separation of the composite from the walls 
of the cup occurred. Because the composite used in 
this cell design will be in contact with a paste electro
lyte containing the molten LiF-LiCl-LiI eutectic, the 
corrosion resistance of the LiA102 and Pyre ML com
posite towards the molten salt was also tested. After 
an exposure of 24 hr at 370°C under helium, attack of 
this composite was moderate and probably at an ac
ceptable level. 

DC 63-502, both as the pure resin and as a com
posite with LiAlOa, was applied to two metal disks 
which were then joined and cured. Good bonding was 
achieved, but gas-tight seals were not obtained. In a 
corrosion test, a composite of DC 63-502 and LiAlOo 
was severely attacked by the molten LiF-LiCl-LiI 
eutectic after 24-hr exposure at BTS^C under helium. 
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On the basis of work performed so far, the composite 
of Pyre MJj with LiA102 is more suitable for use as a 
seal and insulator for the test cell, and no further work 
with DC 63-502 is planned. 

c. Stuflie§ of Lithium/Selenium Batteries (H. 
Shimotake) 

The basic design proposed for the implantable lith
ium/selenium battery is shown in Fig. V-31. The char
acteristics of the battery are listed in Table V-12. 
This battery design, Mark I, is expected to deliver 
about 110 W-hr/kg. The battery consists of four single 
cells which are stacked physically and electrically in 
series in a bipolar design. The cathode current col

lector and cathode cup are niobium; the ring insulators 
are boron nitride. 

The original Mark I design has subsequently been 
modified to incorporate a boron nitride ring in the 
periphery of the paste electrolyte. The modified de
sign, Mark I I , is expected to have a larger specific en
ergy: 210 W-hr/kg with a niobium current collector 
and cathode housing or 295 W-hr/kg with a beryllium 
current collector and cathode housing. A comparison 
of the expected specific energies of the Mark 1 design 
with those of the Mark I I design having either a 
niobium or a beryllium current collector and cathode 
housing is shown in Fig. V-32 for various diameters of 
paste electrolyte. 

2. High-Specific-Power L i t h i u m / S e l e n i u m Cells for Vehicle Propulsion" 

The secondary lithium/selenium batteries being de
veloped at Argonne National Laboratory have pro
jected capabilities appropriate for hybrid electrically 
driven military vehicles. In particular, the projected 
specific power for these batteries meets the perform
ance requirements for acceleration and hill-climbing. 
The lithium/selenium batteries, which will operate at 
temperatures of 375°C and lower, will be composed of 
cells with liquid lithium anodes, immobilized fused-
salt electrolytes (in the form ot a rigid paste), and 
liquid selenium cathodes. Typical peak power densities 
are 1 to 3 W/cm-, which correspond to an estimated 
440 W/kg for optimized multikilowatt batteries. Ear
lier work'* on small (3.8 cm=) laboratory-scale lithium/ 
selenium cells resulted in the development of a cell 
having a peak power density of 2.7 W/cm-, a cell life 
of at least 200 hr, and a cycle life of more than 50 
charge-discharge cycles. The objective of the present 
program is to develop scaled-up cells (30-100 cm=) 
having the same power-density capabilities as small 
cells and having long lives (1000-2000 hr and 1000-
2000 charge-discharge cycles). 

a. Studies of Scaled-up Lithium/Selenium Cells 
(£. C. Gay, J. E. Kincinas) 

The cell scale-up program is concerned with (1) the 
development of large-area (~50 to 100 cm=) lithium/ 
selenium cells employing paste electrolytes and (2) 
the optimization of current collection at the selenium 
electrode. Cell performance is evaluated in terms of 
current density-voltage characteristics and voltage-
time (capacity measurement) behavior as functions of 
cell structure and number of charge-discharge cycles. 
The porosity, pore-size distribution, and structural con-

" This work is sponsored by the D.S. Army Mobility Equip
ment Research and Development Center, Ft . Belvoir, Virginia. 

figuration of the cathode current collector are being in
vestigated to obtain a high power density for the 
largest possible fraction of the theoretical cell capacity. 

(1) Cell C o m p o n e n t s 

An assembled paste electrolyte cell of 7.5-cm diam
eter, which was used for electrical performance meas
urements, is shown in Fig. V-33. In the cell, a boron 
nitride ring insulated the anode from the cathode com
partment and also served as the anode housing. The 
anode consisted of stainless steel Feltmetal (type 302 
SS, 1.6 mm thick, 90% porosity; or type 430 SS, 6.4 
mm thick, 87% porosity) that had been soaked with 
lithium at 650°C. The cathode consisted of niobium 
expanded mesh, 72% porosity (0.078-cm die size) or 
63% porosity (0.23-cm die size), wetted with selenium 
at 300°C. Prior to wetting, sheets of the niobium mesh 
had been welded together and then welded to the inner 
surface of the niobium cathode cup. The paste electro-
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FIG. V-33. Lithium/Selenium Cell with 7.5-cm Diameter 

Paste Electrolyte. 
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lytes. 7.5-cm dia and 2.2 to 2.8 mm thick, were jire-
pared from lithium aluminate filler (,50 or 40 wt %) 
and LiF-LiCl-Lil eutectic 1,50 or 60 wt % I. A detailed 
discussion of the paste electrolyte preparation is pre
sented in subsection b, below. 

(2) Electrical Performance 

The maxiunmi capacity obtained for 7.5-cm dia 
paste-electrolyte cells was 10.1 .\-hr (0.32 A-hr/cm=); 
the voltage-capacity curve is shown in Fig. V-34a. On 
the assumption that Li-Se is the fully discharged 
cathode product and with 7.6?'r excess selenium pres
ent, the 10.1 A-hr capacity corresponds to 60.5% of the 
theoretical capacity based on the quantity of lithium 
available to foiin product and to 50.0%. of the theoreti
cal capacity based on the quantity of selenium present. 
The 10.1 A-hr cajjacity was measured at 405°C, 1.5 A 
discharge current for 6.75 hr, and an average cell volt
age of 1.3 V. During short-time voltage-current meas
urements, a short-circuit current density of 1.3 A/cm-
il l .\) was obtained. These measurements are shown 
in Fig. V-34b. 

The maximum short-circuit current density obtained 
from a 7.5-cm dia paste electrolyte cell was 3.8 . \ /em-
1120 A). This cell was also discharged at constant cur
rent densities of 0.31 A cm- i9.7 . \ l and 0.49 .\, cm-
115.6 Al. The average cell voltages iluring these dis
charges were 1.75 and 1.54 V. resjiectively. These re
sults are shown in Fig. V-35. 

The major problem areas encountered during the 
initial performance tests for 7.5-cm dia paste electro
lyte cells were; 

11 The need to enhance wetting of the paste elec
trolyte by lithium in the anode. Lack of wetting in 
some cells has resultefl in high internal resistance and 
correspondingly poor electrical performance. 

21 The need to identify the major factors contribut
ing to good electrical performance of the cells so that 
reproducible, optimum perfonnance can be maintained 
for long periods of time. A major effort in the experi
mental program is directed toward vaiying cell param
eters with the air of isolating the factors that con
tribute to optimum capacity density and provide high-
power-density capabilities. 

3) The need to improve current collection at the 
.selenium electrode. 

b. Studies of Paste Electrolytes for Lithium/Sele
nium Cells 

.^ij important area ol investigation of lithium/sele
nium cells is the devidopnient of large-area (30 to 100 
cm-; pa.ste electrolytes of maximum strength, mini
mum weight, and minimum electrolytic resistivity to 
8er\'e as separators between the lithium anorle and 
selenium cathode. The strength of the paste electrolyte 
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PASTE ELECTROLYTE 

60 wl 7. ELECTROLYTE 
40 wl 7. a -L iA IO. 

31.6 em'^ 
31.6 cm^ 
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D-405 °C (FULL CHARGE) 
• - 405 "C (60,5 7o FULL CHARGE) 
SAME CELL CHARACTERISTICS AS ABOVE 
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b. VojtaKe-Cilrrent Characterislics. 
FUi, V-:i4, PerforniaiHC Curves for Lithiiini/Seleiiium Cell 

showiiig Maximum Capacily Densily, 
« 

is increased by increasing the ceramic filler content, 
whereas the resistivity is decreased by increasing the 
fused-salt content. The objective, therefore, is to pre
pare a paste electrolyte with the maximum fused-salt 
content consistent with good strength. 

(1) Phys icochemica l Properties of P a s t e Elec
t ro ly tes (L . E. Trevorrow, J. G. Riha) 

Studies aimed at developing paste electrolyte disks 
])ossessing an optinnim combination of conductivity, 
strength, and wettability by molten litliiuiu have be
gun. The initial experiments involved (1) pressing 
paste disks (13-mm, 2-3 mm thickness) from mixtures 
of LiF-LiCl-LiI eutectic and lithium aluminate .and 
(2) investigating their resistances and wettability by 
molten lithium. 

Sinri' good wetting of the i)aste electjolyte by lithium 
is essential for valid resistance measurements, wet
ting experiments were conducted first. Wettability of 
the paste disks by molten lithium has been assessed bv 
visual observation of the adhei'enee of the lithiimi to 
|iasle siirfiu'es. Paste surfaces expo.sed to molten lith-
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CATHODE AREA 
INTERELECTRODE DISTANCE -
THEORETICAL CAPACITY 
PASTE ELECTROLYTE 

60 wt 7o ELECTROLYTE 
4 0 wt 7o a - L i A I 0 2 

31,6 cm'^ 
31.6 cm^ 
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b. Voltage-Current Characteristics (short-time data) . 

FIG. V-35. Performance Curves for Lithium/Selenium Cell 
showing Maximum Short-Circuit Current Density. 

ium at 400 to 500°C became darkened and showed 
small areas of adhering lithium that increased in size 
with exposure time. Paste surfaces became pitted at 
these temperatures, possibly as a result of dissolution 
of salt in molten lithium. Additional wetting experi
ments showed that paste disks could be completely 
covered with an adherent coating of lithium by first 
exposing the disks to lithium vapor (--lO-^ mm) at 
SSO^C for about 16 hr, and then contacting them with 
molten lithium (previously saturated with LiF-LiCl-
Lil eutectic) at 350 to SeCC. Further tests are needed 
to determine whether these are optimum conditions for 
wetting the paste electrolyte. 

Resistances of the paste disks are currently being 
tested by dc measurements of the voltage across the 
disk and the current through the disk. 

(2) Fabrication of Larger-Diameter Paste Elec
trolyte Disks (E. C. Gay, J. E, Kincinas) 

Scaling-up the 2.5-cm dia lithium/chalcogen sec
ondary cells requires the development of techniques 
for preparing paste electrolyte disks of 7.5-cm and 
larger diameters. Consequently, 7.5-cm dia paste elec
trolyte disks are being prepared under various pressing 
conditions to determine the effect of pressing force, 
temperature, and specific surface area of the ceramic 
filler material on the disk density. (Densities of ap
proximately 99% of the theoretical value are desira
ble.) In recent tests, the LiF-LiCl-LiI eutectic was 
mixed with the filler under an inert atmosphere, the 
mixture pressed at temperatures from 25 to 275°C us
ing a press of 5.9 X 10^-kg capacity, and the density of 
the disk was then measured. 

Electrolyte" 
Content 
(wt %) 

60 
60 
60 
60 
60 
60 
")0 
60 
60 
60 
60 
60 
60 
60 

TABLE V-13. D E N S I T 

Filler 

c-LiAlO, 
a-LiAlO, 
a-LiAlOs 
o-LiAlO: 
o-LiAlO, 
T-LiAlOi 
T-LiAlOi 
T-LiAlO, 
T-LiAIOs 
<«-LiA10, 
a-LlAlO, 
a-LiAlOj 
o-LiAlOi 
a-LiAlOj 

Filler Surface 
Area (mVg) 

34.8 
35.8 
35.8 
35.8 
46.3 

46.3 
46.3 
46.3 
46.3 
46.3 

ES OP 7.5-CM DIAMETER PASTE 

Filler Density'' 
(g/cm>) 

3.83 
3.88 
3.88 
3.88 
3.28 
2.89 
2.89 
2.89 
2.89 
3.28 
3.28 
3.28 
3.28 
3.28 . 

Pressing*^ 
Temperature 

(°C) 

~250 
25 
25 
25 

165 
260 
275 
270 

25 
170 
209 
188 
188 
153 

ELECTROLYTE DISKS 

Pressing 
Time (min) 

IS 
15 
15 
15 
15 
15 
15 
15 
60 
15 
15 
60 
60 
60 

Paste Electrolyte 
Density (g/cm^) 

3.26 
2.80 
2.75 
2.95 
2.39 
3.27 
2.97 
3.26 
2.55 
2.86 
3.17 
3.17 
3.14 
2.90 

Percent of 
Theoretical 

Density 

89 
77 
76 
81 
70 
99 
90 
99 
77 
84 
93 
93 
92 
85 

* LiF-LiCl-LiI eutectic, 3.50-g/cm^ density. 
t' The differences in the filler densities are a result of the varying quantities of a-LiAlOa and7-LiA10! in the mixtures. 
" All disks were pressed with a force of 5.7 X 10* kg under vacuum. 
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T.VlU.l-; \'-14. UESULT.S OF POLYMERIC SEALANT T E S T S 

Material 

Pyre ML-
1>C-H-7521J 
XR-0-3502'' 
GE-SU-82' 
CHRTemp-H-Tapef 

Type 

Polyimide resin 
Silicone resiu 
Silicone resin 
Silicone resin 
Polyimide film; silicone pol

ymer adhesive 

Thermal Stability Test" 

Sample intact. 
Sample badly cracked. 
Sample intact. 
Sample badly cracked. 
Sample intact. 

Lithium Stability Tesf* 

Sample intact. 
Little additional attack. 
Sample intact. 
Failed. 
Polyimide resin intact; adhesive 

failed. 

•Temperature. 37o°C; duration, 137 hr. 
>• Temperature. 190''C; duration, 102-119 hr. 
• Product of E, I. duPont de Nemours and Co., Inc. 
•• Product of Dow-Corning Corp. 
' Product of (leneral Electric Corp. 
' Product of Connecticut Hard Rubber Co., Inc. 

Table V-13 shows the pressing conditions and meas
ured densities for 7.5-cm dia paste electrolyte disks. 
Paste electrolytes were prepared with densities from 77 
to 99^^ of the theoretical values. Although the optimum 
pressing conditions have not yet been determined, these 
data show that high-density paste electrolytes can be 
prepared from both a-LiA102 and 7-LiA102. Hot press
ing under vacuum appears to be necessary for high 
density in the present pressing apparatus. 

c. Sealants and Insulators lor Lithium/Selenium 
Cells (M. L. Kyle, P. W. Krause) 

Hermetically sealed cells and batteries may require 
sealants stable to lithium, selenium, and lithium-sele
nium alloys at 300 to 375°C. Several high-temperature 
polymers are being evaluated for use as sealants. 

The polymers were tested both for their thermal sta
bility at a temperature of 375°C and for their resist
ance to molten lithium at 190°C. The tests were run 
sequentially, with the polymer being cured according 
to the manufacturer's suggested procedure, then tested 
for thermal stability in a helium atmosphere for 137 
hr at 375°C, and finally tested for resistance to molten 
hthium for 102 to 119 hr at 190°C. The exposure condi
tions were chosen so that the edge of a thin (~0.025-
cm) polymer film was exposed to both helium and 
lithium. This type of exposure is considered to be typi
cal of the conditions expected in actual service when 
the polymer would be used mostly as an adhesive. The 
results of these tests are shown in Table V-14. 

These preliminary tests did not provide sufficient 
data to draw any general conclusions about the utility 
of polymers as insulators and sealants for a lithium/ 
selenium cell or battery. The tests do, however, indi
cate that at least limited high-temperature stability 
and lithium resistance may be obtainable from poly
mers, and that more extensive testing under simulated 
cell environments is desirable. 

TABLE V-15. CORROSION OF T E S T MATERIALS BY 20 AT. % 

LITHIUM-SELENIUM MIXTURES AT 3 7 5 ' C FOR T E S T 

DURATIONS OF ^300 H R 

Material 

A. Electrically Con
ducting 
Materials 

Niobium 
Nb-1 wt % Zr 

Chromium 
Haynes 25" 

Uniloy (50 wt 
% Cr-49 wt 
% Ni-1 wt % 
Ti) 

440 SS 
Molybdenum 
Hastelloy C 
Titanium 
405 SS 
ZircalQy-2 

B. Electrically In
sulating 
Materials 

MgO^-
Y^Oa 
BN-

Corro
sion 
Rate 

(mils/yr) 

3.0 
4.3 

7.1 
23 

79 

270 
>330 

390 
570 
650 

>1800 

26 
71 

<75 

Remarks 

Slight dissolution. 
Noiiconductive film forma

tion. 
Dissolution. 
Thin nonconductive surface 

film. 
Nonconductive film forma

tion. 

Uniform dissolution. 
Sample destroyed. 

Apparent Li reduction. 
Reaction layer present. 
Resistant to attack. 

» Product of Union Carbide Corp. Composition: 20 wt % Cr, 
15 wt % W, 10 wt % Ni, 3 wt % Fe, 1 wt % Mn, 1 wt % Si, 
0.10 wt % C, balance Co. 

'' Single crystal. 
" Tested in pure selenium. 

d. Corrosion by Lithium-Selenium Mixtures {M. L. 
Kyle, P. W. Krause) 

The corrosion resistance of various materials to 
lithium-selenium mixtures at 375°C is being deter-
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mined to identify suitable materials for use in lithium/ 
seleniiun cells. Some preliminary data on lithium-
selenium corrosion were presented in Section V.C.3 of 
this report. Table V-15 presents the results of more 
extensive static-immersion and corrosion-agitator tests. 

The niobium, niobium-19c zirconium, and chromium 
data confirm the results of the preliminary tests (see 
Section V.C.3) and demonstrate that these materials, 
along with beryllium and tungsten (tested only in pre
liminary tests; longer term tests in progress), are suit
able electrically conducting containment materials for 
lithium-selenium mixtures. The corrosion rates for 
niobium, niobium-1% zirconium, and chromium are, 
in general, lower than those measured in the prelimi

nary tests because the present tests for these mate
rials were longer, and linear extrapolation of the data 
resulted in lower average rates. Of the other electrically 
conducting materials tested only Haynes 25 appears 
suitable for containment of lithium/selenium mixtures. 
Two materials, Haynes 25 and the Nb-1% Zr alloy, 
formed non-electrically conducting surface films of un
identified composition; this may limit their applica
tion to those cell components not requiring good elec
trical conductivity. 

Of the ceramic (insulating) materials tested, boron 
nitride is the most resistant to lithium-selenium mix
tures, and it is being used in scale-up studies of pre
liminary cells. 

3. L i th ium/Sul fur Cells for Vehicle Propulsion" 

Battery-powered electric vehicles should signifi
cantly reduce the amount of air pollution caused by 
combustion-engine exhaust gases. However, available 
bateries do not have sufficient energy storage capacity 
per unit weight and consequently are heavy, bulky, 
and too costly for consumer acceptance. Several recent 
studies^®' *•* have made it clear that a major improve
ment in specific energy (W-hr/kg) without sacrifice 
of peak specific power (W/kg) is necessary before 
electric passenger vehicles become technically attrac
tive. For an electric passenger vehicle to have a range 
approaching 200 miles and an acceptable acceleration 
capability, the battery must have a specific energy of 
at least 200 W-hr/kg and a maximum specific power 
of at least 200 W/kg. To be economically feasible for 
passenger vehicles, the battery should have a cost of 
less than about $2/kg.™ 

The ultimate objective of the present experimental 
program is to provide the technology necessary to con
struct a multikilowatt secondary battery able to meet 
the above requirements. The short-term objectives are 
to investigate the performance characteristics of some 
promising lithium/chalcogen cells, to provide a cell 
structure compatible with vehicle applications, and to 
identify suitable materials of construction. The pro
gram is beginning with the study of lithium/sulfur 
cells having both liquid and paste electrolytes. The 

" This work is sponsored by I he National Air Pollution Con-
Irol Administration of CPE Health Service, U.S. Department 
of Health, Education and Welfare. 

"Repor t of the Panel on Electrically Powered Vehicles, 
"The Automobile and Air Pollulion: A Program for Progress," 
U.S. Dept. of Commerce (October 1907). 

" J . H. B. George, L. J. Stratlon, R. G. Acton, "Prospects 
for Electric Vehicles. A Study of Low Pollution-Potential 
Vehicles—Electric," A. I) . Little Report to U.S. Dept. of 
Health, Education and Welfare, NAPCA (May 1968). 

laboratory work has centered around the study of 
small-scale lithium/sulfur cells (0.7 to 4 cm- elec
trodes) and the achievement of high power densities 
( > 5 W/cm= with liquid electrolytes) and high capac
ity densities (>0.3 A-hr/cm- with liquid electrolytes). 

a. Investigation of Small-Scale Lithium/Sulfur-
Cells (//. Shimotake, J. C. Cassulo) 

(1) Cells wi th Liquid E l ec t ro ly t e s 

Electrochemical cells with liquid electrolytes may 
not be suitable for vehicular application; however, 
small-scale experiments with such cells are valuable in 
the exploratory stages of our work. Liquid-electrolyte 
cells of two different designs have been operated: (1) 
cells in which the cathode and anode were held verti
cally in the electrolyte, and (2) cells in which the 
electrodes were held horizontally. Tests on these cells 
are described below. 

Vertical cell. An experimental vertical lithium/ 
sulfur cell has been operated at temperatures from 340 
to 380''C under a helium atmosphere. The electrolyte 
was the molten LiF-LiCl-LiI eutectic (mp, 3 4 r C ) . 
Both the cathode and anode compartments were made 
of type 304 stainless steel and had electrode areas of 
3.8 cm- and depths of 1.25 cm. Pieces of stainless steel 
Feltmetal (90% porosity), soaked with either sulfur 
or lithium, were placed in the appropriate electrode 
holders; average amounts of reactants held in the Felt
metal pieces were 3.8 g sulfur and 3.6 g lithium, 
amounts which correspond to about 10 A-hr capacity. 
The interelectrode distance was varied, but for most 
of the experiments it was 1.0 cm. 

As stated above, the cell was discharged and charged 
at temperatures from 340 to 380°C; the results for 
360°C are shown in Fig. V-36. During the experiments, 
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some of the sulfur separated from the cathode, floated 
to the surface of the liquid electrolyte, and reacted 
with lithium in the anode. The products of the chemical 
reaction formed a bridge between the two electrodes, 
causing a short circuit. The voltage-current density 
cur^-e for this cell shows that high performance can be 
expected if the loss of sulfur from the cathode can be 
prevented. 

Horizontal cell. In experiments with the horizontal 
lithium/sulfur cell (similar to the one shown in Fig. 
V-21 and described in Section V.C.l.b. of this report), 
we have been attempting to reduce ohmic and diffusion 
overvoltages by seeking the optimum cathode current 
collector configuration. Seven cathode current collec
tors made of stainless steel Feltmetal having various 
porosities and pore sizes were evaluated in Li /LiF-
LiCl-Lil/S cells at 375°C. Because of the limited cor
rosion resistance of stainless steel to sulfur, data were 
gathered within 2 hr after the start of the experiments. 
The physical characteristics and capacities of the cells 
are listed in Table V-16. 

The results of this series of performance tests show 
that the capacity density of the lithium/sulfur cell, 
when operated under similar charge and discharge con
ditions, is related to the porosity of the cathode cur
rent collector. The following empirical expression, de
rived to aid in cell design, relates the capacity density 
to the porosity of the cathode current collector: 

TABLK V-16. CHAHACTICRISTICS OF CATHODE STRUCTURES 

AND CELL PERFORMANCE 

C = 0.26 f (12) 

where C = capacity density, A-hr/cm-, and / = void 
fraction or fractional porosity. Equation 12 is based on 
the best data taken at 1.4 A/cm- discharge at 375°C 

LI/LIF-LiCI-L i l /LI In S 
ELECTRODE AREA • 3.8 cm^ 

INTERELECTRODE DISTANCE • 0.95 cm 
CELL TEMPERATURE • 350 'C 
CURRENT COLLECTOR: STAINLESS STEEL FELT 

(86% POROSiTT, 200/im PORE SIZE) 
THEORETICAL CAPACITY DENSITY • 1.5A-tir 

SHORT-TIME DATA 

CURRENT DEN9ITV. A/cm' 

Cell system 
Anode area 
Cathode area 
Interelectrode distance 
Typical cell temperature 

Li/LiF-LiCl-Lil/S 
2.(i cm^ 
0.7 cm' 
0.3 cm 
375°C 

Cathode 

Ma
terial 

430 SS 
430 SS 
302 SS 
302 SS 
,302 SS 
302 SS 
430 SS 

Po
rosity 

(%) 
80 
60 
40 
70 
60 
80 
80 

Pore 
Size 
(•im) 

240 
100 
19 
19 
19 
29 

240 

Theoretical 
Capacity' 

(A-hr) 

0.910 
0.657 
0.437 
0.767 
0.657 
0.910 
0.910 

Capacity 
(A-hr) 

0.12 
0.067 
0.030 
0.067 
0.042 
0.18 
0,14 

Overvoltag 

n, 
(V) 

0.48 
0.75 
1.0 
0.46 
0.75 
0.38 
0.48 

(V) 

0.50 
0.60 
0.90 
0.45 
0.80 
0.40 
0.65 

es** 

1 
(V) 

0.98 
1.35 
1.9 
0.91 
1.55 
0.78 
1.13 

308-2206 
FIG. V-36. Voltage-Current Characteristics of a Lithium/ 

Sulfur Cell. 

" Based on the conversion of total sulfur charge into LijS. No 
consideration was made for evaporation losses. 

^ These overvoltages were calculated from IR-free voltages of 
the cells running at 1.4 A/cm^ discharge after 0.047 A-hr/cm^ 
operation, ij, = resistance overvoltage = IR-free voltage — 
terminal voltage, ijd = diffusion overvoltage = open circuit 
voltage — IR-free voltage, r; = total overvoltage = tj, -H >?d . 

and is limited to porosity values ranging from 0.4 to 
0.8. The equation indicates that the capacity density 
is highly sensitive to the porosity of the cathode cur
rent collector. A comparison between the experimental 
data and the values calculated from Eq. 12 is shown in 
Fig. V-37. 

Several horizontal cells were operated at 290°C with 
an electrolxte of the LiCl-Lil-KI eutectic (mp, 265°C) 
to obtain performance data at a lower temperature 
than is possible with the LiF-LiCl-LiI eutectic electro
lyte. In these cells, the lithium, which was held in the 
stainless steel Feltmetal anode current collector, was 
gradually displaced by the electrolyte, which eventu
ally caused a short circuit. Moreover, the alumina 
cloth separator was not wetted by the LiCl-Lil-KI 
eutectic, although it was readily wetted by the LiF-
LiCl-Lil eutectic.*' Because of these problems, opera
tion of the cells with LiCl-Lil-KI electrolyte was not 
stable. The highest short-circuit current density 
achieved for this cell was 2 A/cm-. 

Further investigations of liquid-electrolyte lithium/ 
sulfur cells will be concerned primarily with the effects 
of different cathode current-collector configurations 
upon the current density and capacity density of the 
cells. Investigations will also be conducted on lower-
melting electrolytes (e.g., LiBr-RbBr; mp, 259°C) and 
on additives to increase the electronic conductivity of 
sulfur. 

*' The Hei)arator prevents contact between the electrodes. 
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FIG. V-37. Relationship between Porosity of Cathode 

Current Collector and Capacity Density for a Lithium/Sulfur 
Cell. 

(2) Cells w i th P a s t e E lec t ro ly tes 

Cells with liquid electrolytes may not be practical 
in vehicle applications where moderate motion could 
result in a short circuit. In this work, the electrolyte 
has been immobilized as a rigid paste by combining the 
fused salt with a finely divided inert ceramic filler, 
such as LiA102. However, the performance of a cell 
with a paste electrolyte is reduced because the filler 
material increases the internal resistance of the cell. 

To achieve the highest possible performance with a 
lithium/sulfur paste electrolyte cell, it is essential that 
the paste be well wetted by both electrode materials. 
Various methods of accomplishing this have been in
vestigated. One of the methods has been to imbed 
metallic meshes in the two flat surfaces of the paste 
disks. Two paste disks have been pressed with a stain
less steel mesh imbedded on one side and a niobium 
mesh on the other. The two pastes were made under a 
pressing force of 1.27 X IO* kg after adding more LiF 
to immobilize the LiF-LiCl-LiI eutectic (40 wt % 
LiF-60 wt % electrolyte). The strength of the bonded 

disks was sufficient for use in operating lithium/sulfur 
cells; the results are shown in Fig. V-38. Short-circuit 
current densities of 0.9 A/cm= and capacity densities 
of up to 0.05 A-hr/cm= were obtained. I t appears that 
this method of pressing metallic mesh into the paste 
surface reduces the cell resistance. The pastes showed 
deformation, but the color remained white-to-gray 
after about 24 hr of operation. The lithium electrode 
showed good adhesion to the paste, the stainless steel 
mesh remaining well imbedded in the paste; however, 
the sulfur electrode, consisting of four niobium mesh 
layers, was dry, perhaps due to evaporation of the 
sulfur. Work will continue on the development of lith
ium/sulfur paste-electrolyte cells, with emphasis on 
current collector-paste electrolyte combinations that 
result in lower internal cell resistance and increased 
capacity densities. 

b. Fillers for Paste Electrolytes for Lithium/Sul
fur Cells (A. K. Fischer, F. L. Ferry) 

Research on paste electrolyte fillers for the lithium/ 
sulfur cell has centered on the synthesis of the mate
rials LiYOa and MgAUOi, and on the stability testing 
in molten sulfur of y-LiAlO., AIN, LiYO., MgO, ThOa, 
MgAlaO,, and CaO. 

The compound LiYO^ was prepared according to the 
reaction 

Li.COs Y2O3 2LiY02 -f CO2 

by heating the reactants at 800°C for one day. The 
product, after being washed with water, was obtained 
in greater than 90% yield. X-ray diffraction analysis 
showed that the product was LiY02 with only a minor 
amount of Y2O3 present. 

U/LiF-L iCI-L i l /L i I 
ANODE AREA = 3.6 
CATHODE AREA = 39 
INTERELECTRODE 

DISTANCE = 0,2 
THEORETICAL CAPACITY 

DENSITY . 0.3 
CELL TEMPERATURE = 37: 
PASTE ELECTROLYTE 

60 wl "7. ELECTROLYTE 
40 wt % EXCESS LiF 

CURRENT COLLECTOR: 
NI06IUM EXPANDED MESH 
POROSITY = 57 % 
DIE SIZE = 0 23 cm 

308-2208 
FIG. V-38. Voltage-Capacity Curves for Li/S Cell. 
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The spinel, MgAUOi, was prepared by the reaction 

MgCl2-6H20 -I- LiiCOa -I- AI2O3 -> 

MgAliO. -I- 6H2O -f CO2 2LiGl 

The powdered reactants, mixed and compressed into a 
pellet, were heated at 900°C for three days. The prod
uct was washed free of carbonate, analyzed by X-ray 
diffraction, and found to contain MgAl204 as the major 
component. One weak line in the X-ray diffraction pat
tern could not be assigned to MgAl204. 

.\ number of sulfur stability tests have been con
ducted. The general procedure was to mix each test 
material, as a powder, with sulfur and to hold the mix
ture at 37o°C in a helium atmosphere for several days. 
These samples were then examined and analyzed. 

In one series, y-LiA102, CaO, Th02, and MgO were 
tested for five days. At the end of this time, the Th02 
had obviously reacted. Also, CaO reacted, although 
this might have been expected since the following re
action is known to occur at calcining temperatures: 

4CaO -)- 4S ^ 3CaS -I- CaSO. 

The compounds, y-LiAlOi. and MgO, were apparently 
unattacked, except for slight signs of darkening in the 
MgO. The samples were washed with CS2 to remove 
sulfur and then analyzed by X-ray diffraction. In the 
MgO sample, no reaction products (such as MgS or 
MgSOj) were found, but in the analysis of the LiAlO™ 
sample, Li2S was given as a possible, very minor con
stituent. A reaction between Li.\102 and sulfur may be 
possible: 

5LL\102 -I- 4S -> Li2S0i -I-

2AI2O3 -I- %Li2S -I- '/2AI2S3 

For this reaction, A//298 is —22 kcal, or about - 4 kcal 
per mol of LiAlOa. 

In a second series of tests, •y-LiA102, MgO, AIX, and 
LiY02 were tested at 375°C for seven days. On thermo
dynamic grounds, AIN was expected to have great 
stability toward lithium; therefore, its stability to
ward sulfur was also of interest. Test results showed 
that AIN and LiYOj had reacted. The compounds MgO 
and LiA102 again exhibited no sign of major change 
except for a few dark spots on the tube walls, which 
might have been droplets of polymerized sulfur. X-ray 
diffraction analysis of the CS2-washed products re
vealed only the parent materials. 

In a final set of tests extending for seven days, 
LiAlOj, MgO, and MgAl204 were examined. After 
these tests, the products were not washed with CS2 
80 that prolonged exposure to air and possible hydroly
sis of any reaction products would be avoided. X-ray 
diffraction analysis revealed no reaction products. 

These results suggest that •y-LiA102, MgO, and 
MgAl204 are reasonable candidates for fillers as far 
as sulfur stability is concerned. Lithium aluminate was 
included in all the tests because this filler has shown a 
high degree of stability so far. Nevertheless, it is still 
possible that, with enough time, LiA102 might react 
with sulfur according to the reaction given above. 
Since prolonged exposure would occur in a practical 
lithium/sulfur battery, much longer stability tests will 
be needed, perhaps as long as six months in duration. 

c. Corrosion by Sulfur-Containing Mixtures {M. 
L. Kyle, P. W. Krause) 

The corrosion resistance of various materials to con
ditions that would be encountered in the anode and 
cathode compartments of lithium/sulfur cells is being 
determined to identify suitable materials of construc
tion. Screening tests of 100- to 300-hr duration are per
formed to select promising materials. In more exten
sive evaluations, the promising materials are examined 
initially in longer-term corrosion tests, and ultimately 
as prototype cell parts. 

Two classes of materials resistant to lithium-sulfur 
mixtures at temperatures near 375°C are needed. 
Firstly, a corrosion-resistant material possessing good 
electrical conductivity is required to serve as the 
cathode current collector and probably as the cathode 
housing. Secondly, a corrosion-resistant material that 
is electrically insulating is required to prevent short-
circuit contact between the anode and cathode hous
ings. At the present time, corrosion of electrically 
conducting materials by lithium is not being systemati
cally investigated because small-scale cell studies have 
indicated that austenitic stainless steels possess ade
quate corrosion resistance for use in the present cell 
program. 

The two types of corrosion tests that are being per
formed, static immersion and corrosion agitator tests, 
are described in Section V.C.3 of this report. After a 
sample has been exposed in either type of corrosion 
test, adhering cathode material is removed with water 
or carbon disulfide. The weight loss of the specimen is 
measured and the resulting value is converted to an 
annual corrosion rate, which is reported in mils per 
year penetration. For sam])les that lose weight, ex
trapolation is based on an assumed linear rate. For 
samples that gain weight because of film formation, 
extrapolation is based on an assumed parabolic rate. 
The cxjioscd samples are examined metallographically 
to determine corrosion effects not apparent from simple 
weight-change considerations. All metal samples are 
also tested for electrical conductivity after exposure, 
since some sulfide films tend to be electrically insulat-
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TABLK V-17. CORROSION OF MATERIALS BY LITHIUM-SULFUR MIXTURES AT 375*0 

Material" 

A. Electrically Conductive 
Materials 

Chromium 
Chromium* 
Molybdenum 
Inconel 702* 
LT-1 
Sandvik 2RK65* 
205 SS* 
Zircaloy-2 
Zircaloy-2 
Worthite* 
347 SS* 
Niobium* 
Sandvik 2RN65* 
Inconel 718 
Sandvik 2RE10* 
Durimet 20 
Tantalum 
Iron 
Nickel 
Beryllium* 
Hastelloy B 

B. Electrically Insulating 
Materials 

Boron Nitride 
Yttria* 
Magnesia* 

Lithium 
Concentration'' 

(at. %) 

20 
20 
10 
20 
10 
20 
20 
10 
20 
20 
20 
20 
20 
10 
20 
10 
10 
10 
10 
20 
20 

0 
20 
20 

Exposure Time (hr) 

100 
328 
100 
311 
101 
311 
.309 
101 
136 
311 
311 
306 
311 
100 
311 
100 
101 
100 
100 
233 
309 

101 
311 
304 

Corrosion Rate" 
(mils/yr) 

0.0 
-H6.6 

0.1 
0.9 
1.0 
1.3 
2.0 
2.1 

-1-0.2 
-1-2.6 

3.4 
3.7 
4.0 

+ 4 . 5 
4.7 

+ 9 . 3 
22 
93 
71 
22 
76 

<23 
1.3 

44 

Remarks 

No detectable corrosion. 
Conductive surface film. 
No detectable corrosion. 
Thin nonconductive surface film. 
Slight AI2O3 reduction. 
Conductive surface film. 
Conductive surface film. 
.Slight dissolution. 
Dissolution; surface film. 
Conductive surface film. 
Conductive surface film. 

Conductive surface film. 
Nonconductive surface film. 
Conductive surface film. 
Nonconductive surface film. 
Dissolution. 
Dissolution. 
Dissolution. 
Sample pitted. 
Dissolution. 

No detectable attack. 

.Single crystal sample. 

All runs were corrosion agitator tests except those marked with an asterisk, which were static immersion tests. 
' Balance sulfur. 

" + " sign indicates film formation resulting in weight gain of specimen. 

ing. The results of tests conducted to date are presented 
in Table V-17. 

Of the electrically conductive materials tested, mo
lybdenum, chromium, Zircaloy-2, and Inconel 702 are 
the most corrosion resistant. Molybdenum evidenced 
virtually no corrosion. Chromium was unattacked in a 
corrosion agitator experiment, but was covered with a 
thin conductive film after a static immersion test; this 
difference may be due to the more dynamic conditions 
of the agitator test. Similarly, Zircaloy-2 showed little 
attack (2 mils/yr) in a corrosion agitator test. In a 
second test, low corrosion rates were also observed, but 
the sample was covered with a thin, nonconductive 
surface film. The reason for this difference in results 
between the two tests is, as yet, unexplained. Inconel 
702 was only slightly attacked but a similar noncon
ductive surface film formed on the specimen surface. 

LT-1, a high-chromium cermet with AI2O3, was only 
slightly attacked by reduction of the AI2O3 content by 
lithium. These data also confirm the good corrosion 
resistance of chromium that was previously observed. 
A variety of austenitic stainless steels and high-tem
perature nickel-base alloys evidenced moderate corro
sion rates of 4 to 10 mils/yr. The mechanism for cor
rosion protection was usually through the formation 
of thin surface films; some of these w'ere electrically 
conductive whereas others were insulating. The compo
sitions of these films have not been determined, but an 
effort will be made to determine their nature because 
alloys of these types appear promising. 

Of the electrically insulating materials tested, boron 
nitride and yttria appear to be the most resistant and 
will be used in initial cell tests. Single-crystal magnesia 
is not resistant to the lithium-sulfur system. 
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4. Performance Comparison 

To understand the capabilities of the various cells 
studied, including those previously reported (see ANL-
7575, p. 157), the perfonnance data must be placed in 
perspective. A comparison of the voltage-current den
sity characteristics for the cells with liquid electrolytes 
is shown in Fig. V-39. For purposes of the comparison, 
the original data for the Li/PjSio and Li/PiS., cells 
were adjusted (as indicated by the dashed lines) to 
correspond to a smaller interelectrode distance. The 
average interelectrode distance for the cells of Fig. 
V-39 was 0.4 cm, and the active electrode area varied 
from 0.7 to 10 cm-. A similar comparison of voltage-
current density characteristics is shown in Fig. V-40 
for cells with paste electrolytes. Data are given for a 
scaled-up, 7.5-cm dia lithium selenium cell as well as 
for 2.5-cm dia cells. Table V-18 lists the best capacity 
densities obtained for both the liquid- and paste-elec
trolyte cells; the best cell performance is achieved in 
cells having high capacity densities at high current 
densities. No data are given for the lithium/phosphorus 
cell, which has not performed well enough to be of 
further interest. 

The performance data shown in Fig. V-40 and 
Table V-18 were used, together with a battery design 
similar to that shown above in Fig. V-31, to calculate 
the expected performance for fully engineered (light
weight) batteries with paste electrolytes. These cal
culated values (based on a 30-min rate for specific 
power and a 2-hr rate for specific energy) are shown 
in Table V-19 for lithium/tellurium, lithium/selenium, 
and lithium/sulfur batteries. The expected perform
ance for a lithium/(selenium + tellurium) battery 
would be similar to that for the lithium/selenium bat
ten,'; likewise, the expected performance for a lithium/ 
PiSio battery would be almost the same as that for the 
lithium/sulfur battery. The calculations indicate that 
both specific power and specific energy increase as the 
equivalent weight of the cathode material decreases, 

CURRENT DENSITY. A/cm^ 

308-2209 
FIG. V-39. Comparison of the Voltage-Current Density 

Characteristics of Cells with Liquid Electrolytes. 
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F K ; . V-40 . Comparison of the Volt age-Current Density 

Characteristics for Cells with Paste Electrolytes (all cells 2.5 
cm ill diameter except as indicated). 

TABLFi; \'-18. SUMMARY OF CAPACITY DENSITIES ACHIEVEI> 

FOR LITHIUM/CHALCOQEN CELLS 

Cell 

Li/LiF-LiCl-Lil/Te 

Li/LiF-LiCl-Lil/Se 

Li/LiCI-Lil-KI/Se 
+ Te 

Li/LiF-LiCI-LiF/Se 
+ Te , 

Li/LiF-LiCl-Lil/S 
Li /LiBr-HbBr/P,S„ 
Li;LiUr-RbBr/P,S, 

Type of 
Electro

lyte" 

L 
P (2.5) 
L 
P (2.5) 
P (7.5) 
L 

P (2.5) 

L 
L 
L 

Tem
pera
ture 
(°C) 

470 
475 
365 
375 
397 
298 

375 

385 
400 
400 

Capacity Densitj 
(A-hr/cm') 

0.125 at 2 A/cm« 

— 
0.62 at 2 A/em> 

0.202 at 0.26 A/cm' 
0.32 at 0.5 A/em' 
0.52 at 0.13 A/cm' 

0.274 at 0.21) A/cm' 

0.38 at 2.8 A/cm' 
0.05 at 0.0 A/cm' 
0.04 at 0.58 A/cm' 

" L indicates liquid-electrol.vte cells ranging in active electrode 
area from 0.7 to 10 cm'. P (2.5) indicates a 2.5-cm dia paste-
electrolyte cell. P (7.5) indicates a 7.5-cm dia paste-elec
trolyte cell. 

i.e., the lithium/sulfur battery would show the best 
performance of the three. From an economic stand
point, only batteries using small amounts of the rela
tively costly selenium and tellurium are practical. 

The advantages of the lithium/chalcogen batteries 
can be seen by a comparison of their expected per
formance characteristics (see Table V-19) with the 
performance characteristics of conventional batteries. 
On the same rate basis (a 30-min rate for specific 
power and a 2-hr rate for specific energy), a Cd/NioOa 
battery has a specific power of 70 W/kg and a specific 
energy of 35 W-hr/kg; a Pb/Pb02 battery has a spe
cific power of 50 W/kg and a specific energy of 30 
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TABLE V-in. SPECIFIC POWER 

Li/Te 
Li/Se 
Li/S 

Average Open 
Circuit Voltage 

(V) 

1.4 
1.85 
1.85 

Average 
Short-Circuit 

Current 
Density 
(A/cm') 

1.4 
1.85 
1.85 

AND SPECIFIC 

Paste 
Electrolyte 
Thickness 

(cm) 

0.2 
0.2 
0.2 

ENERGY CALCULATED FOK I 

Cathode 
Thickness 

(cm) 

0.5 
0.5 
0.5 

Cathode Cup 
Material 

W 
Be 

.Mg (or Be) 

ITHIUM/CHALCOGEN B. \TTERIES 

Anode Cup 
Material 

Be 
Be 
Be 

Specific 
Power" 
(W/kg) 

95 
264 
342 

Specific 
Energy'' 

(W-hr/kg) 

115 
313 
437 

Based on a 30-min rate. 
Biised on a 2-hr rate. 

W-hr/kg. In contrast, a lithium/sulfur battery, for ex
ample, is expected to produce a specific power of 342 
W/kg and a specific energy of 437 W-hr/kg. 

Some of the applications that could be considered 
for a practical lithium/chalcogen battery include 

power for spacecraft, military communications, mate
rials-handling vehicles, military vehicles, heart pumps, 
boats and submarines, remote locations, buses and 
trucks, urban automobiles, and off-peak energy storage 
for central stations. 



VI 

Fluidized-Bed Conibustion of Fossil Fuels' 

(^A. A. Jonke, E. L. Carls, R. L. Jarry, M. Haas) 

A major source of atmospheric pollutants is coal 
combustion in central power stations and industrial 
steam boilers. Fluidized-bed combustion of coal is be
ing investigated because it appears to olTer a means 
for efl'ectively reducing the emission of pollutants 
while having other potential advantages over conven
tional combustion methods. 

The concept involves feeding powdered fuel and an 
additive (such as limestone) that will react with SO2 
into a hot fluidized bed of solids. The solids consist of 
small particles of noncombustible material, such as 
ash. held in a dense suspension by a stream of air pass
ing upward through them. As the fuel burns in the 
bed, the SO2 produced by the sulfur in the coal reacts 
with the additive. The heat generated is transferred to 
boiler tubes immersed in the fluidized bed. The excel
lent heat-transfer characteristics of fluidized beds may 
make possible smaller combustors and thus result in 
lower capital and operating costs than those of con

ventional units. In addition, the efficient gas-solids con
tacting provided by a fluidized bed may greatly de
crease SO2 emission. 

Combustion of coal and oil in fluidized beds has been 
explored by a number of organizations in this country 
and abroad. Intensive investigation is now under way 
in England and in the United States. Most of the U.S. 
work, including the ANL program, is sponsored by the 
National Air Pollution Control Administration 
(NAPCA) of the U.S. Department of Health, Educa
tion, and Welfare. 

The program at ANL,^ which emphasizes the pollu
tion abatement aspect of fluidized-bed combustion, 
consists of three major parts: laboratory-scale sup
porting investigations, bench-scale experimentation, 
and evaluations. 

' .\ summary of this .section is given on pages 14 to 15. 

' A . A. Jonke, E. L. Carls, U, L. Jarry, M, Haas, W. A. 
Murphy, C. B. SchoiTstoll, "Reduction of Atmospheric Pollu
tion by the Application of Fluidized-Bed Combustion, Annual 
Report. July 19tB-July 1909," ANL/ES-CEN-1001 (1969). 

A. LABORATORY-SCALE INVESTIGATIONS 

After completion of a literature survey, laboratory-
scale fixed-bed experiments were conducted on poten
tial reactants with SO2 at 1700°F in an air-0.5 vol % 
SO2 mixture. The materials tested included calcitic 
limestone (designated BCR-1360), dolomitic lime
stone (BCR-1337), calcareous shale, phosphate rock, 
waste products such as spent oil shale, brown mud, 
and red mud, and the oxides of lead, manganese, nickel, 
copper, zinc, and cobalt. The off-gas from the reaction 
vessel was monitored for SO2. This study showed that 
hmestones have substantially higher capacities for 
SO2 capture than do other materials tested. 

An empirical model was developed (1) to estimate 

the reduction in SO2 emission attainable with a fluid
ized-bed system and (2) to ascertain the effects of 
varying fluidized-bed operating parameters. The re
action rate data used were derived from kinetic data 
generated by NAPCA on limestones BCR-1337 and 
BCR-1360. The model quantifled the relationships be
tween the extent that SO2 emission would be reduced 
and the operating parameters of a fluidized-bed sys
tem. A computer program was written to perform the 
calculations. The model predicts that SO2 emissions 
would be decreased by decreasing the additive particle 
size and superficial gas velocity and by increasing the 
bed height. 
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B. BENCH-SCALE EXPERIMENTATION 

A 6-in. dia bench-scale fluidized-bed combustor (Fig. 
VI-1) was constructed. Initially, exploratory bench-
scale experiments were performed that aided in the 
selection of operating conditions. Next, a systematic 
set of bench-scale experiments were performed in which 
the emission of SO2 was studied under conditions ap
plicable to conceptual designs of both utihty-sized 
power-generating stations and industrial steam boilers. 
An objective of the bench-scale experimental work is 
to determine the conditions necessary to achieve a high 
degree of i^0-< removal from the flue gas and efficient 
utilization of the limestone or other additive material. 

The major results of the bench-scale experiments, 
which wore all conducted at a combustion temjx'rature 

of 1600°F and a superficial gas velocity of 3 ft/sec, 
are as follows; 

11 The emission of SO2 with bmestone additive was 
29 to 87% of the SOi< concentration without additive, 
depending on the type, particle size, and quantity of 
limestone added. 

2) The most favorable result thus far (87% reduc
tion in the emission of SO2) was obtained when a cal
citic limestone (BCR-1359) of 25-^m average particle 
size was added at 2.2 times the stoichiometric require
ment. 

3i For any particular type of limestone additive, 
greater SO2 removal was generally noted for finer-
])article-sized material than for coarse particle size. 

FlCr. VI-1. Fluidized-Bed Bench-Scale Combustor and Associated Equipment. 
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41 From the experimental results, it appears that 
the calcitic limestone BCR-1360 is more reactive with 
|̂)o than either the calcitic limestone BCR-13r)9 or 

llic dolomitic limestone BCR-1337 of the same particle 
size. 

,TI The time elapsed from the start of atlditive feed
ing to the achievement of a constant 8O2 level in the 
flue gas rangeti from less than one hour to several hours, 
ilcpcnding on the particle size of the additive. 

Bl The maximum utilization of Cat) achieved dur
ing the experiments was 38'̂ (-. 

71 Partially reacteti additive that accumulated in 
the fluidized bed contributed little to the overall SO2 
absorption, indicating that the CaO particles absorb 
;i(L to a negligible extent after about 30''r of the CaO 
is converted to CaS04. 

81 The observed reductions in SO2 emission are less 
than predicteil by the ANL empirical model (QO'̂ r, dis
cussed in ANL-7550, pp. 98-99). presumably because 
the kinetic data upon which the model is based do not 
reflect the reactivity of material calcined and sulfated 
in a fluidized-bed coal combustor. 

9) The combustion efficiency of a fluidized-bed sys
tem, expressed as the percentage of carbon completely 
burned, was determined to be 96.7 antl 97.1% for two 
experiments. The principal loss of unburncd carbon 
during these experiments was that associated with the 
sohds elutriated from the fluidized bed (average car
bon content, 15 wt %) and was about 3% of the carbon 
input associated with the coal feed. Recycle of elutri
ated solids would be expected to reduce the overall 
carbon losses from the system. The carbon monoxide 
and hydrocarbon contents of the flue gas were 7.5-400 
ppm and 2-20 ppm, respectively, corresponding to a 
maximum loss of 0.26% of the input carbon. Solids 
withdrawn to maintain a constant bed level had a 
carbon concentration of only 0.01 to 0.1 wt %, and 
their total carbon content was 0.001 to 0.04% of the 
input carbon. 

101 Analysis of solids elutriated during an experi

ment that employed a 25-/im particle-size additive in
dicated that the fines residence time in the fluidized 
heil was sufficient for about 80% of the additive to be 
calcined before it was elutriated. 

11) Solids elutriation rates determined during pe
riods of no additive feeding indicate that virtually all 
of the ash associated with the coal used in these ex-
lieriments was elutriated. Other solids elutriated were 
CaS04, unreacted CaO, and uncalcined CaCOj. Com
parison of elutriation rates for experiments using dif
ferent additives suggests that there was less decrepita
tion of additive material BCR-1359 than of BCR-1337 
or BCR-1360. 

12l The average particle size of elutriated solids 
was about 90 pm during periods of no additive feed
ing and decreased to about 60 pm during an experiment 
in which 25-nm additive was being added to the fluid
ized bed. The efficiencies of the two cyclones for sepa
ration of solids ranged from 86 to 90% of total solids 
for the primary cyclone and from 97 to 99% for the 
coml>ined cyclones. 

131 Bench-scale experiments conducted at 1600''F 
with argon substituted for nitrogen established that 
nitrogen compounds contained in coal are the source of 
NO.,, compounds in the flue gas. 

14) A reduction of 30-40% in nitric oxide emission 
in the flue gas was noted when limestone additive 
(BCR-1359) was introduced into the fluidized-bed 
combustor. This reduction (concomitant with the re
duction in SO2 concentration) could be due to cataly
sis or other enhancement of reactions to form NO2, or 
deeom|)Ose NO, or react NO with CaO or CaS04. 

At the request of NAPCA, members of the ANL 
fluidized-bed combustion group accompanied NAPCA 
personnel and others to England for a review of British 
work on fluidized-bed combustion of fossil fuels. The 
results of this survey have been published.^ 

* "Review of British Program on l^luidized Bed Combust ion; 
Report of tT.S. Team Visit to England, February 17-28, 1969," 
ANL/ES-CEN-1000 (1909). 
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