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ABSTRACT 

During 1971, Argonne's Chemical Engineering Division continued 
its investigation~ in fue l -cycle technology, sodium technology, fast-reactor 
materials properties, liquid - metal and molten-salt chemistry, reactor 
safety, thermochemistry, electrochemical energy conversion, fluidized- bed 
combustion of fossil fuels, and nuclear safeguards . Fuel-cycle studies 
were directed toward the development of a pyrochemical process for de­
cladding LMFBR fuel , a centrifugal contactor for the plutonium isolation 
steps in aqueous fuel reprocessing, a process for converting U/ Pu nitrates 
to oxide powders suitable for fuel fabrication, analytical procedures adapt­
able to in-line use in the fabrication of LMFBR fuel , and a method for the 
electrolytic reduction of plutonium in Pur ex processes . In the sodium tech­
nology program, research was directed toward the development of on-line 
monitoring devices for impurities in sodium, the detection and character­
ization of fuel - e lement failures, and sodium chemistry relevant to LMFBRs . 
Administrative and laboratory work was carried out on the national analyt­
ical standards program for coolant sodium. Materials studies included the 
determination of the effect of fuel burnup on oxygen potentials, the phase , 
reaction, and thermodynamic studies of the U-0-Na and U-Pu-0-Na sys ­
tems, and mass-spectrometric studies of the U-Mo-0 and U-Cs-0 systems . 
Electron microprobe analysis was used to estimate oxygen-potential gradi­
ents in irradiated mixed-oxide fuels using the Mo-Mo02 system as a redox 
indicator. High-temperature physical-property data needed for fast - reactor 
safety analysis were obtained. These included the determination of the 
enthalpies and heat capacities of Na3U04 and U 0 . 8 Pu0 •20 1. 97 , the speed of 
sound in liquid sodium, thermodynamic properties of UOz±x by matrix­
isolation spectroscopy, and the distribution of fission products between 
molten iron and molten U02 • Calorimetric studies included the determina­
tion of the enthalpies of formation of Na3U04 , Na20, CsHC 2 , ThS , NSF , XeF 2 , 

XeF 4 , XeF 6 and Br03F. Quantum- chemical investigations were made on the 
N-F, Si-F, N-S, and N-0 systems. A dosimetry program was established , 
and data were obtained on the integral capture-to-fission ratios of the major 
fissile and fertile isotopes in EBR-II. Fast-neutron fission yields of tritium 
from 235 U and of short-lived, gamma-active nuclides from 235u, 238u , and 
239Pu were determined . Phase-equilibrium studies were made on several 
lithium-chalcogen systems. In work related to fusion reactors , a thermo­
dynamic analysis of existing data on the Li-LiH system was made , and the 
consequences of tritium permeation in the core of a deuterium-tritium­
fueled reactor were estimated. Raman spectroscopic studies of div alent 
metal halide melts were continued . Infrared spectroscopy was used in the 
study of reactions of iodine- containing species with molten nitrate s . Ex ­
perimental and theoretical studies of the homogeneous nucleation of vapor 
bubbles in superheated liquids were initiated. Work was continued on the 
development of a mathematical model for the solubility of noble gases in 
liquid metals. The energy conversion program was directed toward 
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improving the performance of lithium/ chalcogen cells for use in electric 
vehicles and as an implantable power source for an artificial heart or as 
a heart-assist device . Cell studies included research on cathode design, 
materials, and sealing methods , the effect on cell performance of additives 
to the cathode reactants, the use of paste and liquid electrolytes, and the 
scale-up of cells to larger sizes . Work on the fluidized-bed combustion 
of fossil fuels as a means of controlling the emission of atmospheric 
pollutants included single-stage and two-stage b.ench-scale experime~ts. 
Also, the mechanism of the lime sulfation reactwn and the reg eneratwn 
of calcium sulfate were explored, and mathematica l models were derived 
fo r the prediction of S02 removal by lime in a fluidized bed . The establish­
ment of safeguards-related criteria for special nuclear material was 

continued . 

I. FUEL-CYCLE TECHNOLOGY 

A . Liquid-Metal Decladding of Reactor Fuels 

The reference fuel r ecove ry process fo r future liquid-metal-cooled 
fast breeder reactors (LMFBRs) is a modifie d shear-leach process followed 
by solvent extraction to purify and recover uranium and plutonium. Shear­
leach includes sodium removal, partial disassembly of the fuel subassembly, 
shearing of the fuel pins, and oxidation of the U0 2 to U 30 8 to remove iodine 
and fission -product gases contained in the oxide matrix. The shear-leach 
procedure is used for r eprocessing stainless steel-clad and Zircaloy-clad 
oxide fuels from the present thermal r eactors. Early LMFBR fuels will 
consist of U02-Pu02 jacketed in stainless steel tubes . Because of the nature 
of fuel discharged from LMFBRs (the higher burnups, higher burnup rates , 
shorter cooling times , residual sodium, and higher plutonium contents), 
operations to prepare the fue l for introduction into the acid dissolver are 
expected to be difficult and costly steps. 

Liquid-metal decladding processes are und e r development at 
Argonne as alternatives to the reference head-end process for LMFBR fuel. 
The major steps of one head-end process , which utilizes liquid zinc, are 
as follows : (1) After the stainless steel portions of the subassembly below 
the core and blanket regions have been remove d mechanically, the stainless 
steel cladding and structural members in the fuel-containing region are 
d issolved in liquid zinc at 800°C. The zinc readily dissolves the stainless 
steel but does not react with uranium oxide or plutonium oxide . (2) The zinc­
steel phase is removed from the vessel containing the fuel oxides, and the 
fuel oxides are reduced to metal by stirring the oxides in a molten salt­
metal reduction system such as CaCl)Zn-Mg-Ca. (3) The resulting liquid­
metal solution is transferred from the reaction vessel to a second vesse l 
where the solvent metal is separated from the uranium and plutonium by 
distillation . The uranium and plutonium may then be dissolved in acid in 
preparation for solvent extraction. 



This procedure has the following potential advantages over a shear­
leach head-end operation: 

1. Mechanical disassembly of the subassembly is avoided. 

2. Shearing of the fuel pins is avoided. 

3, Fission-product decay heat is dissipated easily. 

4. Residual sodium is disposed of without separate sodium-removal 
steps. 

5. Xenon and krypton are collected in high concentration in an inert 
cover - gas mixture of small enough volume to allow storage in gas cylinders. 

6, Other fission products including iodine are collected as solid 
wastes having good heat-transfer properties. 

Another high-temperature decladding operation, melt decladding, has 
been investigated briefly. In this process, the fuel subassembly is heated 
above the melting point of stainless steel to melt the cladding and structural 
members of the subassembly and thus separate the fuel oxide from the steel 
sufficiently to expose the oxide for acid dissolution. This type of process 
avoids mechanical disassembly and shearing of the fuel, but has the disad­
vantage that volatile fission products (chiefly xenon, krypton, and iodine) 
contained in the oxide matrix are not completely removed and collected 
before acid dis solution. 

1. Proposed Flowsheet for LMFBR Fuel Decladding 

One of several versions of the process flowsheet for zinc de ­
cladding of stainless steel-clad U02-Pu02 fuel subassemblies is shown in 
Fig. I-1. All process steps except the evaporation steps are performed 
sequentially in a single tungsten crucible. In Step I, the core and blanket 
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Fig. l-1 

Liquid-Zinc Head-End Proc ess. 
High-zinc reducrion alloy. 
(Basis: 3 A.! core subassem­
blies; quanrities in kilograms. ) 
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regions of thr ee subassemblies from a conc e ptual 1000-MWe LMFBR
1 

are 
immersed in molten z inc at 800°C in the tungsten crucible. The stainless 
steel (SS) cla dding is dissolved in the zinc , which has a liquid Z nClz- KC l 
cover layer to prevent excess ive zinc vaporization . The bulk of the z inc­
sta inless steel so lution is the n transfe rr e d out of the tungste n crucible. 
The oxide fuel particles remain in the crucible. In Step II, the fuel oxid e 
heel is washe d with fresh zinc t o r e duce the stainless stee l content to an 
acceptable leve l. The zinc-stainle ss stee l streams from Step s I a nd II 
a re combine d a nd r e tort e d in Ste p III to r ecove r the bulk of the zinc for 
r ecycle and to r educe the volume of z inc that must be stored with the 

active stainless stee l. 

For the reduction of fuel oxide in Step IV , liquid Zn-Mg-Ca 
and liquid CaClz a re added to the tungst e n crucible containing the fuel 
oxide, and the crucib le contents a re stirred at 860°C. As the uranium 
and plutonium are reduced t o metal, they dissolve in the reduction alloy. 
To ensure that all the uranium and plutonium are in solution, MgC1 2 is 
added in Step V to oxidize the r es idual calcium at 8 60°C and remove it 
from the metal phase. (The solubility of ur a nium and plutonium in the 
m e tal is substantially incr eased by the removal of calcium.) Then the 
metal solution containing the uranium and plutonium is transfe rr ed to 
the product r e t o rt . In Step VI, the salt-me tal hee l in the tungst en crucible 
is washed with fresh zinc t o r e move most of the uranium and plutonium that 
had remaine d in the meta l pha s e after the first transfe r of product. This 
zin c wash solution is combined with the product s o lution from Ste p V. The 
bulk of the salt is the n r emoved from t he tungste n crucib l e and becomes a 
process waste. 

It is a ls o possible that the bulk of the salt may be tr e ated and 
recycled. In Step VII, the combined metal solutions from Steps V and VI 
are reto rted t o isolate the uranium a nd plutonium fuel a llo y and to recover 
zinc a nd magnesium for rec yc l e to the process. The fuel alloy is cast into 
sha pes suitable for acid disso lution . 

Nea rly a ll of th e lanthanid es and the nobler meta ls will be 
present in the fuel a lloy, but tritium, Xe, and K r will have been remove d 
as gases , and I , Cs, Rb, Ba , Sr, Sm, a nd Eu will have b een r e moved in 
the waste salt . 

After Step VI, the tungsten crucib l e will b e r eturn e d to Step I 
the decladding step B ef th "bl · · · · ' . · ore e cruc1 e 1s aga1n us e d 1n a d e cladd1ng 
o p e ratwn , Z n C lz will b e added to the r emaining salt- meta l heel to oxidize 
ur a mum, plutonium, and magnesium f r om the metal pha s e into the salt 
phase and prevent thei r loss with discarded zinc-stee l so lution. 

1
Atomics International Follow-On Study, USAEC report Al-AEC-12791 (1969). 



2. Engineering Development 

a. Reduction of UOz Pellets 

Two liquid metal-salt systems for reducing the fuel oxides 
to metals have been proposed; the first employs a high zinc - low magnesium 
alloy in which both plutonium and uranium are soluble; the second employs 
a low zinc-high magnesium reduction alloy in which plutonium dissolves but 
uranium precipitates as the solid m e tal. Both alloys contain about 6 at. o/o 
calcium, which is the reductant . The flowsheet shown in Fig . I-I is for the 
process using the first metal-salt system. In the second scheme, transfer 
of the plutonium-bearing solution out of the reaction vessel is followed by 
dissolution of the uranium in a second metal alloy . 

Reduction runs were made to determine the effects of 
alloy composition on completeness of reduction for press ed and sintered 
UOz pellets. Complete reductions were achieved in less than 6 hr at tem­
peratures between 800 and 840°C with either reduction alloy in the presence 
of a salt phase that was primarily CaClz. Up to 600 g of UOz pellets (0.21 in. 
diameter, 0 . 25 in. long) werereducedina5 l /2-in.-ID, baffled tungsten cru­
cible with a 3-in. -dia agitator rotating at 900 rpm. 

In both the decladding and the reduction steps of the head­
end process, the liquid salt phase serves several necessary functions. The 
salt phase : 

I. Removes iodine from fission gases released from the 
oxide matrix . (The iodine dissolves in the salt phase as zinc iodide in the 
decladding step or as calcium iodide in the reduction step.) 

2. Decreases the amount of zinc volatilized from the melt . 

3. Wets and collects fine oxide particles during decladding, 
and thus prevents their loss in the zinc-stainless steel solution. 

4. Promotes the reduction reaction by dissolving calcium 
from the metal phase , contacting it with the solid oxide phase, and dissolving 
the CaO formed by the reduction reaction. (Good contacting of the solid 
oxide particles with the liquid-salt phase is essential for rapid and complete 
reduction because under most circumstances the step limiting the reduction 
rate appears to be the reaction of calcium metal with the solid oxide phase . ) 

Various salt compositions have been studied to d e termine 
their effect on the reduction rate. The composition of the salt phase will 
influence the retention of iodine by the salt and will affect the composition 
of the equilibrium solid phase that precipitates as CaO is added or as the 
temperature is lowered. 

II 
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Experiments described in the preceding report in this series 
(ANL-7750, pp . ll-14) showed that gaseous iodine released by fue l dur ing 
decladding at 800°C was converted to Znlz . With a cover layer of molten 
KCl-LiCl on the metal , the iodide was prevented from volatilizing; the 
decontamination factor for iodine was greater than 10 5

. It has since been 
concluded that potassium ions are necessary in the salt phase during de­
cladding to complex Znlz and thereby prevent its volatilization. Also, the 
addition of a large fraction of KCl to the reduction salt would result in an 
advantageous lowering of the solidus temperature of the salt. Consequently, 
the use of a CaC12 -KCl cover salt was considered for the decladding step 
of the zinc - head - end process. Initial experiments were with a CaClz-
25 mol % KCl salt phase and either a high- zinc or a low- zinc alloy. How­
ever, reductions were appreciably slower than in comparable runs with no 
KCl in the salt phase, possibly because of the lower solubility of CaO in 
salt that contains KCl. Apparent ly, the amount of KCl in the reduction salt 
should be restricted to the small amount carried over from the decladding 
operation. In the flow sheet shown in Fig. I-1, if the decladding salt contains 
66 mol % KCl, the reduction salt will contain only 6 mol % KCl. 

The volume of salt removed from the process as waste must 
be minimized, and no salt should accompany the uranium and plutonium fe d 
to the nitric acid dissolver since halide ions cause corrosion of the aqueous 
processing equipment. A possibl e source of salt is reduction salt entrained 
with the product alloy fed to the zinc - magnesium evaporation step. In the 
latter step, any small amounts of CaClz and KCl present would be vo latilized, 
but CaF 2 (another proposed constituent of the reduction salt) is not suffi­
ciently volatile to be removed and would enter the acid d isso lver. This 
suggested the use of CaClz a lone as the reduction salt. 

In additiona l reduction experiments, it was found that the 
use of CaClz as the salt phase places a lower limit on either the quantity 
of salt or the reduction temperature because CaClz forms a partially 
soluble compound with the CaO produced by reduction. For the CaClz-
CaO system, the equilibrium solid phase is CaO at temperatures above 835°C, 
but is an undesirable voluminous compound, CaO· 2CaClz, below 83 5°C. 
These data indicate that for the salt phase to be liquid in r eductions below 
~35°C , the mole ratio of CaC12 to U02 must be greater than 4. In practice, 
1t was _found that this ratio must be 5 or greater to achieve satisfactory 
reduchons. With the addition of at least 25 mo l % CaF to CaCl the 
equilibrium phase when CaO is added in excess of its s

2
olubility 

2
i's CaO 

and no Ca0· 2CaClz precipitates at any temperature. When excess CaO is 
add.ed to a salt with a compo sition of CaC 12 - 20 mol % CaF z, the equilibrium 
sohd phase at temperatures above 720°C is CaO. However, when as much 
as 20 mol% CaFz is present in the salt phase, experiments have shown that 
reduction is not rapid and complete at salt-to-UOz ratios below -4. Because 
the inclusion of large amounts of CaFz in the r e duction salt d oes not reduce 



the total amount of salt required and because any CaF 2 carried with the 
product alloy cannot be removed by retorting, CaF 2 will not be used in 
the reduction salt. 

b. Retorting of Zinc 

The need to reduce the volume of wastes may provide the 
incentive to r ecover and recycle the zinc from the zinc-stainless steel 
decladding solution. Retorting appears to be the most favorable method 
for zinc recovery . Because it would be difficult to remove the steel-rich 
residue remaining in the retort vessel, the use of inexpensive retort 
crucibles that could be used as storage vessels for the steel waste has 
been investigated . Crucibles fabricated from stainless steel are not 
suitable for this application because they are subject to corrosion by 
nickel l eaching in zinc. Nickel - free iron alloys would not be seriously 
attacked by the zinc alloy because the zinc - steel alloy is saturated with 
iron. A crucible fabricate d of mild steel has been evaluated . 

An experiment was performed in which three successive 
melts, each consisting of 380 g of stainless steel dissolved in 3.42 kg of 
zinc, were poured at 800°C into an unheated mild steel crucible . After 
each charging, the crucible was placed in a vacuum retort and the bulk of 
the zinc was vaporized at 850°C. About 83o/o of the total quantity of zinc 
poured into the crucible was evaporated in the three steps . The percentage 
of zinc removed from the steel could be increased easily by using an opti­
mized retort, but removal of 85 to 95% of the zinc should be adequate . The 
only visible corrosion of the steel crucible used in this experiment was near 
the top and was probably due to refluxing of the zinc vapors . The vessel can 
be modified to prevent refluxing by reducing the heat loss from the upper 
portion of the vessel. 

3 . Process Demonstration Experiments 

Experimental apparatus has been installed in the shielded hot 
cell facilities of this Division for experiments to demonstrate the principal 
steps of the pyrochemical decladding process with highly irradiated fuel. 
The experimental apparatus, which is sized for processing 100-g quantitie s 
of fuel, has been installed and tested in shakedown experiments with simu­
lated fuel pins containing unirradiated UOz and U0 2 - 20 wt o/o Pu02 and with 
an irradiated stainless steel rod . A demonstration experiment with an 
irradiated fuel pin has also been completed . 

In an experiment , a fuel pin is placed in a perforated tantalum 
basket that is lowered vertically into liquid zinc . As the stainless steel is 
dissolved by the zinc, the oxide fuel pellets fall into the basket. When the 
cladding has been completely removed, the basket is raised out of the melt. 
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A magnesium plug is then forced mto the top of the basket, and the basket 
is inverted and partially immersed in a 90 mol % CaClz-1 0 mol % CaFz/ 
Zn -2 5 at . % Mg-5 at . % Ca melt contained in a second vessel. (The deci­
sion to use CaF 2 -containing salts in the demonstration experiments was 
made before the efficacy of CaFz-free salts was proven in laboratory ex­
penments d escribed above . ) When the plug melts, the fuel pellets drop 
into the melt. The melt is stirred, and the uranium and plutonium oxides 

are reduced to metal. 

In one of the shakedown experiments , an irradiated, Type 304 
stainless steel rod (0.41 in . OD, 10 . 5 in . long) was dissolve d at 800°C in 
6000 g of zinc covered by 420 g of CaC12 -lO mol% CaF 2 • This rod had 
been irrad1ated in EBR- II to a peak fluence of 7 x 10 22 n / cm2

, and had 
cooled about two years . The only significant activities in the rod were 
6°Co and ><~Mn . The i ron and cobalt remained completely in the zinc phase , 
but about 30% of the manganese was in the salt phase and between 0.1 and 
1% was volatilized from the melt, presumably as MnC1 2 • If the decladding 
melt is made oxidizing by the addition of ZnC12 (as indicated in the flow­
sheet in Fig . I-1 ), some manganese will be carried with the salt phase to 
the reduction step and will then be remove d with the uranium and plutonium 
product . This amount of manganese in the product (less than l kg in 295 kg 
of uranium and 35 kg of plutonium) will cause no problems in the aqueous 
processing steps . 

Two irradiated fuel pins have been obtained, one for each of 
two successive demonstration experiments . Before irradiation, the fuel 
pin used in the first experiment contained 79.9 g of UOz- 20% Pu02 and 
36. 5 g of normal U02 clad with 0 . 252-in . -OD, 15-mil-thick, Type 316L 
stainless steel tubing . The two pins were i rradiated in EBR-ll at peak 
linear powers ranging from 8 . 7 to 13 . 8 kW / ft . They reached a burnup 
of 3. 6 at "!o and were removed from the r eac tor in August , l968 . Infor­
mation from the nondestructive testing of these two pins and from the 
destructive testing of similar pins from the same irradiation capsule 
is available to characterize the fuel used in the experiments . As stated 
above, a d emonstration experiment with one of the irradiated pins was 
completed. Preliminary analytical results indicate that the operations 
were performed successfully. 

4 . Zinc Decladding for Long-Cooled LMFBR Fuel 

. With the objective of gaining practical experience with a pyro-
chemlcal head-end operation, a simplified zinc decladding process has been 
developed and tested on a small scale . This process i s intended for long­
cooled fuel that wil~ be d ischarged from the first large LMFBRs (e.g . , FFTF 
and the .demonstratwn reactors) . The techniques used are those applicable 
to treatmg the core s ection of an FFTF fuel assembly containing about 
40 kg of UOz-PuOz and about 20 kg of stainless steel cladding and shroud 



material. Because of the long cooling, no prov1s10ns need be made for a 
high fission-product heat output o r a high 131 1 content. 

This proposed decladding process, like the zinc decladding 
process that includes a reduction step, is designed to replace a number of 
difficult or costly steps usually associated with a chop-leach head-end 
p rocedur e (sodium removal, partial disassembly, shearing, and oxidation) . 
Reliability, simplicity, a nd economy are emphasized. 

In this head-end process, the stainless steel cladding is dis­
solved in z inc in a graphite crucible held within a tilt-pour furnace. The 
concentration of stainless steel in the zinc is about 8 wt% at about 850°C. 
After 2 hr at temperature, the melt is agitated for 30 min to ensure uni­
form distribution of the stainless steel slurry. Evaporation of zinc from 
the crucible is reduced to an acceptable level by operating under an argon 
atmosphe re of 15 psig. 

The bulk of the zinc -sta inless steel slurry is poured into a 
side-arm receiver by tilting the furnace body about 90° (or 1 or 2° beyond 
horizontal) . A small amount of fuel oxide tends to pour out of the crucible 
with the melt but is trapped on a mild steel screen placed on top of the 
receiving vessel. Since the melt is saturate d with iron, it does not attack 
the screen. The oxide and the screen are recycle d to the following de­
cladding run. 

When the furnace has cooled, the receiver for the zinc -ste el 
slurry is removed , and a steel vessel for fuel oxide transport is installed 
in the side arm. The furnace is then tilted an additional 45° beyond hori­
zontal to pour the fue l oxide into the ste~l vessel. Since the oxide is not 
wet by the residual zinc-stainless steel and since no salt is present, more 
than 90% of the oxide can be poured into the receiver and subsequently 
charged to a fu e l dissolver. The oxide heel in the crucible is recycled to 
the next decladding run. 

5 . Melt Decladding 

Melt decladding designates head-end processes in which the 
steel cladding and structural members of the reactor subassembly are 
melted to expose the fu e l oxide. The feasibility of the procedure depends 
upon sufficient draining of stainless steel so that the exposed oxide can be 
completely separated in the following step, which will be either acid dis­
solution or voloxidation. Several methods of partially separating the 
stainless steel from the oxide fuel were investigated in small-scale ex­
periments with simulated fuel assemblies. 

In one type of experiment, a bundle of stainless steel tubes 
containing U02 pellets was melted while resting on the interior side of 
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a m a gnesia or alumina crucible inclined at an angle of l 0 to 20° from the 
horizontal. Temperatures of 1490 to l650°C were maintained for l hr and 
the furna ce atmosphe re was either argon or argon-4 vol o/o H 2 at a total 
pressure of about 600 Torr. In every run, most of the steel flowed away 
f r o m the pellets , which remained in a loose pile near their original position 
in the crucible. The amount of steel remaining with the pellets was greatly 
influenced by the degree of wetting between the oxide and the metal. The 
factors that influence wetting have not yet been determined. In every case, 
however, enough surface of the oxide pellets was exposed so that the oxide 
could be further oxidized or would be accessible to acid. 

In another melt decladding concept, a vertically suspended sub­
assembly is lowered into a heated zone to melt the steel and to release the 
oxide fuel pelle ts . The pe llets and molten metal fall onto a cold surface or 
into a relatively cool liquid such as liquid nitrate salts where the metal 
solidifies . After separation of the larger pieces of ste el from the cooled 
particles by screening, the mixture of oxide and steel is fed to an acid 
dissolver or an oxidation ope r ation . Preliminary work on a small scale 
gave promising results . Experiments are planned to evaluate melt de­
cladding with full - scale mock fue l assemblies. 

Two experiments were performed to study a tilt - pour concept 
in which stainless steel, U02 pellets (-600 g), and U02 fines (- 50 g) were 
heated to l550°C in a magnesia crucible (2 l / 2 in. diameter , 8 in. long). 
After the steel had melted, the crucible was tilted 15° beyond horizontal 
to pour the steel. In both runs , about 85% of the steel was poured out. In 
one experiment, only 0.04% of the U02 was poured out of the crucible with 
the steel; in the other experiment about 6% poured out. Only about So/o of 
the U0 2 was bonded to the steel remaining in the crucible. 

A conceptual design for melt decladding l metric ton of fue l 
per 8-hr day was prepared, based on the use of the tilt-pour melt decladding 
concept for separating oxid e f r om molten steel. The furnace design for this 
operation is shown in Fig. I-2. Two subassemblies will be suspended in a 
magnesia crucib le and melted at temperatures between 1500 and l600°C. 
~ter the st:el has been melted, the crucible will be tilted (to the right in 
F1g. I-2) 10 past the honzontal to pour the molten steel into the mold. 
Next, the crucible will be tilted to the left 45° past the horizontal to dum 
the. oxide fue l p e llets and the residual steel into a transport vessel fromp 
wh1ch the cooled mixture will be fed to the acid dissolution step . 

. . . An .a~vantage of melt decladding as a potential head-end s tep i s 
lts baslc SlmphClty; however, development wor k must b e done to make the 
technique feasible. 



Fig. 1-2. Tilt-Pour Melt Decladding Furnace. 1. MgO liner of crucible, 2. graphite crucible, 
3. SiC insulation, 4. zirconia insulation, 5. induction coils, 6. coil support, 7. argon 
supply. 8. U02-Puo2 fuel chute, 9. waste steel mold, 10. locks, 11. lock gates, 
12. transfer chamber , 13 . elevating mechanism for fuel subassemblies , 14. transfer 
chamber cooling gas inlet, 15. fuel subassemblies, 16 . argon+ fission product gas 
to recycle and storage, 17. pellet transport vessel, and 18. tilt-pour mechanism for 
crucible. ANL Neg. No. 308-2656. 
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B. Continuous Conversion of U/Pu Nitrates to Oxides 

Conversion of uranyl nitrate hexahydrate (UNH) and p lutonium nitrate 
solutions to powdered oxides suitable for the fabrication of fuel shapes 
(pellets) is a necessary and important step in the nuclear fue l cycle. With 
the projected increase in use of nuclear power, the demand for p lutonium 
for LMFBR and plutonium-recycle fuel systems will increase. In addition, 
concern with the environment has focus sed new attention on the problem of 
shipping plutonium as nitrate solution. These factors provide incentive for 
development of a new high-capacity, continuous conversion process. 

A conversion process under investigation based on fluidized - bed 
technology developed in earlier ANL fluidization work2 shows a high potential 
for meeting process requirem ents, including remote operation. Basic pro ­
cess steps include denitration by spraying uranyl nitrate - plutonium nitrate 
solution into a heated fluidized bed of oxide particles to form U03 - Pu0 2 

powder , followed by fluidized- bed r eduction of the U03 - Pu02 with hydrogen 
to U0 2 -Pu02 powder. The process appears to be applicable over the entire 
concentration range of uranium-plutonium nitrate solutions and to plutonium 
nitrate alone. An integrated laboratory and pilot - engineering program is in 
progress. 

I. Laborator y Inve stigations 

a. Examination of UOz- Pu0 2 Pellets 

Laboratory studies were continued in s e veral areas to pro­
vide a bas e of information for the engineering program. Earlier studies 
(see the preceding report in this series, ANL-7750, pp. 15-16) r epo rted on 
the sinterability of U0 2 -Pu02 pellets prepared in a sequence of simulated 
process steps (dropwis e denitration of uranyl nitrate -plutonium nitrate 
solution to produce U03 - Pu0 2 , hydrogen reduction of the U0

3
- PuOz powder 

to UOz~PuOz, pressing into 1/4 -in.-dia pellets, and sintering of pellets). 
A dens1ty of 89% of theoretical was achieved . 

. A sample of a UOz- 20 wt % Pu0 2 pellet with a density of 
84% of theoretlca! , produced according to the above sequence of steps , 
has subsequently been chemically analyzed and also physically examined 
by ::c- ray d1ffr a~twn a~d with an electron microprobe for homogeneity 
(umformlty of d1sperswn of the plutonium in the uranium matrix). The 
che~lca! analysis showed an oxygen-to-metal atom ratio of I. 98 and a 
uranlUm-to-plutonium atom ratio of 4.0. 

X-ra_y diffraction analysis of the UOz-PuOz pellet showed 
only a single s et of d1 ffra ction lines , indicating that a single oxide phase 

2
A. A. Jonke. E. 1. Petkus. J. 1 

v. Loeding , and S. Lawroski, Nucl. Sci. Eng._g_, 303 (1957). 



was present. A lattice parame t e r of 5.4602 A for the oxide pellet was meas­
ured. This value is in good agreement with a value {a0 = 5.4610 A) predicted 
by a mathematical relationship developed in a related program {see ANL-
7750, p. 20). 

Early LMFBR fuel specifications pertaining to h omogeneity 
stated that isolated plutonium particles should have diameters no larger than 
50 IJ.m . This requirement was considered in evaluating results . A pellet was 
scanned by bombarding it with an electron beam from the electron micro­
probe and measuring the count rates for the characteristic uranium (Mer) and 
plutonium {MI'l) X-rays emitted. The ratio of the U/ Pu count rates was a 
measure of the homogeneity of the material. Two different scanning pro­
cedur e s were us e d with a single b eam size of 0.5 IJ.m--{1) fixed counting at 
randomly selected spots and {2) continuous scanning of 8 by 10 IJ.m and 
80 by 100 iJ.m areas. 

In the initial series of measurements, both scanning pro­
cedures showed considerable scatter of the data, with a relatively high 
standard deviation of -20o/o for U/ Pu ratio, although no single spot of any 
size was found to contain only uranium or only plutonium. Standard devi­
ations for U/Pu ratios determined from several additional sets of measure­
ments near the center of the pellet ranged from -8 to l Zo/o. Scans of areas 
of 80 by l 00 IJ.m acres s an entire diame t e r of the pellet gave a standard 
deviation of 7.8o/o for a series of 65 measurements. Variability in the count 
ratio apparently indicated loc alized density differences rather than varying 
concentration since examination of individual uranium and plutonium X-ray 
count rates showed that gen erally the count rates for both e l ements increased 
or decreas ed in unison. This satisfied a key process requirement in that 
there was no localized enrichment of orte of the constituents {i. e . , no segre­
gation of plutonium). Overall, results indicated that distribution of plutonium 
in the uranium matrix was uniform. 

b. Solubility Limits for U/ Pu Nit r ate Solutions 

A knowledge of the cosolubility of uranyl nitrate and pluto­
nium nitrate in nitric acid solutions is important to the selection of the feed 
composition for the fluid-b ed d enitration process. The feed solution should 
be as concentrated as possible to increase the throughput of the fluid-bed 
denitration reactors. However, the feed solution should not be so concen­
trated that crystallization might occur, since this would probably interfere 
with feeding {spraying) of the solution and also might confound the nuclear 
safety design of the feed-storage system. Since little crystallization data 
are available in the lite rature for uranyl nitrate-plutonium nitrate solutions 
having high plutonium contents, crystallization temperatures were measured 
for a series of test solutions in the range of process interest, l to ZM 
(U+Pu). 
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The compositions and crystallization temperatures for these 
solutions are summarized in Table I-1. In these solutions, approximately 
30% of the plutonium was present as the hexavalent (plutonyl) ion and the 
remainder as the tetravalent ion. The solution of current primary interest , 
2.0M (U+Pu) and U/ Pu ratio of 4, has a crystallization temperatur e of 18°C 
when the nitric acid concentration is 2.0M. For solutions of 1.4 and 1.6M 

TABLE I-1 . Crystallization T e mpe ratur es 
for the Uranyl Nitrate- Plutonium 

Nitrate-Nitric Acid Syst e m 

Solution Composition Crystallization 
(M) Temper atur e 

u Pu HN03 u/ Pu ('C) 

.6 0.2 2.0 8.0 13.2 

. 6 0. 3 2 .0 5. 3 IS . 9 

. 6 0 .4 2 .0 4.0 18.0 

.4 3. 4 12.6• 

. 28 0 .34 2.0 3. 8 3.2 
1.28 0.34 3. 4 3. 8 15 .3 
1. 28 0 . 34 4 .8 3.8 20.8 
I 12 0.28 3.4 4.0 I 0.2 
1. 12 0.28 4 . 8 4 .0 17 . 6 
0 .98 0 .42 3. 4 2. 3 5. 3 
0 .70 0. 70 3. 4 1.0 1.5 

a Extra polated f rom data on UNH solub ili ty 
compi led by I. Dillon . A rgo nne Nati onal 
Laboratory , in 1950. 

(U+Pu), the crystallization tempera­
ture increased with increas ed nitric 
acid content in the acid range studied 
(2 to 5M) . as may be seen in Fig. I-3. 
The crystallization temperature was 
lower when plutonium was substituted 
for uranium in a solution having a fixed 
total heavy metal ion content and a 
fixed nitric acid content , as shown in 
Fig . I-4; this trend is desirable in that 
increased plutonium concentration will 
lower the crystallization temperature 
and make precipitation less likely. 
Crystallization temperatures were 
also determined for p lutonium totally 
in the tetravalent state and were found 
to be similar to those for 30% 
h exava lent - 70% tetrava lent plutonium. 

" I 6 M URANYL 
32 NITRATE 

Fig. 1-3 ~ 

Effect of Nitric Acid Concentration on the ~ 
Crystallization Temperamre of Plutonium ~ 
Niuare-Uraniu m Ni trate- Nitric Acid Solu-
tions. (The crystallization data for uranyl 
nitrate are from a compilation of data by 
I. Dillon, Argonne National Laboratory. 
1950.) 

NITRIC ACtO CONCENTRATION, !!! 
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Fig . 1-4. Effect of Increasing Plutonium 
Content on Crystallization 
Temperature of Uranium-
Plutonium Solutions. Total 
U + Pu: 1.4M: HN03 : 3.4M. 

Identification of the Crystallized 
Phase. Tests were carried out to identify 
the crystallized phase in nitric acid solutions 
containing uranium and plutonium. This is of 
interest both from a general process stand­
point and for criticality safety since precipi­
tation of plutonium compounds in the feed 
solutions is highly undesirable . 

The starting solution compositions 
and the analytical results obtained by liquid 
scintillation counting and X-ray fluorescence 
analyses after dis solving a portion of the 
crystallized phase are summarized in 
Table I - 2. The relatively high U/ Pu ratios , 
8.4 to 20.2, in the crystallized phase com­
pared with the approximate u / Pu ratios, 4. 
2, and 1 in the starting solution, indicate that 
the crystallized phase is a uranium compound 
(probably UNH). even for starting solutions 
with a U/ Pu ratio of one. The plutonium 
found in the crystallized phase is attributed 

to a sorption phenomenon, which is common when a salt is crystallized from 
a solution containing more than one species. The invariant point, which 
would be indicated by a U/ Pu ratio of 1 in the crystallized phase , was not 
reached and apparently lies on the plutonium- rich side of the U- Pu-nitric 
acid system. 

TABLE I - 2. Identification of> the Crystallized Phase 
in u / Pu Nitrate Solutions 

Composition of 
Starting Solution o/o of Original Pu U/ Pu Ratio in (M) in Crystallized Crystallized 

u Pu HN03 Phase Phase 

1.6 0 . 4 2.0 2.5 16.5 
1.12 0.28 3.4 3.9 20.2 
0 . 98 0 .42 3.4 2 . 1 15.5 
0.86 0.82 3 .4 3.4 8.4 

The solubility data , along with information on the identity 
of the crystallized phase, indicate that concentrations of current process 
interest can be handled safely at room temperature. 
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c. In-Box Plutonium Ana l ysis Method for the Fluidized-B e d 
Denitration Pilot Plant 

A labo rator y study was performed to develop a method for 
analyzing process solutions for plutonium content without bagging samples 
from the pilot plant out of the glovebox. The method will involve counting 
the plutonium gamma activity (the 239Pu peaks a t 129 and 413 keV) through 
a g lovebox glove. A procedure that avoids bagging adds a measure of safety 
to the pilot-plant operation and saves effort. 

Preliminary experiments were carried out with 125Sb (having 
peaks at 175 and 427 keV) as a stand-in for 239 Pu to assess (a ) geometry a nd 
abso rption effects due to sample size and type of dilue nt, and (b) the approx ­
imate lower limit of d etection. A Ge - Li detector and multichanne l ana lyze r 
wer e us e d , and the sample was contained in a small flat-bottomed via l. 
Water and 2.5M uranyl nitrate hexahydrate (UNH) solutions were the diluents 
and were adde d in 1-ml increments to a 0.1 - m l water sampl e containing the 
a ntimony tracer . Semilog plots of gamma count rate versus vo lume (depth) 
of sample show straight - line re lationshi ps for the 17 5 - and 427-keV gammas, 
i .e . , a r eduction of gamma activity with addition of either diluent. 

Attenuations of the 175- keV gamma were 4 and I O% for 
1-ml a dditions of water and UNH so lution. Thus, the maximum error for 
a I ml sample due to the heavy meta l content of the so lution would be 6%, 
if no correction were made for the uranium present. If the measurement 
were made with the 427 - keV gamma, the requi r ed co rr ection would be even 
smaller. In practice, corr ections will b e made by the us e of ca libration 
curves. 

In measurements of two d ilute p lutonium solutions ( 2. 5 and 
6.6 mg Pu/ ml) with 1-ml samples 0 .5 in. from the d etector, the counting 
rate was 200 cpm/ mg 239Pu for the 129- keV peak. Since it should be pas­
Slb1e to 1so late a p lutonium gamma peak e quiva lent to 20 cpm w ith the pres ­
ent eqUipment , a 1- m l sample with a plutonium concentration of 0.1 mg/ ml 
can be assayed by this method . 

. These r esults indicate that this ana l ytica l method is suitab l e 
fo r the pllot - p lant feed - makeup step but is not sufficient l y sensitive to an ­
a lyze the denitration condensate (which may have p lutoniu m levels as low as 
?.00 1 mg/ m l) . Further work is p lanne d with this analytical procedure to 
1mprove 1ts sensitivity. 

2 . Engineering Program 

A pilot plant has been const ructed to d emonstrate the fluidized -
bed d e nitr ation st · th · . 

I . ep m e proposed process for preparation of m1xed 
U Pu OXIdes for fue l application. The pilot plant comprises a 4-in. -dia 
fluidized bed d 't t' en1 ra 1on reactor, a feed make -up system, and associated 



equipment, all housed in a 3- by 4-module glovebox of Chemical Engineering 
Division design (CENHAM) . 3 (Ea ch module is approx imately a 3 1/ 2-ft cube. ) 
The equipment and an initial shakedown series of denitrati on runs with 
uranyl n itra te solution at 300°C w e re described in the preceding report in 
this serie s (ANL-7750 , p . 17) . 

Obtaining approval for startup of work with plutonium materials 
has represented a major effort during the current year . Because of the 
relatively large (7000 g maximum) inventory of plutonium that will be re­
quired to carry out the program, comprehensive documents had to be pre­
pared that provided a general safety and nuclear safety analysis of the 
operations and the facility itself. These docume nts were reviewed succes­
sively by a Divisional committee, a Labqratory committee , and the AEC­
Chicago Operations Office Criticality Hazards Committee. Approval for 
work with plutonium was obtained on the basis of the original array of 
equipment . However, the safety analysis itself suggested equipment changes 
that were made and were followed by further testing of the equipment . 

Additional work with uranyl nitrate solutions suggested that some 
further minor modifications of the equipment would be desirable. New crit­
icality computations indicated that the new equipment array has no higher 
reactivity than the original setup and that the new e quipment can be operated 
safely . A second safety review, required by the changes , is nearly com­
pleted . (Assistance in the analysis was given b y ORNL in the form of 
Monte Carlo computer calculations on various arrays of e quipment.) In­
terim approval for startup with a maximum plutonium inventory of 2000 g 
was received October 28, 1971 ; approval of the use of up to 7000 g of pluto­
nium is expected before the year's end . 

Helium leak-testing of the glovebox and DOP (dioctyl phthalate) 
penetration (efficiency) tests on the glovebox and room ventilation filters 
(high-efficiency, AEC-type filters) have been carried out as recommended 
with satisfactory results. 

Denitration runs were performed to obtain additional operating 
experience and to test procedures , specifically (1) to deve lop "standardized" 
startup procedures , ( 2) to check the reproducibility of the denitration oper­
ation (e . g . , to observe particle-size effects) , and ( 3) to explore the effect 
of spray-nozzle variations (i.e ., the location of the noz z le with respect to 
the bed and the nozzle design) . Nine denitration experiments were made 
with uranyl nitr a te feed solutions during this report period . Equipment 
was operated through the gloves, employing the procedur e s that will b e 
used in operations with plutonium materials . This work included the 

3R. F. Malecha , H. 0 . Smith , J. H. Schraidt , ). V. Natale, N. E. Ross, and H. 0 . Brown, Jr .. " Low- Cost 
Glovebox es, " i n Proceedings of the Eighth Conference on Hot La bora tories and Equipment , Book 2, 
USAEC report TID-7599, p. 485 (1960). 
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preparation of 50-liter batches of f eed solution to check out the mechanical 
operabili ty of the feed makeup system. The feed makeup system functioned 

satisfactorily 

The runs to study the reproducibility of the operation were of 

relatively short duration, several being about 5 . 5 hr long (equivalent to 
about 1 1/ 2 bed displacements) . Operating conditio~s were a b~~ tempera­
ture of 300°C, a feed rate of 80 ccj min , a feed solutwn compos1hon of 
l.9M UNHand 1M excess nitric acid , a starting bed weight of 8 kg of U03, 
and~ fluidizing gas velocity of 1 ft/ sec . Runs made under similar conditions 
gave fairly reproducible results as indicated by particle si ze effects, i.e . , 
there were no significant trends with respect to growth or diminution in 
average bed particle si z e . About 5"lo of the U03 produced under the cond itions 
used cons1sted of coarse ( +20 mesh) U03 agglomerates and - 3o/o consisted of 
fine (- 200 mesh) uo3 . In a productwn facility, methods for handling these 
fractions could be de vised . For example, the coarse material could be 
ground before being processed in the subsequent reduction step or could 
be redissolved . Fines could be blended with the bed material and processed 

without further treatment . 

No advantages of alternative nozzle positions (6 in . above the 
bottom of the bed as opposed to 9 in . ) or alternative no zz le designs (standard 
two-fluid nozzle vs . extended liquid-tip nozzle) were apparent in the present 

exploratory work. 

Work with plutonium materials is about to start at the interim 
approval level of 2000 g of plutonium. Because of this limit on the plutonium 
inventory in the facility, the production of U03- 3o/o Pu02 Wlll be studied first . 
This work may also be of interest in connection with the recycle of plutonium 
in light water reactors . Subsequent work will be concerned with the prepara­
tion of U03- 20"lo Pu02 suitable for LMFBR applications . 

C . In-Line Analysis in Fuel Fabrication 

The development of rapid , precise, and accurate in- line nondestruc­
tive methods for ana lysis of critica l fuel properties can lead to lower fuel 
fabrication costs and thereby help to improve the economic competitiveness 
of the LMFBR. The starting criteria in evaluating analytical methods are 
the specihcations and associated precisions for preirradiated fuel properties 
for the Fast Fuel Test Facility (FFTF) project . 

1 . Plutonium/ Uranium Ratio in Fuel 

The d etermination by an X -ray fluorescence (XRF) procedure 
of the plutonium/ uranium (Pu/ U) ratio in U02- 20 wt "7o Pu02 fuel is being 
studled . The specification for plutonium concent r ation is 20 . 0 ± 0.1 o/o of 
the actinide content , corresponding to a relative standard deviation (RSD) 



of 0.5"/o in the analysis of solid oxide. To attain the desired RSD, effects on 
the fluorescence signal of properties of the solid, i.e., high absorption coef­
ficients, enhancement (secondary fluorescence), crystallite size, bulk den­
sity, etc., must be proven insignificant or predictably measurable. 

In initial investigations, ThOz-UOz is being used as a stand-in 
for UOz- PuOz to avoid the complications and delays of experiments with 
plutonium, which would have to be done in a glovebox. This substitution is 
practical because of the identical relationship of the atomic numbers and 
thus of the relevant properties for each pair of elements. 4 The relative 
intensities of ThLa and ULa fluorescence spectra are measured on a 
Norelco X - ray fluorescence spectrometer. 

Experimental work during the report period has concerned the 
effects on fluorescence intensity of possible interfering impurities, equip­
ment modifications, particle size, and bulk density. 

Emission lines of impurity elements that might possibly inter­
fere with the use of X-ray fluorescence analysis of U-Pu oxides have been 
identified as Sr, Pa, Np, and Am. However , these elements are not likely 
to be present in sufficient quantity in FFTF fuel to interfere with the analy­
sis. The possibility remains that in future LMFBR fuels, the concentrations 
of these impurities will be high enough to contribute line intensities similar 
to those for plutonium . 

Modifications of equipment or procedures that decrease the time 
required to reach a count corresponding to the desired precision improve 
the opportunity for in-line application, as well as the accommodation of 
higher production rates . One such equipment modification has been the 
design of an aluminum sample holder that provides reproducible loading . 
With this sample holder and a new loading procedure, the counting rate has 
been increased by a factor of 1.5 and the background count (from scattered 
X-rays) has been decreased by a factor of 3. Hence , analysis time has 
been decreased and precision improved. 

A series of measur e ments was made to establish the X-ray 
spectrograph counting stability, the reproducibility of sample placement in 
the spectrograph, and the reproducibility of sample loading with the n e w 
sample holder. Counting stability was measured by repetitive counting of 
a sample of UOz for a fixed time. The relative standard deviation of ten 
measurements was 0.1 "!o. The measurement of reproducibility of sample 
placement was done by withdrawing and replacing the sample carrier in the 
instrument and counting for a fixed time. The relative standard deviation of 
ten measurements was 0.1 o/o. The reproducibility of sample loading was 

4o. S. Webster~~· · Chemical Engineering Division Fuel Cyc le Technology Quarterly Re port, July, August, 
Septe mber 1970, USAEC report ANL-77 55 , pp. 45- 5 0 (Oc tober 1970). 

25 



26 

tested by completely reloading the powder sample and counting for a fixed 
time. The standard deviation of ten measurements was 0.16%. At the 
95"/o confidence l eve l , Zcr = 0.34, which is within the required total un-

certainty. 

In work to dete rmine whether the relative standard deviation of 
±O . S"'o for plutonium analysis can be achieved in the analysis of mixed - oxide 

fuel materials, an inve stigation was mad e of ( 1) the variability of XRF 
measurements of diffe rent pellets of the same nominal composition and 
(2) the variabi lity of XRF measurements on the same pe llet. The latte r 
variability is ascribed to errors attributable to the method. 

Four pellets each of Th02-l 0 wt "'o U0 2 , Th02 - 20 wt "'o UOz, a n d 
Th0

2
- 30 wt "'o U0 2 wer e prepared from mixed powders. A series of five 

measurements was performed on each of the four sintered pe llets of 
three compositions and on four sintered pe llets of p u re U02 . An anal ys i s 
of variance 5 wa s performed in which it was assumed that the errors of the 
method and counting statistics are independent and that the variances a r e 
additive; this allowed the relative standard deviations of the method to be 
ca lculated from the variance of the meas u rements. Tab l e I-3 presents, 
fo r the mixed- oxide pe llets, the r e l ative s t andard d eviations for the meas­
urements, for the counting statistics , and for the errors fo r the method, 
derived from both the uranium and thorium cou nt rates. The re lative 
standard deviation for the counting statistics ranged from 0.09 to 0.13%. 
Each count rate was corrected for dead time. Analysis of variance shows 
the XRF m e thod to be reproducible to b e tter than O.S"'o for the same pe llet. 
Thus , the variability in the results due to errors attribu table to the method 
are adequately low. 

TABLE 1-3 . Relative Standard Deviations for 
XRF Analysis of Fi r e d ThO,- UOz Pellets 

ThO, 
(wt o/o) 

70 
80 
90 

70 
80 
90 

uo, 
(wt %) 

100 
30 
20 
10 

30 
20 
10 

0 measurement (%) 
(within sample) 

U ranium Analyses 

0. 14 (0 . 10-0 .2l)c 0.086 
0 . 15 (O.ll-0 . 23)c 0. 11 
0.34 (0.26-0.52)c 0. 13 
0 . 33 (0.25-0.Sl)c 0 .1 3 

Thorium Ana lyses 

0.27 (0.20 - 0.4 1)c 0. 11 
0. 27 (0.19-0.40)C 0.10 
0.26 (0 . 20 - 0 .4l)c 0.099 

"method (%)b 

0.11 (0.05 1-0.19)c 
0.10 (0-0.20)0 
0.31 (0 .22 -0 . SO)c 
0.30 (0.21 - 0.49 )c 

0.24 (0 . 17-0 .39 )C 
0.24 (0 . 16-0.39)c 
0.24 (0.17-0.40)c 

aRSD derived from ave r age of three counts (- 200.000) corrected for 
d ead time . 

b
0

z z 2 
method Omeasurement - Ocount· 

c95o/o confidence limits. 

50. L. Davies (Ed.). Statistical Methods in Research and Production 3rd ed 
(1961). • .• 



The variability between pellets of 0.60 to 1.84o/o was greater 
than the variability of measurements of single pellets, and is probably due 
to mixing, sampling, or material properties of mixtures. 

As expected, for the pure urania pellets, the variability between 
pellets is not statistica lly different from the variability within pellets . For 
pure UOz pellets, the RSD of the method, calculated from counting statistics 
a nd the RSD of the measurements , is 0.11 %. 

Five measurements of three samples of 70% Th02 - 30% UOz 
powder were subjected to an analysis of variance similar to that for pellets. 
The powder mixtures were prepared from pure ThOz and from UOz that had 
been reduced from NBS U30 8 . Three sample cups were loaded with each 
powder and were counted sequentially. 

The RSDs for the measurements for powder were 0. 29% for 
thorium and 0.21% for uranium, l eading to RSDs for the method of 0.27 and 
0.17%, respective ly. The RSDs at the 95% confidence level were again 
below 0.5%. 

The variabi lity of the method for pellets and 70% Th02 - 30% U0 2 

powder has been shown to be adequate ly low to indicate that XRF has the 
potential to achieve better than 0.5% RSD at the 95% confidence l evel. How­
eve r, the variability between samples of powder and between pellets is 
significantly la rger than the variability of the method , indicating that a 
problem exists due to mixing , sampling, or material properti e s. 

The effects on the XRF signal qf particle size and bulk density 
were next evaluated under various conditions, using U0 2 powder. Since 
particle size and bulk density of powder sampl es are interrelated, these 
properties were investigated together. Measurements were made with U02 

of mixed particle sizes and with samples of the same U0 2 having narrow 
particle size ranges (-10 , 10-20 , 20-30, 37-44 >J.m). The XRF intensities 
of the UOz samples with narrow particle size ranges were measured at 
different degre es of compaction (ranging from 25 to 36% of theoretical}; 
the densities ranged from that obtained by loose packing to that obtained 
by the tightest packing obtainable by hand loading. 

From these data, relative intensities (ratio of the intensity for 
oxide to the intensity fo r uranium metal, -60 x 10 3 cps} were obtained at 
25, 30, 35, and 40% of theoretical density by interpolation and extrapolation. 
These were plotted against the logarithm of particle size (Fig . I-5}. Fig­
ure I- 5 also includes a curve representing values calculated by Criss 6 from 
fundamental parameters. 7 Although the curves for experimental and 

61. W. Criss , private communication (January 1971). 
71. W. Criss and L. S. Birks, Anal. Chern. 40, 1080 (1968). 
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calculated values have the same 
general shape, the experimentally 
observed intensities differ from 
calculated values in the following 
two ways: (l) For the experimental 
data, a significant decrease in in­
tensity (i.e., a decrease to 95% 
relative intensity) occurs for par ­
ticle sizes of 10-20 ~m or larger, 
but for the calculated values inten­
sity decreases significantly at 
particles sizes of - 2 ~m or larger. 
(2) In the region where particle 

XRF Intensi ty Relative to Uranium Metal 
for Various U02 Particle Sizes and Per­
centages of Theoretical Densities 

size has an effect, the rate of de­

crease of intensity with increase in particle size is greater for the 
calculated values than for the experimental values. 

At present, it is not clear how the experimental conditions differ 
from the conditions assumed in the model on which calculations were based. 
However , from a practical point of view, the general agreement indicates 
that particle size effects can be evaluated and that the influence of this 
variable on analytical precision can be determined. It appears that it will 
be necessary to pelleti ze powder to a controlled density to achieve a pre ­
cision of 0. 5o/o for the analysis . 

D. Adaptation of Centrifugal Contactors in LMFBR Fuel Processing 

Development work is continuing on a centrifugal contactor suitable 
for use in plutonium isolation steps in Purex-type solvent extraction pro­
cessing of LMFBR fuel material. The contactor is a modification of the 
large centrifugal units in use in the Savannah River Plant (SRP) . In the 
ANL design, criticality hazards caused by the high plutonium concentrations 
in the process streams will be controlled by limiting the diameter to a 
geometrically favorable size. This contactor has a small diameter in 
comparison with SR contactors, but has a higher length - to-diameter (L/ D) 
ratio and operates at higher speeds to maintain a relatively high capacity . 
Expected advantages of centrifugal contactor s are ( 1) reduced radiation 
damage to the solvent as a result of brief residence time in the contactor 
and (2) improved ease of operation (including rapid flushout at the end of 
a processing campaign) . 

The stainless steel contactor is shown in schematic outline in 
Fig. I-6 . Figure I- 7 is an overall view of the assembled contactor before 
installation in its test facility. The rotor and removable mixing paddle 
are shown in Fig. I-8. The rotor has a 4-in.-ID, a 12-in.-long settling 
zone, and a 3-in. - long weir section. The rotor, which is suspended from a 
shaft that penetrates the top of the contactor, spins within a cylindrical 
casing at speeds up to 3500 rpm. The mixing paddle (mounted on an exten­
sion of the rotor shaft) spins within a mixing chamb 
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Fig. 1-6. Experimental Centrifugal Co ntactor 
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ROTARY SEAL FOR W[lR ·CONTROL 

HOLLOW DRIVE SHAF'T 

MOUNTING 

[F'fLU[NT 

Fig. 1-8 

Rotor and Removable Mixing Paddle. 
ANL Neg. No . 308- 2354A. 

Fig . 1-7 

Centrifuga l Contactor Assembly . 
ANL Neg. No. 308- 2361A. 

HOLLOW SUPPORT SHAFT 

Organic and aqueous streams enter the bottom of the m1x1ng cham­
ber where the y are mixed by a paddle and are impelled upward through a 
nozzle and a n orifice in the bottom of the rotor. The two phases are sepa­
rated by centrifugal forc e as the mixture (or emulsion) flows upward through 
the rotor. The separated phases are discharged over weirs and through 
separate ports into co llecting rings . 

Air pressure is a pplied to the r egion of the aqueous-phase weir to 
position the uns eparated emulsion band (interface) radially in the rotor. 
This f eature (which was d eve loped at Savannah River) permits operation 
ove r a wider r ange of phase densities and flow rates than could be achieved 



with a fixed weir. A more detailed description of the contactor and of the 
facility where it is being tested appears in the preceding report of this 
series (ANL-7750, pp . 21-24} . 

The principal objectives of the development program are to deter­
mine mechanical and hydraulic operating characteristics of a high length­
to-diameter (L/ D}, high-speed centrifugal contactor. The testing program 
includes measurements of separating capacity8 during operation with aqueous 
and organic phases similar to those employed in Purex process flowsheets. 
Work planned for this program also includes tests to determine mass­
transfer efficiency with uranyl nitrate solutions, an investigation of the 
effect of suspended solids upon performance using feed solutions containing 
manganese dioxide suspensions, and an investigation of the effect of mixing 
intensity upon sepa rating capacity and mass -transfer efficiency using a 
variety of mixing paddles. 

At the outset of the program, before the long-rotor contactor was 
designed, the available data on the performance of other centrifugal con­
tactors was evaluated. A formula for estimating the separating capacity 
was postulated in the form 

where 

qs separating capacity (gpm) 

Nc rotor speed (rpm) 

Db rotor diameter (in.) 

L settling length of rotor (in.) 

Nm mixing paddle speed (rpm) 

Dm mixing paddle diame ter (in . ) 

Since the mixing paddle and rotor are on the same shaft, Nc Nm• 
and the expression for separating capacity can be simplified to 

The group includes a conversion factor of 10 5 to give an approximate 
capacity in gpm. Although solution composition and aqueous-to-organic 
(A/ 0) flow ratios also affect separating capacity, the actual capacity is 

8s eparating c apacity is defined as the maximum total flow throughput at which entrainment of each phase 
in the exit stream of the other phase reaches a maximum of 1 vol "/o. 
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expected to vary about the calculated capacity within a factor of two. On 
the basis of rotor and paddle size, the separating capacity of the ANL con­
tactor was expected to be -10 gpm at 3500 rpm. In the tests with the con­
tactor , the capacity was found to be between 8 and 17 gpm, which is close 
to the predicted range. 

Several sets of tests were made to measure separating capacity of 
the contactor. The first two sets covered a range of rotor speeds from 
2000 to 3500 rpm and A/ 0 flow ratios of 0.33 to 4.0. The aqueous phase 

Fig. l- 9. 

l l~~·~·~·~·~·71~·~~~~l I 0 2 0 30 
AJO FLOW RATIO 

Separating Capacity of a 4-in.-dia Rotor 
Centrifuga l Contac tor with lff'/o TBP in 
Ultrasene and 0.5_M HN03. (Total 
throughput measured at the 1'/o en­
trainment level.) 

was 0.5M HN03 and the organic phase 
was either 15 or 30% tributyl phos ­
phate (TBP) in Ultrasene (refined 
kerosene). 

Results of the tests with 15o/o 
TBP are shown in Fig. I-9. In these 
tests , separating capacities were 
near their minimum values at A/ 0 
ratios of - 2 for all rotor speeds and 
ranged from -5 to - 11.5 gpm . At 
rotor speeds above 2000 rpm, capac­
ity was found to be limited by the size 
of the inlet piping (as indicated by the 
dotted-line extrapolations) . The piping 
was subsequently enlarged from a 
l-in. nominal pipe size to I I/ 2-in. 
nominal pipe size for the tests with 
30o/o TBP. 

In the tests with 30% TBP, the separating capacities over the range 
of .roto r speeds from 2000 to 3500 rpm were lowest at an A/ 0 ratio of -1 
(Ftg. I-1 0). The larger inlet pipe 
lines permitted higher flow rates 
than had been attainable when 15% 
TBP was used. Accordingly . capac­
ities as high as 17 gpm were attained 
at a rotor speed of 3500 rpm and an 
A/ 0 ratio of 4. 

During these tests, rotational 
stability of the high-speed rotor was 
excellent , demonstrating that the de_ 
sign and fabrication tolerances were 
suita.ble for meeting dynamic balance 
reqmrements and critical speed lim­
itations. Performance of the air­
controlled weir was highly satisfac _ 
tory , and the pressures required for 

•• r~,,~,-.,_,,-,.,,_,, -,,,, ~.-.-.,-,-,-,-r-,,~ 

··c ~ 14- __.-u----~ j 

Fig. l-1 0. 

A/0 FLOW RATIO 

Separating Capacity of a ~in.-dia Rotor 
Centrifugal Contactor with 30'/o TBP in 
U!trasene and 0.5,M HN03 . (Total 

tluoughput measured at the 1'/o en­
trainment level.) 



proper interface control ranged from 0 to 4 psig , conforming closely to the 
values calculated on the basis of formulas developed at Savannah Rive r . 9 

Some operating difficulties were encountered during these runs as 
a result of flow surging, which is a phenomenon characteristic of centrifugal 
contactors of the SR design . Surging results from the fact that the mixing 
chamber (which functions as a centrifugal pump) must have a pumping ca­
pacity that exceeds the total input flow . Under the condition of e xcess pump 
capacity, the pump tends to gulp air, causing it to lose and regain its prime 
in a cyclic fashion which in turn results in uneve n discharge into the sep­
arating rotor . Under the se conditions , it is difficult to maintain a stable 
position for the emulsion band in the separating rotor , and measured sep­
arating capacities are lower than would be found under stable flow condi­
tions . In the ANL contactor , surging was ameliorated by adding baffles 
to the mixing chamber (to reduce the pumping capacity) and by bleedi ng a 
small steady stream of air into the inle t tee (to prevent the pump from 
becoming fully primed) . The addition of air simulated the operation of a 
bank of contactors of this type, in which the feed streams to each unit 
would contain air entrained when the stream is discharged from the 
adjacent contactors . 

An additional change aimed at achieving steady hydraulic operation 
was to replace the de variable-speed motor with an ac motor powe red by a 
variable-frequency generator . During operation with the de motor, speed 
had been difficult to control since the surging flow imposed a varying load 
on the drive . Any instability in the flow tended to persist because it created 
unstable rotor speeds . The new drive system maintains the rotor spe ed 
essentially constant at the desired level, even when throughput varies . 

A new series of tests has been undertaken to investigate further the 
most suitable means for maintaining a st e ady and limited air input to the 
contactor mixing chamber . The effect of air in the emulsion discharged to 
the rotor is also being investigated . Because of the high L / D configuration 
of the rotor, its pumping capacity as well as its separating capacity is of 
concern when high throughput is a performance objective . 

Tests are also currently being made to m easure separating capacity 
using n-dodecane as a diluent in place of Ultrasene . Initial results indicate 
that the capacities will be close to those found in the tests with Ultrasene . 

E. Electrolytic Reduction of Plutonium in Purex Process e s 

The Purex process is the commonly us e d method for reprocessing 
light-water-reactor fue l. Pres ently, it is b e ing assessed for futur e fast­
breeder reactors . 10 In the proposed s equence of proc e ss ope rations , 

9A. A. Kishbaugh. Performance of a Multi- stage Centrifugal Co ntactor , USAEC report DP-841 (October 1963) 
10w. E. Unger, R. E. Blanco, C. D. Watson. D. ) . Crause, A. R. Irvine (comps. ) , LMFBR Fuel Cycle Studies 

Progress Re port No. 27, USAEC re port ORN L- TM-3456 (May 1971) and preceding reports i n this series. 
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plutonium is reduced three times from the tetravalent state to the trivalent 
state and is reoxidized twice . Reduction and reoxidation are currently ac­
complished by chemical means . Owing to the requirement of a large stoi­
chiometric excess of reductant, a substantial quantity of waste is formed 
that has to be disposed of as high-level radioactive waste. In LMFBR fue l 
reprocessing , processing problems are compormded by the high plutonium 
content of these fuels (ten times higher than for LWR fuels) . 

An electrolytic valence adjustment would reduce the total waste 
volume very substantially. In addition, it would facilitate conversion of 
decontaminated plutonium nitrate solution to new fuel. Electrolysis is 
precisely controllable , offering process convenience and operational 

safety . 

Electrolytic reduction of plutonium has been accomplished experi­
mentally on a laboratory scale by three groups. II-IJ In these studies the 
compositions of the e lectrolytes were somewhat different from those in a 
second- or third-cycle Purex stream, yet not different enough to put into 
question the feasibility of reducing plutonium in a nitric acid medium. 

A major prob lem in the application of electrolytic reduction is the 
development of an electro lytic ce ll that a llows an adequate reduction rate. 
E lectrolysis is inherently slow, since a phase-bormdary process is involved. 
The magnitude of the current in a flowing electro lyte is determined by mass 
transport . Levich has shown that an equation of the fo rm 

(I) 

can be applied in electrolysis, 14 where Sh is the Sherwood number, Re is 
the Reynolds number , Sc is the Schmidt number, and A, m, and n are 
constants The Sherwood number is defined here as Sh = iLL/ NFDc, and 
the Reynolds and Schmidt numbers have the usual definitions, i.e . , Re 
Lv/v and Sc = v/D where 

v 

limiting current density, A/ cm2 

electric equivalents per mole of ions 

Faraday constant , A-sec/ equiv. 

diffusion coefficient, cm2/ sec 

linear flow velocity, em/ sec 

11 
D. Cohen, Elecrrochemic . a! Studies of Pluto mum Ions 10 Perchloric Acid Solutions J Inorg Nucl 

12 
Chern . l§ . 207 (1961) . • . . . 

M. B. Finlayson and J A s M El . S 
1 

. · · · owat, ec trolyuc Reduction of Uranium (VI) and Plutonium (IV) Nitrate 

1 3~. Elec uochem. Techno!. i!.· 148 (19651 . 
G. Koch, W. Ochsenfeld a dE s h . S 

1 
' n · c wmd , Flowsheet Studies on Processing of Plutonium Fuels by 

o vent Extraction, German report KFK-990 (1969) 
14v. G. Levich, PhySlcochemic I H d d . . . a Y ro ynarrucs, Prentice-Hall, Englewood Cliffs , N.J. (1962). 



c concentration of electroactive species, mol/ cm3 

L characteristic electrode dimension, em 

v kinematic viscosity of electrolyte, cmz/ sec. 

Substituting the variables into Eq. 1 yields an equation for the limiting cur­
rent density 

ANFD(l-n)vmc 

L(1-m)v(m-n) 
(2) 

In this equation, N , F, D , c, and v are determined by the conditions of the 
Purex process and cannot readily be altered to enhance the rate of electrol ­
ysis. However, the characteristic electrode dimension L and (within prac­
ticallimits) the flow velocity v can be chosen freely. A small characteristic 
electrode dimension and a high flow velocity increase the current density. 

Among the many possible e lectrode configurations , wire screens 
were chosen as the best compromise, because they have a small L and 
a reasonably small viscous drag on the flowing e l ectrolyte. A schematic 
drawing of a slab-shaped conceptual reduction cell is shown in Fig . I-ll. 
The cell has a cathode of several stacked wire screens, two diaphragms , 

and two anodes. The flow is directed 
----ELECTROLYTE back and forth through the cathode by 

I 
I 
I -

BAFFLE 

'-=-= _....--t- CATHODE 

Fig. 1-11. Schematic Drawing of Reduction Cell 
(H = separation of baffles; L = width 
of channel) 

baffles. Such a slab-shaped cell may 
be safe from the standpoint of nuclear 
criticality if the cell is less than 4 in. 
thick. 

The outlet concentration of a 
r educ ed species is given by 

Coutlet (3) 

where t is the residence time of the 
electro lyt e in the cell and 

where S is the total electrode sur­
face area and V is the volume of 
electrolyte in the cell. 

To calculate the outlet con­
centration from Eq. 3, a knowledge 
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of the constants, A, m, and n, for wire screen electrodes is required. 
A value of l / 3 for n has been confirmed in numerous studies. Both A 
a nd m depend on the electrode geometry, and m is also somewhat affected 

by the Reynolds -number range of the system. 

In our experimental work to determine A and m, l imiting currents 
and limiting current densities were determined in an apparatus in which 
flow of e l ectrolyte (at 25°C) over gold electrodes was controlled and meas ­
ured. The interelectrode potentials were controlled with a potentiostat. 
Measurements were made at the Reynolds-number range of most interest 

to us, i.e., l < Re < I 00. 

Separate tests were made with three gold wire cathodes of different 
diameters in an electrolyte of O.OlM K3Fe (CN)6, O.O lM K4Fe (CN)6, and 
0.5M NaOH. This particular electrolyte was chosen because of its favorable 
electrochemical kinetics and because values for the diffusion coefficient 
and the viscosity were available from Bazan and Arvia. 15 In these tests, 
flow velocities w e re 0 .45 to 28.8 em/ sec. These are co rr ected flow veloc­
ities, 16 the corrections being necessary because on ly a central segment of 
the electrode was expose d to the electro l yte . 

Values of m (the slopes of log- log plots of limiting current density 
versus flow ve locity) were 0 .17 , 0.19, and 0. 24 for gold - wire cathodes having 
diameters of 1.2 x 10-z, 2.4 x 10-z, and 4.8 x 10-z em, respectively. 

A further check on the value of m was made by p lotting the limiting 
~densities at a constant velocity against the thr ee different wire 
diamete rs, again on a log-lo g scale . Equation 2 predicts a s lope equal to 
-(1- m). The plot indicated a slope of -0.8, giving a value form of 0.2, 
which is in good ag reement with the above values of 0.17, 0. 19, and 0.24. 
This demonstrates the inte rnal consistency of the measurements. 

Limiting current densities for a 60-mesh (wire diameter of 1.8 x 
lo -z ) 

em gold-plated wire scr een we r e similarly measured, a nd a va lue 
of 0.33 was obtained form. The r eason for a highe r va lue than observed 
with wires is not known . 

. . The constant A was obtained by transforming the limiting current 
denslhes mto Sherwood numbers a nd the velocities into Reynolds numbers 
Values of 7 2 x 10- 6 c z; f D d z; · , · m sec or an 0.0101 em sec for v were taken 
from Ba zan and A rvia.

15 
The Schmidt number, Sc, was calculated from the 

same data. By dividing the Reyno lds numb e r and Sc 113 into the Sherwood 
number , the j - factor was computed; j - factors are a simple function of Re 
of the form 

15
J. C. Bazan and A J Arvia The D' ff . f 
So . . · · ' 1 uston o Ferro- and f erricyanide Ions in Aqueous Solutions of 

16 dtUm Hydroxtde , Electrochim. Acta 10. 1025 (l 965). 

H. Schlicting , Boundary Layer Theory, P: 177, McGraw-Hill , New York (1968) . 



= ARe(m- 1) 

A plot of lo g j-factor versus log Re has an intercept of log A at a Reynolds 
number of I; in our case, A was l. 3 for the wires and 0. 86 for the screen. 

Our data for A and m are characteristic of those for cylindrical 
electrodes at 1 < Re < 100. No mass-transfer data exist in the literature 
for low flows and comparable geometries. However, two excellent heat­
transfer studies exist for the conditions studied. 

Heat transfer can be correlated to mass transfer by the j -factor. 
When plotted as functions of Reynolds number, the j-factors for heat and 
mass transfer have often been found to agree very closely. Hilpe rt 17 did 
extensive work on heat transfer from cylinders into air flowing transversely 
a nd provided data for A and m over the range of I < Re < 250,000. 
Piret ~ a l. 18 m e asured heat transfer to water for the same geometry in the 
range of 0 .1 < Re < I 0. He reports A = 0. 965 and m = 0. 28. 

Grassmann~ ~. 1 9 used a fe rricyanide e lectrolyte and measured 
limiting currents to obtain mass-transfer data at high Reynolds numbers. 
Figure I-12 is a plot of log j-factor versus log Re fo r the data of Hilpert, 

THIS STUDY ( w1res) 

I 
THIS STUDY (screens) 

REYNOLDS NUMBER 

Fig. l-12. Correlation of Heat and Mass Transfer 
Data. ANL Neg. No . 308- 2801. 

17A. ). Chapman, Heat Transfer, MacMillan, N.Y. (1967). 

GRASSMANN el ol 

18£. L. Piret, W. James, and M. Stacy, Heat Transmission from Fine Wires to Water, Ind . Eng. Chern.~ . 
1098 (1947). 

19p. Grassmann, N. Ibl, and J . Trub, E!ektrochemische Messung vo n Stoffiibergangszahlen, Chern . Ingen. 
Technik ~. 529 (1961). 
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Piret, Grassmann, and the present work. For ease of comparison, the vari­
ous A's and rn' s for the rang e of 4 < Re < 40 have been tabulated. 

A rn 

Hilpert 17 0.821 0.385 

Piret18 0.965 0.28 

This wor k, wires 1.3 0.2 

This work, screen 0 .8 6 0. 33 

The correlation of the data for the screen with the heat-transfer data is 
better than that for the wires; however, there is no physical evidence for 
regarding one set of data as more accurate than the othe r . 

For the practical purpose of predicting limiting current densities 
of plutonium in Purex processes by Eq. 2 , the best values may be the 
arithmetic mean of all four determinations. These are A = 1 .0 ± 0.1 and 
rn = 0.30 ± 0.05. With these values, Eq . 2 becomes 

l.O NFDo .66vo.\1o.oJc 

Lo. 1 
(5) 

The limiting current density on a 60-rnesh standard wire screen at 2 em/ s ec 
flow and a concentration of 0.1 M of Pu(N03 ) 4 is computed from Eq. 5 to be 
0.057 A/ crn

2
. The residence time required to reduce plutonium (IV) to 

1/ 2 of its inlet concentration would be 13 sec for a cell with a ratio of 
electrode surface to cell volume of 9 crn - 1

. From residence time and flow 
velocity, the length of such a cell is calculated to be less than 36 ern. Such 
a cell is small enough to be practical , and the holdup time of the Purex 
stream appears acceptable . 



II. SODIUM TECHNOLOGY 

A. On- Line Monitoring of Impurities in Sodium 

Argonne National Laboratory (ANL) is coordinating, as well as par­
ticipating in, a national program for developing, testing, and establishing 
commercial availabi lity of meters for use in FFTF and in other LMFBR 
systems. The meters being developed and characterized in this program 
are monitors for oxygen, carbon, and hydrogen impurities in sodium and a 
leak detector for steam generators. Meter modules that provide flow and 
temperature control are also being developed for FFTF. 

In general, our program this year has turned from one of planning, 
design, and development to the actual characterization and proof-testing of 
devices that will be used on existing and future LMFBRs. 

l. Oxygen Meter 

The first objective of the oxygen-meter program has been the 
development of an improved solid electrolyte tube (isostatically pressed 
thoria-7.5 wt% yttria) for use in an electrochemical oxygen meter having 
a gas reference electrode . This objective has been substantially realized. 
The electrolyte-production process was developed at the Hanford Engineer­
ing Development Laboratory (HEDL), and 200 electrolyte tubes have been 
produced by the Zirconium Company of America (Zircoa) . The 200 tubes 
were delivered to HEDL for characterization tests and, subsequently, 
selected tubes were sent to Westinghouse Research Laboratories (WRL) 
for incorporation into electrode assemblies. Westinghouse identified and 
solved a problem in the process for platinizing the tubes to form gas ref­
erence electrodes . The completed electrode assemblies were sent to ANL 
and Westinghouse Advanced Reactors Division (WARD) for installation in 
meter housings , and the meters are currently being tested in sodium . ANL 
is coordinating these efforts. 

To provide a statistically significant measure of the calibration 
stability of the oxygen meter, 20 meters are being tested: 10 at ANL and 
l 0 at WARD. Initial calibration curves at oxygen levels from < l to 15 ppm 
will be determined for all meters at 370°C by the vanadium-wire equilibra­
tion method, which measures the oxygen activity in sodium. These calibra­
tions will be repeated after three months of continuous operation at 370°C 
to determine calibration stability. The temperature coefficients of the 
meters will be measured at intervals during this period. Testing will con­
tinue for about a year, under conditions determined by results obtained 
during the first three months. 

For the ANL tests, the ten meters are connected in series with 
a cold trap and a laboratory prototype carbon meter-equilibration (C-E) 
module in a system called the Oxygen Meter Rig (OMR). A piping diagram 
nf ~hP OMR i~ ~hrmm in Fig. Il-l. In the OMR, the C-E module , which can 
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Fig. ll-1. Piping Diagram of Oxygen Meter Rig (OMR) 



be used either as a carbon-met er module or for equil ibrating vanadium ­
metal specimens (the l a tter to be used for the calibration of oxygen meters). 

The OMR was started up in October 1971. The sodium system 
at WARD was made operational at about the same time. After a break-in 
period to allow the meter voltages t o s tabilize, tests of calibration stabi lity 
were begun. All 20 oxygen meters being tested on the two systems are 
ope rating satisfact o rily. 

2 . Hydrogen Meter 

The o b jective of this program is the developme nt of an on-line 
meter for measuring the hydrogen ac tivi t y in the primary and secondary 
sodium of LMFBR systems. The meter that has been deve loped a t ANL 
operat es on the principle of diffusion of hydrogen thr ough a nickel mem­
brane . A description of the meter was given in the preceding report in 
this series (ANL-7750, pp. 44-47). 

The hydrogen me t er can be operat ed in two modes. The first is 
a static mode, in which the equilibrium hydrogen pressure above the sodium 
is measured directly and related to hydrogen concentration in the sodium by 
Sieverts 1 law; the second is a dynamic mode, in which the hydrogen flux 
through the membrane is monitored by an ion pump. 

Two series of experiment s have been conducted in the Sodium 
Analytical Loop (SAL) to determine the Sieverts 1 law constant for the 
hydrogen- sodium system. Sieverts 1 Law is expressed by the relation 

s = KP11 2 ( l ) 

where 

S concentration of hydrogen in sodium, ppm 

K a constant, ppm Torr- 11 2 or ppm cm- 11 2 

P hydrogen pressure, Torr or e m 

Our measurements of the constant, K , were condu cted as follows. The 
sodium system was first col d trapped at about l00-l 20°C, and the equil ib ­
rium p r essure above the sodium was measured. The cold trap was then 
isolat ed from the sys t em by valving, and the hydrogen l eve l of the sodium 
was increased s t epwise by a series of hydrogen injections thr ough a nickel 
membrane. The equil ibrium pressure of hydrogen above the sodium before 
and aft er each injection was measur e d with the hydrogen-activity meter, 
which was operated a t 450°C. After an addition of hydrogen, pressure 
measurements were continued until an equilibrium value was reached, i.e. , 
until no further change in pressure occurred. In each case, equilibrium 
was attained within 10 min. 
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The amount of hydrogen added during each injection was obtaine d 

from standard pressure-volume gas measurements. The volume of the 
vessel us ed t o add the hydrogen was accurately known, and the vessel was 
c harged t o a known hydrogen pressure, as measured by a calibrated pres­
s ure gauge . These values were corrected for losses resulting from 
(1) hydrogen solubility in the stainl ess steel of the loop and (2) permeation 
of hydr ogen thr ough various stainless steel and nickel components of other 
hydrogen m e t ers operating in the dynamic mode on the loop . 

Hydrogen losses to the cover-gas region above the sodium were 
assumed t o be small , since the major portion of the cover-gas region was 
at 250°C, a t emperature at which solid sodium hydride would not form at 

the equilibrium pressures studied . 

The Sieverts 1 law constant, K in Eq. l , was calculated after 
each hydrog en a ddition from values of the hydrogen pressure before and 
after the addition and from the amount of hydrogen added. The experimental 
data and the calculated values for the Sieverts 1 law constant are given in 
Table Il-l. The total hydrogen concentra tion in the sodium in these experi­
ments ranged from 0.006 to 0 .8 ppm. 

TABLE 11-1 . De termination of the S ie ve rts 1 Law Cons tant 
fo r the Hydrogen - Sodium System (tempe rature , 450°C) 

Equ ilib rium Hydrogen 
Pressure, Torr 

Befo r e 
Addi tion 

Alter 
Addition 

Ca l c ulated Sieve rts 1 

Law Cons tant 
Hydrogen Addition 

to Sodium. ppm 

0 . 1194. 
0 . 10 5 1 
0 . 1094 
0 . 1945 
0 .2019 
0 . 1164b 
0.1150 
0 .2103 

t .o x to- " 
9 .0 X 10- 4 

2.4 X 10-l 
4 5 X LO-l 
1.0 x to-z 
1.2 X IO"' 
4 .1 x to-• 
t .o x to- 3 

:First seq uence of hydrogen additions . 
Second sequence of hydrog en additions . 

9.o x to-• 
2 .4 X lQ-l 
4 . 5 X lQ-l 
1 .0 x to-z 
1.8 x to-z 
4 . 7 X 10- 4 

1.6 X 10 -l 

6 . 1 x to- 3 

ppm Torr · l/ 2: ppm cm· l / Z 

6 .0 19 .0 
5 . 5 17 . 5 
6 .0 19 . 1 
5 .9 18 . 7 
5 .8 18 . 5 
6.3 19 9 
6.2 19 . 6 
5 .8 18 .4 

5.9 ± 0.8 (2a ) 18.7+ 2 .5 (2a) 

The results of these s tudies indicate a value for the Sieverts 1 

law cons tant of 18 .7 ± 2.5 (2cr) ppm crn-112 or 5.9 + 0 .8 (2cr) T -112 
4

5ooc . . - ppm orr at 
whi · Thls may be compa r e d w1th the values reported by Meacham et al ., 1 

ch v~ned fr~rn 4 · 7 t o 17.7 ppm ern -ll2, and that obtained by McClure and 
Halsey, approximately 22 ppm ern -ll2 . We believe that the Sieverts 1 law 
constant obtained in the p t k · res en wor 1s the best value cur rently available. 

1S. A. Meacham E F Hill and A A G d Th A . · · · · · · or us, e Solubility of Hydrogen in Sodium, USAEC report A PDA-241 

2 
tom1c Power Development Associates (1970). ' 

D. W. McCltue and G. D. Halsey, Jr .. The Solubility of Hydrogen in Liquid Sodium J (1965). , . Chern. Phys. ~· 3542 



3. Carbon Meters 

The long-range objective of this work is a commercially avail­
able on-line carbon meter that will indicate the probability of significant 
carbon transfer taking place in R & D and LMFBR systems. The more 
immediate objectives are the testing, calibration , and improvement of the 
United Nuclear Corporation (UNC) carbon meter, whose operation depends 
on the diffusion of carbon through an iron membrane. The meter will be 
incorporated into a module containing the necessary flow- and temperature­
control devices for use on FFTF. 

The UNC meter has been operated on a pumped-sodium system, 
the Test and Evaluation Apparatus (TEA) to determine its responses to 
system variables. The tests included separately increasing the cold - trap 
temperature, the loop temperature, and the primary sodium flow rate . 
Only transient increases in the carbon flux, some of these as large as 
lOOOo/o , were obtained in all three instances . 

These observations suggested that carbon or carbon-containing 
particulates are detached from the walls of the system by some disturbance 
and are released into the sodium and carried past the carbon meters. This 
hypothesis was supported by the results of two experiments. In the first, the 
system was disturbed by rapping the piping; in the second, the primary 
s odium flow rate was abruptly changed from l gpm (the normal flow rate) 
to 3 gpm. In both tests, the carbon flux increased rapidly after -5 min (the 
time required for diffusion of carbon through the probe membrane). 

Although it is generally agreed that carbon- containing particu­
lates are present in sodium systems, their importance in carbon transfer is 
not fully understood . Nevertheless, it seems reasonable to assume that 
these particulates play some role in the transport of carbon.3 Tests of the 
carbon meter on TEA have been temporarily deferred to implement meter­
c alibration studies (see below); however, further examination of the effects 
of carbon-containing particulates on meter response is needed. 

Experiments are now under way to develop a method for cali­
brating the UNC meter by correlating flux readings with the carbon activity 
in sodium. With a standard calibration method, results obtained at various 
sites will be directly comparable. A direct method of activity measurement 
would provide intermittent on-line calibration capabilities for the continu­
ously operating carbon meter; it could also supplement, and possibly re­
place, the traditional methods of analysis for carbon. 

The method chosen to measure the activity of carbon in sodium, 
which is similar to that being used to measure the oxygen activity in 

3R. Roy and G. P. Wolzadlo , Nucl. Techno!.~ · 307 (1 971). 
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sodium, 4 is based on the equilibrium distribution of carbon between a metal 
specimen and sodium. At equilibrium, the carbon activities in the metal and 
in the sodium are equal. From carbon analysis of the metal specimen and 
from the established relationship between carbon concentration and carbon 
activity in the specimen material, the carbon activity of the metal and con­

sequently that of sodium can be derived. 

Initial calibration experiments have been conducted in stirre d 
vessels rather than a pumped-sodium loop, because of the difficulties in 
controlling the carbon concentration in a loop system. In the calibration 
experiments, two types of vessels were used: one was made of Type 304 
stainless steel and the other of Croloy. The container fixes the activity of 
carbon in sodium, Type 304 stainless steel yielding a relatively low carbon 
activity and Croloy a high activity. Nickel and Fe-8 wt% Ni alloy in the 
form of 2-mil foils were chosen as metal specimens for equilibration. 

Each vessel, equipped with a UNC carbon meter, was charged 
with about 700 g of reactor- grade sodium, heated to 750°C, and, after a 
constant carbon flux was obtained (usually overnight), a specimen holder 
(fabricated from the same materials as the containment vessel) with the 
foils attached was inserted into the liquid sodium. The foils were exposed 
to the sodium for -65 hr. (This was, in general, - l 0 times longer than the 
time to equilibrium calculated from diffusion theory.) The conditions of 
the experiments, carbon-meter flux readings, and carbon content of the 
foils after equilibration are given in Table II- 2 . 

TABLE U-l . Initial Calibration of UNC Carbon-Meter Flux 
with Nickel and Fe-8 wt 'fo Nickel Foils at 750°C 

Final Carbon 

Sodium Flux, 
Concent ration, ppm Carbon Activity 

Conta i ner "g/(cm')(min ) Nickel 

C roley 0 .234 72 
304 55 0 .003 27 

Fe-8 wt o/o Ni 

656 
47 

Nickel 

7 x to-z 
3 x to-z 

Fe-8 wt 11Jo Ni 

The data show that both the carbon flux and the carbon content 
in the foils were h ' h 'th h . 1g er w1 t e Croloy vessel than with the Type 304 
stamless steel vessel. In each experiment, the uptake of carbon was greater 
for the Fe-8 wt% Ni foils than for the nickel foil· thus Fe-8 t m N' · m · . . . , , w -,o 1 1s a 

ore s~ns 1tlve md1cator of carbon activity than nickel. The activities of 

b
carbon 1n the mckel and Fe-8 wt% Ni foils were calculated from their car-
oncontentsand from the t · 1 1 b'l· · 

Th 
. . . erm1na so u 1 1hes of carbon in these materials. 

ese actlv1tles also t h . . 
t 

.
1
.b . represen t e actlv1ty of carbon in the sodium since 

a equ1 1 num th t · · · ' 
Th 

e ac 1v1hes of carbon in the foils and in sodium are equal 
e results of these cal 1 t . · bo . . . cu a 10ns are also included in Table II-2. The car-

f _n tctlv1bes derived from the data for nickel and Fe-8 wt% Ni are in 

b
a 1

1
r Y good agreement, but those derived from the Fe-8 wt "!o Ni foils are 

e 1eved to be more a t b ccura e ecause of the higher carbon content. It 
~~-:-------
40· L. Smith. An Equilibration Method ~ M . 
Techno!. ll , 

115 
(May ! S7l ). or easunng Low-Oxygen Activities in Liquid Sodium, Nucl. 



should be noted that the carbon activities of the sodium/Type 304 stainless 
steel and sodium/Croloy system derived from the carbon contents of the 
Fe-8 wt% Ni foils differ by an order of magnitude, in agreement with the 
calculations of Natesan and Kassner_s Additional work is under way to 
examine other metals and alloys and to select the most suitable material 
for this application. However, these initial experiments indicate that the 
carbon-meter flux is a sensitive monitor of the carbon activity in sodium 
and that the equilibration method shows promise as a means of calibrating 
the carbon meter. 

4. Meter Modules for FFTF 

The objective of this work is to design, proof-test, and establish 
commercial availability for on-line meter modules to be installed at FFTF. 
These modules include meters for monitoring impurities and controls for 
flow and temperature which are required for proper meter operation. Two 
types of modules are being designed and tested : (1) an oxygen-hydrogen 
meter module , containing two oxygen meters and a hydrogen meter, and 
(2) a carbon meter-equilibration module, which houses either a carbon 
meter or a device for equilibrating metal specimens for meter-calibration 
purposes. The designs of these modules were described in the preceding 
report in this series (ANL-7750, pp . 41-42) . Proof-testing is being carried 
out on laboratory sodium systems and on the Radioactive Sodium Chemistry 
Loop (RSCL) at EBR-11 . 

a. Oxygen-Hydrogen Meter Module 

Two oxygen-hydrogen meter (0-H) modules have been built: 
one is being tested at ANL in the Test and Evaluation Apparatus (TEA); the 
other is being tested in radioactive sodium at EBR-11. 

The module on TEA has been tested at sensor temperatures 
of 700, 800, and 900°F with an inlet sodium temperature of 700°F. The 
sodium in TEA has been cold-trapped at oxygen levels in the range of 0.5 to 
10 ppm and hydrogen levels in the range of 0.025 to 1.0 ppm. 

The two oxygen meters in the module had accumulated total 
operating times of 4920 and 4392 hr by December l, 1971. 

Periodic temperature-coefficient tests have been conducted 
to determine whether any changes had occurred in the behavior of the 
electrolyte tubes. Westinghouse has found that a progressive drop in the 
temperature coefficient from normal levels (±0.15 mV) to a large negative 
level (- l m V /°F) indicates a progressive deterioration of the cell as a 

5 K. Natesan and T . F. Kassner,]. Nucl. Mater.~(2). 223 (1970). 
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result of sodium corrosion . 6 The temperature coefficients of both meters 
at -800°F have tended to drift toward more negative values; however , the 
changes are s light and are not expected to cause any difficulties. 

In a series of calibration runs made at meter temperatures 

of 800°F and at several concentrations of oxygen in sodium, emfs of the 
meters were correlated with the oxygen concentration as determined by the 
vanadium-wire equilibration method. 4 Plots of emf versus oxygen concen­
trati on have slightly different slopes and are displaced somewhat from the 
the o reti ca l va lues . For research and development studies, it is desirable 
to obtain equilibrations at two and preferably three concentrations to deter­
mine the slope accurately. However, in reactor systems, where large 
changes in oxygen concentration are not expected, a single equilibration of 
wires should suffice for meter ca libration. Because of a decision to operate 
the 0- H module at EBR-ll at a meter t empera ture of 700°F, equilibration 
tests are also being made at this temperature to permit comparison of the 
data from TEA with data from EBR-ll. 

The hydrogen meter in the 0- H module on TEA is being 
operated in the equilibrium mode to test its responses to changes in hydro­
gen concentration at various meter temperatures. Data for the hydrogen 
meter at three meter t empe ratures {700, 800, 900°F) and three hydrogen 
levels {0.55, 0.26, 0.14 ppm) indicate that the time to equilibrium is a func­

tion of sodium temperature at the meter and also, to a degree, the hydrogen 
concentration in the sodium. 

Successful operation at elevated hydrogen levels was indi­
ca ted by thes e experiments. Attempts will now be made to operate at low 
levels of hydrogen {<0. 1 ppm) and at a temperature of 700°F; under these 
conditions, meter response for this unit has thus far been marginal. 

The installation of the 0- H module in Cell B of the RSCL 
has been comple ted. Checkouts of the modul e, the subsystem for Cell B, 
and the console for Cell B were accomplished after some modifications of 
heaters and power supplies for the solid-state alarm circuits . After these 
c he ckouts, the module was filled with sodium from RSCL and flow was 
initiated; operation at 700°F was attained on September 30, 1971. The 0- H 
module was operated for 435 hr prior to a scheduled shutdown of the module. 
After 413 hr of successful operation, one of the oxygen meters failed; the 
other was operating properly at the time the module was shut down. 

The main purpose of this first operation of oxygen meters 
on EBR-ll was to determine whe ther radiation (primarily from 24Na) had any 
effect on oxygen-meter p f · er ormance. A compar1son of oxygen-meter 
vol tages during normal t · . z4 reac or operabon and dunng a period of Na decay 
a fter a planned reactor s h td h · · · · · u own s owed no s1gn1hcant d1fferences 1n meter 

6
Insuuction Manual Westingh L" "d 

' ouse tqm Metal Oxygen Meter, Model LM- 11. WNICD-OMOOl IDecemhe.r 1 ~70\ 



operation . Similar, stable voltages were measured during shorter periods 
(several hours) of reactor shutdown and restartup. It is, therefore, tenta­
tively concluded that direct radiation from Z4 Na levels as high as 1400 >J-Ci/ g 
of sodium does not affect the oxygen-meter voltages. 

The oxygen meter that failed had produced stable voltages 
during its 413 hr of operation. No transients were observed in the system 
variables that would unequivocally explain the failure; however, the meters 
did experience eight temperature decreases of> 50°F, which were mainly 
caused by automated safety shutdowns of the RSCL and, hence, of the 0- H 
module. These resulted in heater shutdown and a temperature decrease at 
the meters . It is possible, but unlikely, that these temperature decreases 
contributed to the short life of the failed meter . To avoid this possibility, 
steps are being taken to maintain the meters at a suitable temperature when 
the RSCL shuts down and also to lessen the frequency of automatic safety 
shutdowns on the RSCL. 

The failed oxygen-meter electrode was replaced prior to 
restartup of the 0-H module on December 1, 1971. The C-E module on the 
RSCL was also started up at that time, enabling oxygen-meter calibrations 
to be performed. 

The hydrogen meter in the 0- H module was operated only 
in the dynamic mode. The meter operation was stable except for a general 
drift from an initial reading of about 20 >LA at 700°F to a stable value of 
2-3 >LA at 700 °F after eight days of operation. The drift has been attributed 
to a general cleanup of hydrogen from the RSCL and module piping by the 
flowing sodium. No attempt was made to operate the meter in the equilib­
rium mode since the dynamic measurements indicated that the hydrogen 
content of the sodium was very low, possibly below O.l ppm. At these low 
levels of hydrogen, improved vacuum valves were needed. The original 
valves, which had polyimide seats and seals, were replaced with all-metal 
vacuum valves before the module was restarted. The all-metal valves will 
provide a lower background (less degassing) and , therefore, will make 
equilibrium measurements more feasible at the low concentrations of hydro­
gen in EBR-ll sodium. 

b. Carbon Meter-Equilibration Module 

Two carbon meter-equilibration (C-E) modules have also 
been built: one is being tested at ANL on the Oxygen Meter Rig (OMR); the 
other will be tested at EBR-ll in Cell C of the RSCL. Both will be used 
initially for calibrating oxygen meters by the equilibration of vanadium 
wires. 

In initial tests of the C-E module on the OMR, the capa­
bilities of the unit in meeting the temperature-control and flow requirements 
for FFTF were determined. In this module, the flow is controlled by a 
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manual throttling valve (to b e automated for use at FFTF) and the incom~ng 
s tream is heated by a regenerative heat exchanger and a high-intens1ty llne 

heater. The module was designed to 
heat an incoming sodium stream with 
a flow r ate of at least 0.1 gpm from 
400 to 1382°F (750°C)1 and to discharge 
the sodium at a temperature no more 
than 50°F above the inlet temperature. 
In the tests, the sodium inlet tempera­
ture was varied from 400 to 920°F and 
the maximum flow rate attainable with 
an inlet -to - outlet temperature rise of 
50°F was measured. The results, 
plotted in Fig. II-2, show that the 
module meets the heat-transfer per-

SPECIMEN TEMP HELD AT I:~BZ•F (75Q•C) 
01 INLET -OUTLET AT HELD AT 5Q•F 

400 ""' 1000 

SODIUM INLET TEMPERATURE , •F 

Fig. II-2. Sodium Flow Rate vs. Inl et Temperature 
forC-E Module (specimen temperature, 
1382"F (750.C) : inlet-outlet temperature 
differential, so·F] 

formance requirements. 

Another requirement for the 
module is that the vanadium wire s be 
cooled quickly at the end of the equili­
bration period to avoid significant pick­
up of additional oxygen by the wires 

during cooling. (The equilibrium oxygen content of the wires increases as the 
sodium temperature decreases.) Specimen cooling curves obtained by two dif­
ferent methods are shown in Fig. II-3. 
The cooling rate shown in the lower 
curve, obtained by simply turning off the 
module heaters and cooling the wires in 
the sodium stream, exceeds the rate 
suggested4 as being adequate for cooling 
vanadium wires in sodium (the s ug­
gested cooling rate is shown in the fig­
ure as a dashed line). The cooling rate 
shown in the upper curve was obtained 
by stopping sodium flow through the 
module and displacing the sodium with 
argon. Although the latter cooling rate 
is lower than that obtained with flowing 
sodium, the method is equally satisfac ­
tory because oxygen transfer through 
the gas is negligible. 

Checkouts of the C-E 
module and console for the RSCL were 
completed at ANL-Illinois, and the 
units and all components for Cell C 
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Fig . II-3. Cooling Rates of Vanadium 
Specimens in C-E Module 

1. 30 

7vanadium wires a 'Jib · . . . . re eqm rated wah the sodtUm for at least 4 hr at this temperature to determine oxygen 
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were shipped to EBR-II. Installation was completed and the module was 
started up early in December 1971. 

The proposed use of specimen-equilibration devices and 
modules on reactor systems has pointed up the need for a low cost equili­
bration device for other smaller sodium systems. Such a device is now 
being designed. It is expected that this apparatus can be adapted to fit 
existing equipment and provide for specimen equilibration with a minimum 
of expense. 

c . Module Designs for FFTF 

The 0-H and C-E modules installed at EBR - II were origi­
nally designed to meet the performance and space requirements of FFTF; 
however, changes made by HEDL, principally, the addition of remote valve 
operators and changes in the module pipe size and inlet and outlet locations, 
have necessitated changes in the designs of these units. These changes 
have been completed and HEDL is now fabricating 0-H and C-E modules 
according to the most recent designs for use in their test loops. 

5 . Detectors for Leaks in Steam Generators 

A hydrogen meter has been developed for detecting leaks in 
sodium- heated steam generators. The leak- detector operation depends on 
diffusion of hydrogen from sodium through a nickel membrane into a dy­
namic vacuum system. Changes in the hydrogen level in the sodium are 
detected by changes in current in the ion pump that maintains the vacuum. 
The first steam-generator leak detector was built by ANL for use on the 
Sodium Components Test Installation (ScTn at the Liquid Metal Engineering 
Center (LMEC). 

A steam- generator leak detector has also been designed for in­
stallation on EBR-II and as a prototype for use on future LMFBRs . Design 
of various components is shown schematically in Fig. ll-4. The overall 

MAIN SODIUM LINE DIFFERENTIAL ION PUMP §/r '"''\i:::_·p~~~ 
/ NICKLE~BELLOWS 

LINEAR INDUCTION -y~-.r,- ~· --:_ ~ 
SODIUM PUMP lt 

VACUUM LINE 

MEMBRANE HOUSING 

FLOW DIVERTING TEE 

Fig. 11-4. Hydrogen-Meter Leak Detector for Steam Generators 
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Len th of the unit is app r oxim a t e ly 3.5 ft. It ca n be i n s taLLed in a single 
pen:tration eithe r on the s team-ge nerator exit Line or, with appropriate 
design changes, directly in the steam-generator m o dule . Sod1um ent ers 
the annulus and flows t o the flow-diverting tee wher e it is diver t ed 1nto . 
the side Leg in w hich the linear induction pump is Located. Sodium entenng 
the side Leg is pumped down the annulus, up the cent e r tube, and back to 
the tee. Flow conti nues thr ough the hea t- exchanger annulus , pa s t the 
nickel membrane, and r e turns to the main sodium s tr eam through the 

center tube of the heat exchanger . 

The first model of thi s t ype of l eak d e t ec tor has been instaLLed 

and tested on the Sodium Ana l y ti ca l Loop (SAL). The total test time was 
1040 hr . During the t es t s, the hydrogen conce ntration in SAL was varied 
from 0.03 to 0.32 ppm, the range expected in a weLL cold-trapped system. 
The response of the l eak detector ove r thi s rang e of concentrations has 

been very close to the predicted response. 

A miniaturized hydrogen-me t e r leak d e t ec t o r ha s a l so been 
designed, cons truc t ed, and tes ted on SAL. The principle of op e ration of 
t his device is the same as that of the larger version; however, in the minia­
tur ized device, the ion-pump size was r edu ce d from 11 liters /sec to 
1 liter/sec, the s urface area of t he ni c ke l membrane probe wa s r e duced 
from 20 cm2 t o a b out 5 cm 2 and t he s hape of the membrane was c hange d 
from bellows-shaped t o hemispherical for o peration a t high pre ss ur e. 

Short-te rm t es t s in SAL of the miniatur ized unit , with the 
nickel m e mbrane o perat e d a t 450 °C, indicated that the devi ce operates 
sa ti sfac tori ly. When the unit was operat e d on a sodium system conta ining 
appr oxima t e ly 0.8 ppm hydr ogen , the ion-pump c urr ent generated was in 
good agreement (±30'l'o) with that predicted from hydr ogen-permeation c al ­
cu lations for the sys tem. The s tability of the ion-pump c urrent for thi s 
sys tem had a s tanda rd deviation of 0 .016%, which is s lightly bette r tha n 
tha t achieved with 11 liters/sec pumps. 

The results of these studies indicate that miniaturization of 
the hydrogen-me t e r leak detector is feasible. Further s tudie s a r e needed, 
however , t o determine the long -te rm ope r a ting c h arac teris ti cs o f this 
system. Advantages of m inia turization include savi ngs in equipment cos ts , 
good s tabili t y of the smalle r ion pump, and the possibility of p roviding a 
stronger and simpler nic ke l-membrane configuration. 

6. Characte ri za tion of Impurity M e ters and M e ter Response to 
Impuri ty Species 

The Apparatus for M onitoring and Purifyi ng Sodium (AMPS) 
wiLL be u sed t o s tudy the in t e ra c tion of impurity species in sodium and the 
effect s of s u c h intera t ' · · · c 1ons on 1mpunty m e ter s. The e ffec t1veness of co ld 
tr aps for hydrogen removal wi LL be s tudied to gain insight into the u se of 



cold traps for tritium removal and retention. Interaction of impurities 
with the stainless steel surfaces of the loop will be studied, as well as 
possible impurity sources in large sodium systems. 

The design of AMPS has been completed except for a few 
minor details, and emphasis has shifted to the construction-and- assembly 
phase of the project. Major components now being fabricated include the 
cold traps, the hydrogen trap, the piping spool pieces , an 0-H meter 
module, and aC-E module. Completed components include the main 
pressure vessels and component supports and stands. 

B . Analytical Standards Program 

Argonne National Laboratory has been given the responsibility of 
certifying sampling and analytical procedures for use throughout the 
national sodium technology program. The long-term objective of this pro­
gram is a set of sampling and analytical methods which, when combined 
with corrosion and purification data, will constitute the basis for a final 
set of purity specifications for the operation of reactor and large nonreac­
tor sodium systems. To achieve this objective , ANL has established an 
Analytical Standards Laboratory to handle the administrative and labora­
tory aspects of this program. The administrative aspects involve (1) coor­
dination of contractor activities in the Analytical Standards Program and 
(2) generation of all RDT standards concerning sodium sampling, analysis 
and purity. The laboratory aspects involve (1) participation in the testing 
of interim sampling and analytical methods to satisfy the near-term needs 
of EBR-ll, FFTF, and contractor laboratories and (2) the development of 
standard methods that fully satisfy the long-range needs of the sodium 
technology effort. 

1. Administrative Activities 

a. National Standards Working Group 

Successful implementation of the analytical standards pro­
gram requires the close cooperation of all laboratories participating in the 
sodium technology effort. Accordingly, ANL organized an advisory group 
(the National Standards Working Group) to represent both reactor and non­
reactor laboratories. ANL, with the assistance of this group, has prepared 
a manual of procedures 8 to be used for the analysis of sodium and cover­
gas systems and has established mechanisms for sample interchange pro­
grams to test the methods. 

Participants in the first sample interchange , which was termed 
a "pilot study," were ANL-lllinois, EBR-ll, the Hanford Engineering Develop­
ment Laboratory (HEDL), and the Liquid Metal Engineering Center (LMEC) . 

8Interim Me thods fo r the Anal ysis of Sodium and Cover Gas, ANL/ST-6 (January 1971) . 
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Samples of EBR-II sodium, which were provided by EBR-II personnel, were 

analyzed for oxygen, carbon , h ydrogen, and tra ce metals. 

Results of the pilot study were evaluated using the crite ria 

of "familiarity " and "intercompar ability " generated by ANL. Familiarity 
with a g1ven method was considered satisfactory when the precision within 
a laboratory was found to be equal to or less than 1 .5 times the precision 
s tated in ANL/ ST-6. Intercomparability of the results was considered 
acceptab l e when the mean value of the participating laboratory agreed, 
within the calculated precisions , with the mean value obtained b y a control 
laboratory. The pilot study evaluation ind1cated inter comparability of re­
sults of hydrogen, carbon, and oxygen analyses for all participating labo­
ratones ; however , familiarity by all participating laboratorie s was found 
only for the oxygen method, which indicat ed that experience with the hydro ­
gen and carbon methods was 1nsufhcient. The evaluation also indicated a 
problem w1th the trace-metal anal ysis . The results reported for 15 trace 
metals by the four participating laboratories were only irregularly com­
parable. The cause of this irregularity is now being sought. The Working 
Group is now considering changes in procedural details of some of the 
methods , as well as additions of new methods to the manual. 

b . RDT Standards for Sodium Sampling, Analysis, and Purity 

ANL has the responsibility for generating all RDT s tand­
ards related to purity specifications for sodium and gases us ed in reactors 
or other sodium systems. These documents will specify the impurity levels 
that are accep table for the purchase of sodium and cover gas and for the 
ope r ation of sodium and cover -gas systems. The y will also specify the 
sampling and analytical methods to be used to monitor all impurities and 
to demonstrate that certain impuri ties (for w hich methods of control exist) 
are at or below the acceptable levels. 

. . Preliminary specifications were generated and published 
1n an 1nformal document (ANL/ ST- 5) entitled "Interim Purity Specifications 
for Large Operating Sodium Systems . " This document contains specifications 
for (a) punty of purchased sodium, (b) measurement and control of the level 
of selected impurihes in sodium, (c) measurement of the level of other 
lmpurities in sodium, (d) measurement of the levels of impurities in cover 
~:s, and (e) fre.quency of ana lysis of sodium and cover gas . These prelimi-

ry spee1hcatwns , along with the procedures specified in ANL/ST- 6 will 
be used as a basis fo t· / . . ' r genera 1ng and or rev1s1ng the RDT standards dis-
cussed below. 

RD Sodium Purchase Specifications . An amended version of 
. T-Ml3-lT "Reactor Grade Sodium--Purchase Specifications , " was dis-

tnbutedln l97l Th t . · e con ent s of th1s standard were discussed with and 
are acceptable to all three potential suppliers9 of reactor-grade sodium. 

9
E. I duPont de Nemours & c U S I . o . • · . . Chermcals, and Ethyl Corp. 



This document now contains (1) overall requirements for sodium purity, 
(2) maximum impurity levels for elements detrimental t o sodium and reac­
tor systems, (3) detailed sampling instructions, and (4) appropriate refer­
ences to analytical procedures in ANL/ST-6. 

Reviews of the amended version of RDT Ml3-l T by poten­
tial users and RDT revealed that (1) a more stringent specification for 
uranium in sodium was desirable and (2) a reevaluation of the sampling 
and analysis requirements with respect to cost was appropriate. ANL has 
established by analysis of several sources of sodium that sodium usually 
contains <0.01 ppm uranium and has agreed to lower this specification 
from l to 0 .01 ppm. A cost analysis of several sampling and analytical 
schemes made by ANL, and the findings of the cost analysis have been 
submitted to RDT for review. 

Cover-Gas Specifications. ANL has completed a draft of 
RDT Ml4-l, entitled "Sodium Cover Gas--Purchase Specifications." This 
document specifies acceptable impurity levels in argon, helium, and nitro­
gen when they are used as cover gases for sodium. 

Included in these specifications are the acceptable levels 
of xenon, krypton , and neon . These potential impurities in argon are of 
particular interest to HEDL, because isotopic mixtures of each of these 
gases may eventually be used as tags to identify subassemblies containing 
faulty fuel pins in FFTF . It is important, therefore , that the background 
from natural isotopic mixtures of these gases be kept low (below the parts­
per-million level) so that the tags will be identifiable. 

Purity Specifications for Operating Sodium Systems. Some 
of the specifications of ANL/S T- 5 have been incorporated into a draft of 
RDT Al- 5, "Purity Specifications for Operating Sodium Systems." This 
draft contains specifications for both large and small loops throughout the 
sodium technology program, and prescribes separate sampling and analysis 
schedules for systems operating with and without on-line impurity monitors. 

Interim Methods for the Analysis of Sodium and Cover Gas. 
The document ANL/S T- 6 entitled "Interim Methods for the Analysis of 
Sodium and Cover Gas" is in the process of being converted into an RDT 
standard, RDT F3-40. 

2. Laboratory Activities 

The Analytical Standards Program 's laboratory effor ts have 
been directed toward investigations in the following areas: (l) establishing 
a metal- specimen equilibration technique as an analytical method for deter­
mining carbon activity ins odium, (2) applying the uranium- getter technique 10 

lOH. S. Isaacs,). Nucl. Mater . ~. 322 (1970). 
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to the determination of oxygen in circulating sodium systems , (3) developing 
a gas - chromatographic separation of 23 Ne from xenon and krypton 1sotopes 
for analys1s of reactor cover gas , (4.) es ta~ li shing the effect of sample llne 
length on the concentration of trace ~mpuntles 1n sod1um, (5) develop1ng a 
method for the collection and analys1s of partlculates m sodmm, and (6) de­
creasing the analys 1s time of the vanad1um-wire equilibration method . for 
oxygen in sodium by employing a commercial oxygen analyzer . The ~ust 
two invest1gations are in prelimmary stages of evaluat10n, and the third 1s 
described e l sewhere in this report (Section II .D) . The work on effects of 
line length, particulate analysis , and determining oxygen in vanadium is 

described below . 

a . Effects of Lme Length on Sample Validity 

One of the ANL lead assignments related to FFTF needs 
is the determination of the effects of the length of a sampling line on sample 
validi ty Of principal interest are the effects on the determination of 
(1) nonmetallic impurities , mainly oxygen , hydrogen, and carbon, (2) metals 
and halides , and (3) radioactive species . 

The effect of line length on the oxygen cont ent of sodium 
has been investigated in a flowing sodium system at 350 , 450 and 565°C . 
The equipment consisted of a main loop of - 15- gal capacity and a smaller 
bypass loop of - 1-ga l capacity The two loops were interconnected so that 
they could be operated independently or in series. The smaller loop con­
sis ted of 100ft of 5/ 8-in .-OD (9/ 16-in .-ID) T ype 304 s tainless steel tubing 
with an electrochemical oxygen meter located at each end of the 100-ft 
section . Before the line-length experiments were performed, the se meters 
were calibrated against each other by changing the cold-trap temperature 
and recording the equilibrium meter readings. The experiments were per­
formed by operating the two sys tems independently at d1fferent oxygen 
l evels and then quickly (in -2 sec) interconnecting the systems in series b y 
means of a valving sequence The em£ response of the oxygen meters was 
then recorded as a function of time. 

The experiments at each temperature were conducted at 
two different sodium flow r ates (2. 5 and 5 gpm) and with the initial oxygen 
concentr a tion in the main loop both higher and lower than in the bypass 
loop (all oxygen levels were between l and l 0 ppm). In each experiment, 
the response of the inlet meter was rapid and the response time of the 
outlet meter corresponded closely to the time calculated for the passage 
of sodium through the 100ft of tubmg a t the known flow rate . The changes 
1n oxygen-meter read1ngs were the same for both cells, within experi­
mental error. From these data , it is concluded that at these tempe ratures , 
flow rates, and oxygen levels , no significant loss in accuracy is incurred 
by the use of a sample-line length of 100ft and that the oxygen-meter re­
sponse t o a change in oxygen le vel is limited only by the time required for 
the sod1Um to move through the line . 



In the experiments at 450 and 565°C, hydrogen meters are 
also installed in the small loop to study the effect of line length on hydrogen 
concentration. The data indicate that, for hydrogen concentrations between 
0 .l and 10 ppm, line length has no effect on hydrogen concentration at these 
temperatures and flow rates. 

b. Particulate Analysis 

As a part of the Analytical Standards Program, ANL will 
specify a method of particulate analysis for use in sodium technology pro­
grams . Most of the aspects of such a procedure have been reasonably well 
established; however, the recovery of the particulates unchanged from a 
filter device is an unsettled procedural problem . 

Particulate recovery by the common practice of using a 
polar solvent such as alcohol or water to remove residual sodium could 
alter the form or composition of particulates; therefore , other methods, 
namely, distillation, dissolution in mercury, and dissolution in liquid 
ammonia, were investigated . Dissolution of residual sodium in mercury 
presented problems in the subsequent filtration and complete removal of 
mercury. Dissolution in liquid ammonia resulted in the formation of con­
siderable quantities of sodium amide. Distillation, on the other hand , pro­
vided an effective separation of excess sodium from the filter. Effort is 
now being directed toward devising a method of rapidly and reproducibly 
separating the particulate from the filter following distillation of the 
sodium. At present , a procedure involving ultrasonic removal of the par ­
ticulate is under investigation. 

Filter assemblies have been designed for EBR-II , for the 
Core Components Test Loop (an ANL facility being used to test FFTF 
subassemblies), and for smaller loops in the ANL sodium technology effort. 
The EBR-II assembly was installed and operated on EBR-II for -z days, 
during which time more than 1000 gal of sodium was filtered . This EBR-II 
test indicated that minor design changes were desirable to improve the 
operation of the filter. 

The filter from the EBR-II assembly is presently being 
used to investigate ultrasonic removal of particles , particularly radioactive 
species, from the filter. 

c. The Vanadium- Wire Equilibration Method for Determining 
Oxygen Activity in Sodium 

In the vanadium-wire equilibration method, 11 a vanadium 
wire is exposed to sodium until equilibration of oxygen between the wire and 
sodium has been attained. The oxygen activity in the sodium is then obtained 

llo. L. Smith , Nucl. Techno!. _!!(1), 115-119 (1971). 
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from the oxygen content of the vanadium and from data on the distribution 

coefficient of oxygen between vanadium and sodium . 

During the development of the vanadium-wir e method , the 

oxygen cont ent of the wires, aft e r equilibration in sodium, w1~s determined 
by an inert-gas fusion method that employs a platinum bath . Recently, a 
LECO R0 -1 6 Oxygen Dete rmi na tor was purchased and se t up to perform 
the iner t-gas fusion anal ysis . This instrument decr eases the analys1s tlme 

b y a factor of four . 

In the pr ocedure used with the LECO instrument, the metal 
is fir s t fused in a graphite crucible at a temperature in excess of 2500°C. 
Nitrogen carrier gas sweeps the release d oxygen (as CO) , nitrogen, and 
h ydrogen from the furnace through an As carite trap and over hot copper 
oxide . Hydrogen is oxidi ze d to wat er and abso rbed in anhydrone whi l e the 
carbon monoxide is oxidized to C02 and measured by a thermal- conductivity 
cell. The output of this detec tor is integrated and displayed on an electronic 

digita l voltmeter. 

Initial tests with the new ins trument revealed that the 
vanadium-wire samples did not compl e t e l y fuse ; howeve r, the addition of 
- O .5 g of high-purity iron c hips provided comp l e t e fusion of the wires. The 
graphite crucible and iron are outgass e d near the operating temperature 
prior to adding the sample . The sample is then added without exposure of 
the c rucible and its co nte nts to the atmosphere and fused during a second 
"burn 11 in the same cru cib l e. 

R esults of analyses of sampl es of vanadium wires using the 
LECO instrument were compared with results from duplicate samples pre­
vious ly ana lyzed b y the manual inert- gas fusion te c hnique. This comparison 
s h owed that the LECO analyzer gives values that are within 2% of those 
obtained by the established manual method. 

A study of the precision of the LECO method was also made 
b y examining the r esults of 51 d e termina tions on 20 different vanadium 
samples· The average diffe rence between duplicates was 2. 7%. The range 
b e tween the high and low r esults on the triplicates average d 2 .9% , and the 
rang e of the quadruplicate s was 3 .2"/o . The triplicate se ts of data yie lded 
an average relative standard deviation of 3.9%. These tests indicate that 
both the precision and accuracy obtained with the LECO instrument are 
adequate for determining the oxygen content of the vanadium wires . 

C . Sodium Chemistry 

The. program on the chemis tr y of liquid sodium is directed toward 
under s tanding the behavior of 1' mpur1·t1'es 1' n d ' t ' t t so 1um per 1nen o 

128. D. Holt and H. T . Goodspeed , Anal . Che rn . 35 , 1510 (1963). 



(a) the deve lopment and evalua tion of ana lytica l methods, (b) the interpre ­
tation of oxyge n- and hydr ogen-meter readings , and (c) the purification of 
cove r gas. In thi s c onnec tion, r ecent effort has been devoted t o ( 1 ) e lu ci ­
dating the phase r e l a tions in the sodium- rich corne r of the Na- NazO- NaOH ­
NaH system, (2) developing vacuum distillation as an analytical m e thod for 
impurities in sodium, and (3) determining the so lub i lity of krypton, a 
fission- product gas, in liquid sodium. 

1. The Na - NazO- NaO H- NaH System 

I n tere s t in the Na-NazO-NaOH-NaH phase relations s t ems from 
the need t o unde rstand the behavior of oxygen- and hydrog e n-bearing species 
in liquid sodium. The r es ults will assis t in the development and evaluation 
of anal yti cal methods for monitoring oxygen and hydrogen impurities in 
sodium and wi ll provide a base for futur e investigations of cold-trapping, 
caustic s tr ess corr osion, and other related s tudies . 

A ca r eful review of the literature indicated tha t previous work 
on this sys t em was fragmentary and not se l f-consis t ent. Neve rthe less, 
we cons tru c t ed several t enta tive working versions of the Na-NazO - NaO H­
Na H corner of the sodium- oxygen- h ydrogen t ernary sys t em, each of w hi c h 
was in ag r eement with some aspect s of the l i t eratur e d a ta. Seve r a l a rbi­
tr a ry , but reasonable, assumptions were made in c r ea ting the diagrams. 
The NazO-NaOH binary section of Bou aziz, Papin, and Rollet 13 and the 
NaOH- NaH binary section of M ikheyeva and Shkrabkina 14 were ass ume d to 
be corr ec t. The a llotr opic tr ansfo rma tions of NazO and NaOH were ignored. 
The Na-NazO and Na-NaH b ina r y sec ti ons were drawn as monotectic sys­
tems to m aintain agreement with Shikov . 15 Two of the diagrams included 
the transforma tion of Na and NaO H into NazO and Na H with decreasing tem­
peratures. Subsequent experimental evidence indicated that this tr ans for­
mation ac tua lly occurs and tha t i t is described by the Class II four-phase 
equilibrium16 re a ction Na(t) + NaOH(t) ~ NazO(s) + Na H (s) where Na(t) and 
NaO H(t) are t e rminal liquid solutions and NazO(s) and NaH(s) are the pure 
solids. 

The resultant phase diag ram, shown in thr ee sections in 
Figs . ll-5, -6, and -7 , is thu s a schemati c tha t most reasonab l y combines 
the previously cit e d conclusions and tha t has b een confir med in p r incipl e 
by ou r expe rime nta tion. The diagram is in fundamen tal agreement with 
the the rmodynamic ana l yses of the sodium- oxygen- h ydrogen sys t em by 
Jansson 17 and, the r efore, is in disagreement with much of the diagram 
given by Shikhov .15 

13R. Bouaz iz, G. Papin, and A. P. Roller, Com pt. Rend. 262C, 1051 (1966). 
14v. I. Mikheyeva and M. M. Shkrabkina, Russ. ). Inorg. Chern. 1. 1251 (1962). 
15s. A. Shikov, Russ.]. Inorg . Chem.J1, 545 (1967). 
16 r. N. Rhines, Phase Diagrams in Metallurgy, McGraw-Hill Book Co. , New York (1956 ). 
17s. A. Jansson, Corros ion by Liquid Metals, p. 523, Plenum Press, New York (1970). 
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Experimental verification of the proposed diagram centered 
around the characterization of the transformation of Na and NaOH into NazO 
and NaH with decreasing temperature. The two Class I four- phas e 
equilibria16 (ternary eutectics) were not investigated. One of these, near 
pure Na , presumably occurs so near the melting point of pure sodium that 
it is difficult to detect , and the other , near NaOH, is not in a region of 
current interest. 

In the experimental work, mixtures of Na, Na20, NaOH, and 
NaH were heat-treated and then examined at room temperature by X-ray 
diffractometric methods. Pure reagent- grade materials were weighed and 
sealed into nickel capsules, which were then placed inside a rotatable 
cradle in a rocking furnace. Hence, the materials within the capsules were 
both rotated and rocked to ensure complete mixing during the heat treatment. 
In the initial experiments , it was observed that, regardless of which reactant 
phases were chosen to produce a mixture of given composition , the reactant 
phases found after a 24-hr treatment at 550°C were the same ; hence , all 
subsequent samples received a 550°C normalizing heat treatment . The cap­
sules were then maintained at various temperatures from 250 to 750°C for 
about 10 days and water-quenched. The temperature of the capsules was 
measured with a calibrated thermocouple. During the entire heat treatment, 
a hydrogen pressure corresponding to the equilibrium hydrogen dissociation 
pressure of NaH at the temperature of treatment was maintained within the 
capsules. 

After the heat treatment, the capsules were opened in a helium 
drybox and the contents crushed and ground into a fine powder. A sample 
of the powder was loaded into a gas-tight diffractometer cassette with a 
beryllium window for X-ray analysis . 

In all the capsules quenched from above 4l2°C , large amounts 
of free sodium were observed visually, and NaOH was the major component 
found in the diffractometer samples. Little NaH was detected. On the other 
hand, in all capsules quenched from below 4l2°C, very little free sodium 
was observed and NaH was the major component in the diffractometer 
samples . Little NaOH was detected. Samples quenched from 4l2°C were 
composites of the components described above; therefore, 4l2°C is believed 
to be the transformation temperature. Sodium monoxide (Na20) was detected 
in minor amounts in all samples. From these results , it was concluded that 
liquid sodium and liquid sodium hydroxide transform on cooling into solid 
Na 20 and solid NaH at 412 ± 2°C under an equilibrium hydrogen pressure of 
182 ± 10 Torr. This temperature, which is shown in the phase diagrams , is 
in agreement with that predicted by Jansson17 using thermodynamic 
arguments. 
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2. Vacuum Distillation as an Analytical Method for Impurities in 

Sodium 

The work of Walker~ al 18
•

19 has demonstrated that vacuum 
distillation is a useful method for determining oxygen in sodium and that 
it has potential for determining carbon in sodium. Walker's work

18 
has 

shown that , provided the oxygen exists in sodium as Na 20 or Na 2 C03, it can 
be determined indirectly by this method; however , the possibility has not 
b een explored tha t the presence of other impurities, especially those known 
to exist in the sodium, might introduce errors in the analysis. Other experi­
ments have shown that carbon in the form of either carbonate 20 or elemental 
ca rbon18 is not lost (due to degradation of the carbonate or formation of 
ca rbon monoxide via the reaction of elemental carbon with sodium oxide) 
during distillation at 350°C. Tests to demonstrate that similar results are 
obtainable regardless of the form of the carbon or the type and concentra­
tion of other impurities in the sodium have not been done . 

Clearly, to exploit the full potential of this method for oxygen 
and carbon analyses and to place the method on a firm and fully tested 
basis , experiments are needed that examine the effects of added carbon, 
oxygen, hydrogen, and nitrogen impurities on the composition of the residue . 
Accordingly, a program has been undertaken to characterize the impurity 
reactions that may occur in the evaporation-concentration step of the dis­
tillation analysis and to determine whether or not such reactions lead to 
significant errors in analyses for nonmetallic elements in sodium . 

The r equisite tests will involve adding measured quantities of 
carbon-, oxygen-, hydrogen-, and nitrogen- bearing impurities, singly and 
in combination, to 1 kg of sodium, heating the mixture inductively to distill 
away the sodium, analyzing the off-gas with a residual-gas mass analyzer, 
collecting the r esidue, and analyzing it by either X-ray or infrared methods. 
The 1-kg still that has been assembled for this purpose is shown in Fig. II-8. 
It consists of four basic parts: (1) a nickel crucible, (2) a condenser, (3) a 
vacuum a dapter , and (4) an induction heater . 

. . The crucible consists of two pieces--a 3.75- in.-OD by 8.69-in.-
highcylmder and a 3.75-in .-OD by 0.50-in.-thick bottom piece . The cylinder 
and 1ts base are joined through a leak-tight Inconel 0-ring gasket. The 
cruClble was made with a detachable base so that distillation residues, which 
tend to concentrate in the bottom of a crucible, can be easily removed for 
analysis. 

The condense r is fabricated of Type 304 stainless steel and is 
water-cooled. The cooling coil, which is welded to the condenser, is 

18 

19l · ). Walker, E. D. France, and W. T. Edwards, Analyst 90, 727 (1965). 

20
J. J. Walker and E. D. France, Analyst~. 228 (1965). -

V. M. Sinclair, J. L. Drummond, and A. W. Smith , TRG-Report-1185(0) (1966). 
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1/ 4-in.-OD stainless steel, sprayed 
with copper to maximize cooling effi­
ciency. The lower lip of the condenser 
is lapped and mated to the upper lip of 
the crucible, which is also lappe d . The 
crucible, in turn, is held on a spring­
loaded support to provide leak-tight 
mating of the lapped surfaces and, 
thereby, prevent l eakage of sodium out 
of the condensing region. 

The vacuum adapter is a 
flanged Pyrex pipe that is gasketed 
to the condenser at the top and t o 
the base support at the bottom. It 
provides a vacuum- tight, noncon­
du c ting envelope for the inductively 
h eat e d crucible. Vacuum is obtained 
with a mechanical pump separated 
from the still by a hydrocarbon trap 
and a cold trap in series. 

The induction heater, which 
is also water-cooled, is a coil of 

Fig. Il-8. Sodium Still l / 4-in.-diameter copper tubing 
wrapped around the vacuum adapter. 

The power source for the heate r is a 2 .5-kW L epe l high-frequency oscilla­
tor . The temperature of the crucible is monitored by a sheathed thermo­
couple located in a well within the base of th~e crucible. 

Not shown in Fig. II-8 is a quadrupole, residual-gas mass 
analyzer, with which the gases evolved during distillation are analyzed. 

Tests of the still have shown that l kg of sodium can be di s tilled 
at -3 50°C in about 6 hr. Also, virtually all of the residue collec t s in the 
bottom of the crucible; hence, the residue can be removed for examination 
simply and conveniently by detaching the crucible's base . 

Initial effort is being concentrated on the effect of added impu­
rities on analysis for oxygen. Conventionally, oxygen i s determined from 
acid titration of the residue after distillation , assuming that the residue 
consists only of sodium oxide . The presence of other titratable impurities 
would obviously result in error. One such impurity is NaOH. The work in 
the preceding subsection suggests that at the temperature (-350 °C) and 
pressure (<l x 10- 3 Torr) of the distillation, NaOH should react with sodium 
to form Na20 and NaH. (Subsequent decomposition of the hydride during the 
distillation is expected.) However, little information is available on the 
kinetics of this reaction, and the presence of hydroxide has been reported in 
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sodium samples taken from loops at temperatures and under hydrogen 
pressures that favor the NaOH + Na - NazO + Na H ~ea ction. Ac.cordingly, 
experiments were performed to es tablish the stab1llty of NaOH 1n so~1um 
under our distillation conditions. Several samples of sod1um conta1n1ng 
known quantities (l-500 ppm) of NaOH were distilled, and the residue 
analyzed for hydroxide by X-ray diffraction. Within the uncerta1nty of the 
X-ray method, no hydroxide was found in any of the samples; thus , the 
NaOH-Na reaction appears to proceed to completion unde r the cond1bons 

of the distillation. 

The influence of other impurities (e.g., sodium c hromite, 
sodium ferrite , sodium carbide, sodium cyanide, calcium oxide) is now 

being investigated. 

3. Solubility of Krypton in Liquid Sodium 

Data on the solubilitie s of fission-product gases in sodium are 

needed to es timate how the concentration of these gases in a cover gas may 
vary with conditions (e.g., fuel burnup and number of fail ed fuel pins). Such 
estima tes are essential to the d eve lopment of methods for p ur ifica tion of 
cover gas and, thereby, to the development of zero-release reactors . 
Accordingly, the solubility of krypton (a fission- product gas) in liquid 
sodium was measured earlie r.z1 Recent theor e ti cal work on the solubility 
of gases in liquid sodiumzz suggested the possibility tha t thes e measure­
ments may have yielded solubilities that were somewhat low. To test this 
possibility, the solubility of krypton in sodium was redetermined using the 
refined techniques tha t have evolved since the earlier krypton study. 

The method employed was a dapted from Grimes e t al.,z3 who 
had applied it to the determination of the solubility of noble gase7 in molten 
salts. The method has b een described in detail elsewherez4 and has been 
used to measure the solubility of helium,Z4 argon,z4 xenon,zs and nitrogenZ6 

in liquid sodium. Briefly, this method involves the following basic s teps : 
(1) saturation of liquid sodium with a gas at a preselected t empe r a ture and 
pressur e , (2) transfer of the sa turated sodium t o a cont ainer whe re the 
solution is stripped of the dissolved species by sparging with an inert gas, 
(3) concentration of the desired component of the resulting gas mixture by 
selectlve adsorpt ion, and (4) quantitative assay . 

21
S. K. Dhar in Che mical Engineering Division Semiannual Re port. january-June 1964 ANL-6900 p. 125 
(1964). - • • 
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23~d RMolte n Sal ts Semiannual Report , Janu ary-June 1971, ANL-7823, p. 16 (1971) . 
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% · · Gnmes, N. W. Sml!h , and G. M. Watson,). Phys. Chern. 62, 86 2 (1 958). 
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· Ve leckls. S. K. Dhar , f. A. Cafasso, and H. M. Feder, J. Phys-:-chem. 75, 2832 (1971). 
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Our exploratory measurements indicated that the early data 
were at least a factor of four too low and, hence, that the solubility should 
be rerneasured over the e ntire temperature range of interest. Accordingly, 
solubilities were measured at -7 atrn pressurez7 and at approximately 50-
degree intervals between 400 and 550°C. Each equilibration temperature 
was approached from higher and lower temperatures; within the experi­
mental uncertainty of the septuplicate determinations made at each tern­
perature, no effect of this variation was observed. This finding lends 
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support to the conclusion that the measure­
ments were made under equilibrium 
conditions. 

------VELECKIS et ol, Ref 24 
- - VELECKIS e1 ol , Ref 24 

----VELECKIS Ref 25 
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Fig. Il-9. Solubility of Noble Gases 
in Liquid Sodium 

The results of 28 determinations 
for krypton were fitted by the method of 
least squares to the following linear 
equations: 

log A 1.430- 4711 T- 1 (l) 

and 

log KH = -2.413- 4374 T- 1 (2) 

where T is absolute temperatur e, and A 
and KH are, r es pectively, the Ostwald 
coefficientzs and Henry's law constantz9-­

_j two units in which gas solubilities are 
conventionally expressed . The data are 
given in Fig. II-9 as a plot of Ostwald 
coefficient versus reciprocal temperature. 
The hea t of solution of krypton in sodium 
calculated from Eq. 1, in which the standard 
state of krypton is taken as one gram-atom 

of ideal gas in a volume equal t o the molar volume of sodium, is 21.6 ± 
1.6 kcal/rnol; the heat of so lution ca l culated from Eq. 2, in which the stand­
ard state corresponds t o one gram-atom of ideal gas at 1 atrn, is 
20 .0 ± 1. 5 kcal/ rnol. 

In Fig. II-9, the solubil i t y of krypton is also compared with the 
solubilities of helium, argon and xenon in liquid sodium. Note that the 

27The applicability of Henry' s law to noble gas-sodium solutions to at least 9 atm pressure has been amply 
demonstrated (see ANL-7675, p. 64 , 1970 and ANL-7750, p. 32, 1971); hence, a study of the dependence of 
krypton solubility on pressure was considered to be unnecessary, and selection of 7 atm as the working 
pressure was based on convenience. 

28The Ostwald coefficient is defined as the volume of gas dissolved per unit volume of solvent, both solute 
and solvent being at a defined temperature and pressure. 

29T he Henry' s law constant is defined as the atom fraction in solution per atmosphere of gas pressure. 
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solubility of krypton is smaller than that of helium, larger than that of 
xenon, and, within experimental uncertainty, identical to that of argon be­
tween 400 and 550°C. Although this finding is surprising, it is reconcilable 
in a qualitative way, in terms of a solution model currently under develop­
ment at Argonne by Schnyders and Feder .30 (Earlier published solution 
models were shown by Veleckis !:._! ~ .z4 to be inadequate for treating the 
thermodynamics of rare gas-liquid sodium solutions.) In the model of 
Schnyders and Feder, the difference b e tween two work terms--the elec­
tronic work done on creating, in a solvent, a cavity of size appropriate to 
accommodate a solute atom and the attractive work done by the solute atom 
in the cavity when it polarizes the surrounding solvent atoms--determines 
the excess free energy of formation of a gas in a solvent like sodium. The 
size of a solute atom plays an important role in determining the size of the cavity 
and hence in determining the magnitude of the e lectronic work t erm. Simi­
larly, the polarizability of a solute atom is important in determining the 
magnitude of the a ttr active work term . The major contribution t o the excess 
free energy of solutions of rare gases in sodium is due to electronic work; 
the attractive work begins to make a significant contribution only when the 
polarizabili ty of an atom becomes very large . Hence, the model predicts, 
qualitatively, that the solubilities of the rare gases will decrease with in­
creasing size unless an increase in polarizability is so large that the size 
effect (elec troni c work) is offset or neutrali zed by the attractive work. 

We hypothesize that a neutralization effect is operative in the 
case 

0
0f the argon- krypton pair. The hard- sphere d~ame ter of krypton 

(2.0 A) 1s only 4.5% larger than that of argon (1.91 A) but its polarizability 
is 34% greater ( ll.09 a.u. 31 for argon vs. 16.7 a.u. for krypton); hence, a 
reasonable qualitative explanation for the similarity of the argon and krypton 
solubilities is offered by this model. Mor eover, despite the fact that the 
model is s till undergoing refinement, quantitative agreement between theory 
and experiment is good.zz 

D. Fission-Product and Cover-Gas Technology 

Detection and c hara c t e rization of fuel-element failures in fast re­
actors such as FFTF are necessary to prevent gross contamination of the 
pnmary coolant wi th fission products and fuel and to limit possible pro­
gressive damage to adjacent fuel pins . To this end, methods are currently 
bemg developed for monitoring both the cover gas and the sodiu m in FFTF 
and future LMFBR's Th d · · . . · e propose method for momtonng the cover gas 
for hsswn products cons ist s of (1) collection of a sample of the gas on a 

b
speClally constr~cted c hromatographic column, (2) elution of Z3 Ne [produced 

Y the reaction 2 Na (n )Z3 N ] · h · 
h 

,p e Wlt argon car rner gas, and (3) counting of 
t e xenon and krypton · t . . 
1

. hi . lso opes rema1n1ng on the column b y means of a 
lt urn- dnfted germa · d' d [ ( . )] mum 10 e Ge L1 detector. The proposed method 

"-30,------------------
ANL-7675, p. 130 (1970); ANL-7823, p. 16 (1971). 

31Aromic units. 



for monitoring the sodium consists of sparging a sampl e of sodium with 
argon to remove dissolved xenon and krypton isotopes and analyzing the 
sparger effluent by the method used for the cover gas . In a continuation of 
the sparging, the 1351 content of the sodium can be determined by analysis 
for its daughter, 135mXe. An abnormally high concentration of 1351 in the 
sodium indicates contact of the fuel by sodium . 

A plan for development and testing of these sys t ems for fuel-failure 
monitoring at FFTF has been submitted to RDT . This plan provides for 
(l) development of an automatic gas-chromatographic and gamma-ray 
counting system for efficient analysis of fission gases, (2) development of 
a system for analysis of sodium by stripping the soluble gases from the 
sodium, (3) development of computer software for automatic control of the 
equipment and for analysis of the data from the gamma spectrometer, and 
(4) installation and testing of the cover-gas-analysis and sodium-sampling 
systems on the Radioactive Sodium Chemistry Loop (RSCL) of EBR-11 . 

l. Proposed System for Fuel- Failure Detection and Character­
ization on FFTF 

A preliminary de sign description has been written for the sys ­
tern proposed for detecting and characterizing fuel failures on FFTF . The 
system is divided into thr ee subsystems: (l) a spectrometer-computer , 
(2) a reactor cover-gas analyzer, and (3) a sparger and sparge-gas analyzer. 
A functional description of each of the subsystems follows. 

(l) Spectromet er-Computer. The functions of the spectrometer­
computer are to acquire, store, and analyze the data from the Ge(Li) detec­
tors on both the cover-gas and sparger systems ; to control the gas - sampling 
processes for both the cover-gas and sparger systems ; to cont rol the se­
quence of valve operations in the sparger; and to provide results in an output 
form useful for denoting the type and severity of a fuel failure. During 
operation at EBR-11, experience gained from response of the computer sys­
tem to fuel failures is expected to provide information for devising a pro­
gram to anal yze the data for the type and severity of failure. 

(2) Reactor Cover-Gas Analyzer. Cover-gas analysis will be 
done on a semicontinuous basis with a cycle time of 2 to 4 min. Neon-23 
removal will be accomplished by a high- speed chromatographic technique, 
in which xenon and krypton are retained on the adsorbent after neon has 
been e luted . Xenon and krypton isotopes will be determined by gamma 
spectrometry using a Ge(Li) detector adjacent to the specially designed 
adsorbent column. Saturation of the Ge(Li) detector by a high counting rate 
will be avoided by automatic reduction of the sample size . The computer 
will exercise control of this operation . 

(3) Sparger and Sparge-Gas Analyzer. Gases dissolved in or 
generated in the sodium coolant will be sparged from a sodium sample and 
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analyzed on a semicontinuous basis with a cycle time of 4 to 6 min. The 
analysis will be done by the method used for the cover- gas system. . 
Iodine-135 in the sodium will be determined subsequently from analysis of 

the sparger effluent for 
135

mXe · 

2. Analysis of Cover Gas 

The background level of z3 Ne (from the reaction z3
Na(n,p)Z

3
Ne) 

in the cover gas at FFTF may be cons iderably higher t~an that at EBR-II. 

Wh th is high turbulence at the sodium- cover gas Interface 1n the en ere ZJ 6 
closed loops, the normal background level of Ne may be 10 times as 

reat as the background level of krypton and xenon fis sian products. 
~ecause of the large cover-gas volume in the main heat-transport system 
and the short half-life of z3 Ne (38 sec), the z3 Ne may be less abundant in the 
cover gas of that system than in the closed-loop system. However, the 
likelihood of a high Z3Ne background presents a problem in the normal assay 

of the activity of fission-product gases. 

To detect and measure the fission-product noble gases with 
minimum delay, a gas-chromatographic technique is being developed for 
rapidly separating Z3 Ne from the fission gases prior to the fission-product 
assay with a Ge(Li) detector sys tem . The feasibility of this approach is 
well founded in that the retention time of rare gases on chromatographic 
columns increases with increasing atomic weight. 

The present concept of the operation of a gas- chromatographic 
neon-discrimination device is as follows: (l) introduce a sample of reactor 
cover gas onto a chromatographic column, (2) flow argon carrier gas through 
the column for a preestablished period of time so that the z3Ne activity re­
maining on the column is no more than 10- 6 as much as that originally intro­
duced, (3) stop the carrier gas flow and obtain a gamma spectrum of the 
radioactive species on the column, (4) immediately introduce another sample 
(the krypton and xenon from the previous sample will be eluted as the chro­
matographic process continues), and (5) repeat the cycle. 

The development of the chromatographic column, which will also 
serve as the counting chamber, will require (1) selecting the column mate­
rial and the length of column necessary to provide adequate separation, 
(2) investigating, in laboratory experiments, tailing effects (retention of 
small quantities of gas for relatively long times, common in gas chroma­
tography) and the decontamination factors (DFs) obtainable, and (3) designing 
and testing a column to optimize sample size, flow rate, and counting effi­
ciency. (The geometry of the column has a marked effect on the counting 
efficiency and the rate of change of efficiency as an isotope moves through 
the column.) 

Several preliminary gas- chromatographic separations were 
performed with nonradioactive neon, krypton, and xenon using various 



absorbents, argon carrier gas, and a thermal-conductivity detector. A 
1-ft Molecular Sieve column yielded the best resolution per unit length of 
column, and was, therefore , selected for further evaluation. 

Several factors complicate the direct investigation of tailing 
effects of neon and demonstration of DFs of neon from krypton and xenon 
in laboratory experiments: (l) Investigations must be performed with neon, 
krypton, and xenon concentrations expected in rea c tor cover gases (-l to 
10 ppm in argon) . (2) Conventional chromatographic detectors are ope rating 
at or below their detection limits at these concentrations, and hence are not 
useful in obtaining the required information. (3) Although radioactive 
tracers provide the requisite sensitivity, the longest-lived radioactive · iso­
tope of neon (l4Ne, 3 .4 m) ha s too short a h a lf-life to be pra c tical in labora­
tory experiments. (4) A preliminary assessment of the chromatographic 
approach was needed quickly to furnish design informa tion for a neon-
dis crimination device to FFTF on schedule. 

To facilitate rapid accumulation of design information, an in­
direct approach was taken. This involved (1) selection of column material, 
column length, flow rate, sample size, a nd counting geometry that were con­
sistent with reactor design requirements and that provided the best separa­
tion between 85Kr (10 . 7 y) and 135Xe (5.3 d), and (2) projection of these 
selections to a neon-xenon separation using as a basis our preliminary ex­
periments, which had indicated that the neon-xenon separation is at l eas t 
an order of magnitude better than the krypton-xenon separation. 

Two series of experiments were conduc t ed with 85Kr and 133 Xe 
to investigate tailing effects and to demonstrate the DFs obtainable; one 
series was conducted with a 1-ft co lumn, the other with a 3-ft column. In 
each series, a c olumn packed with Molecular Sieve 5A was coiled in a flat 
spiral of -2-in. OD and placed next to a Ge(Li) detector, which had a 
computer-controlled multichanne l analyzer. From the se experiments, it 
was determined that a DF of 10 3 would be obtained in 1 min with the 1-ft 
column, and a DF of 4 .5 x 103 in 3 min with the 3-ft co lumn . 

Projection of the data for the 3-ft co lumn (a DF of 4 .5 x 103
) 

to a neon-xenon separation involved (1) calculating the fraction of 23 Ne 
which would decay during the 3-min separation (-97'7o) and (2) incorporating 
the factor of ten difference between the krypton-xenon separation and a 
neon-xenon separation. These ca l cu lations yielded a projected DF of - 106 

for the separation of 23 Ne and 133 Xe (the xenon isot ope of principal interest 
in reactor application). Since the 23 Ne level in the FFTF cove r gas is 
expected to be no more than 10 6 times greater than the krypton and xenon 
isotope levels, this demonstrated DF should be adequate for FFTF application. 

With the procedure described above, subsequent samples could 
be introduced onto the co lumn immediately after the 133 Xe count is completed, 
since >95'7o of the 133 Xe is flushed off the co lumn in one additional minute 

67 



68 

of flow. This procedure would have a total cycle time of 4 min-- l min 
sample introduction, 2 min additional flow to elute the neon, and l min 

counting time . 

It is believed that additional experimental work will improve the 

chromatographic system . An improved separation would decrease the cycle 

time and increase the decontamination factor. 

3. Analysis of Sodium by Sparging 

When oxide fuel is exposed to sodium by a breach in the fuel 
cladding, many fission-product elements, including the halogens, the alkaline 
earths, and tellurium, are leached from the fuel and ente r the sodium­
coolant stream. The detection of these elements in the coolant should, 
therefore, provide an indication of sodium-fue l contac t prior to extensive 

fuel washout . 

A study of the various isotopes available for detection of fuel­
e l ement failures indicated that iodine in sodium could be determined from 
the rate of generation of its xenon daughter, which is sparged from the 
sodium and counted. The iodine and xenon iso topes of principal interest for 
reactor application are 1351 (6 . 7 hr) and 135mXe ( 15 .6 min). The advantages 
of these isotopes over other iodine - xenon pairs has been discussed in a 
previous report in this series (ANL-7750, p. 49). The method is briefly as 
follows. An isolated sodium sample containing the 1351 is sparged with an 
inert gas t o strip out all the dissolved gases in the sampl e including the 
135mXe. This initial flow of sparge gas is anal yzed for fission- gas content 
by the same technique that is described above for the cover gas. As sparge ­
gas flow continues, the only fission-gas isotopes present in the sparge gas 
are those coming from the decay of the halogens dissolved in the sodium 
sample. Xenon- 135m produced from 1351 decay is separated from the sodium 
by the sparge gas, collected in a chr omatographic column and counted by 
means of a Ge(Li) detector. From the collection time, the counter efficiency , 
and the recorded counts, the amount of 1351 in the sample is calculated. The 

SOOIUM SUPPlY 

GAS OUT 

INERT­
GAS SUPPLY 

Fig. ll-10. Flow Diagram for Xenon-Stripping 

Apparatus. ANL Neg. No. 308- 2725. 

use of a sodium sampling/ sparging 
system in conjunc tion with a cover­
gas analysis system is expected to 
provide rapid detection and charac ­
terization of fuel-element failures. 

To assess thi s method of on­
line monitoring , information was 
needed on the rate at which dissolved 
xenon is removed from sodium by 
inert- gas sparging. A prototype batch 
sparge r and associated apparatus re­
quired fo r these kinetic tests was con­
structed. A flow diagram of the 
apparatus i£ ;h.::-· .. ·:-. i !" 



This apparatus has been used to obtain data on xenon- removal 
rates from sodium samples at 350 and 450°C. In these l a boratory tests, the 
samples were sparged with helium, and for c onvenie nce, 5.3-day 133 Xe was 
used instead of 135mXe, w hic h has a short half-life (15.6 min) . Xenon was 
dissolved by pumping sodium through the sodium- gas conta c ting vesse l , 
which contained O. l o/o xenon (-3 x 10- 3% 133 Xe, initially) in helium . The sys­
tem sodium was circulated through the s tripping vesse l. After some of the 
xenon had dissolved, a sample of sodium (500 c m 3 ) was isolated in the 
stripping vessel, and helium was bubbled through the sodium. The h e lium 
(at rates of 450 to 2000 c m 3/ min) was passed upward through an aerosol 
trap, a filter, and then through a liquid- nitrogen- cooled trap of activated 
charcoal. The charcoal trap was then gamma-counted with a Ge(Li) detector 
connected to a computer-contro lle d multichannel analyzer sys tem. The 
analyzer sys tem was programmed for repeated counting of the trap at 
short , preselecte d time inte rva l s (typica lly, between 3 and 7 sec) . The 
trap/ dete c tor ge ometry was fixed during each experiment. 

Ten experiments on removal kinetics were compl e ted . For each 
experiment, the time cons tant fo r xe n on remova l (defined as the time to de­
crease the xe non concentration in the sodium b y a factor of e- 1

) was cal cu­
lated from a plo t of xenon activity accumulated in the trap as a function of 
time. Data from a typical experiment are given in F ig. ll-11 . 

ooo 0 

0 ' 

t a 

0 .oo 0 
0 

0 w ~ w ~ ~ ® ~ ~ ~ - = -
SPAR GE TIME , sec 

Fig. Il-11 . Data from Xenon-Stripping Experiment (Expt. 7; 
sodium temperature . 450oC; helium sparge rate , 
1000 cm3 / min). ANL Neg. No. 308 - 2726. 

Experimenta l conditions and the times for xenon removal from 
sodium are summarized in Table II- 3. For 99% removal , 4 .6 time constants 
are r equired . Comparison of the data for 99% r emova l from 350°C sodium 
indicates that the remova l time is decreased from approximately 1 .5 t o 
1 min by increasing the sparging rate from 450 t o 2000 cm3 / min . On the 
other hand, increasing the temperatur e of the sodium to 450°C reduces the 
sparging time required for 99% xenon removal onl y slightly . Deviations 
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between single experiments conducted under similar conditions are attrib­
uted primarily to inaccuracies in counting at the low count rates obtained 
when xenon first enters the charcoal trap. Calculations have indicated 
that argon sparge gas would remove xenon more rapidly than helium be­
cause argon forms smaller bubbles in sodium. Preliminary experiments, 
recently conducted with argon, have confirmed these calculations, and argon 
will be used as the sparge gas for xenon removal. 

Expt. 

4 

5 
8 
9 

10 
6 

TABLE II- 3. Time Required for Removal of Dissolved 
Xenon from Sodium by Helium Sparging 

Helium Time Cons tant 
Sparge Rate, Sodium Temp ., for Removal, a 

cm 3/ min •c sec 

2000 350 15 
2000 350 12 
2000 350 (> 12)b 
1000 350 21 
1000 350 24 
1000 350 16 
450 350 24 
4 50 350 19 

1000 450 17 
1000 450 20 

a Defined as time to de c rease xenon concentration by a factor of e -l. 
bvalue sus pe c t because of experimental difficulties . 

Time for 99"/o 
Removal. sec 

69} 
55 

62 (Av) 

97} 110 94 (Av) 
74 

110} 
87 99 (Av) 

78} 9Z 85 (Av) 

The experimental work on the kinetics of xenon removal from 
sodium has demonstrated that sparging with inert gas will rapidly strip 
es~enbally all of the xenon from sodium at 350 to 450°C. Present plans are 
to mstall a prototype sparger on the Radioactive Sodium Chemistry Loop 
(RSCL) at EBR-II to provide design and ope rating experience for an auto­
mated system for fuel-failure det.ec tion and characterization to be installed 
on FFTF. 



III . MATERIALS CHEMISTRY AND THERMODYNAMICS 

A. High- Temperature Thermodynamic Phase and Kinetics Studies 

The objective of this program is to o btain phase-diagram, thermo ­
dynamic, 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 sodium-fuel inter­
actions, fission-product distribution in the fuel, cladding attack b y cor­
rosive fission products, plutonium seg re g ation, and fuel swelling . In 
addition, these data will help to identify phases formed in fuel under oper ­
ating conditions and to choose additives for contro lling the chemical 
potentials of fue l anions and those fission pro du c ts which are deleterious 
to prolonged fue l- pin lifetimes. 

The high-temperature investigations of U-Ce-0, U-Pu -0- Na, and 
U-0 fuel-fission product-sodium systems include mass-spectrometric 
vapo r- pressure measurements, phase - diagram studies, kinetic studies, 
and activity measur e ments b y transpiration experiments. 

l. The Effect of Fuel Burnup o n Oxygen P otentials 

The objective of this r es earch is to measure the effect on the 
oxygen potential of the substitution of rare earth fis s i on products for 
p lutonium and uranium in the fuel lattice. These results w ill help t o 
determine the initial oxyg en concentrations in the fuel required to yield 
reasonable burn up levels befor e r e aching undesirably high ox ygen p o tentials . 

a . Oxygen Partial Pressure Measurements 

Measurements of oxyg en partial pressure over o xyg en­
deficient compositions in the U-C e -0 s y stem w ere obtained by means of a 
flowing - gas technique with H 2 - H 2 0 mix tures to fix the oxygen potential in 

the gas stream . 

The results o f preliminary measurements at 1807°K for 

the solid sol ution U 0 . 89 Ce0 . 11 0 2 -x, prepared by pressing and sintering U02 + 
Ce 0 2 powders, are summariz e d in Table Ill-1 . For comparison, w e ha v e 
included approximate relative partial molar free-energy values of diatomic 
oxygen in hypostoichiometric mixed-ox ide fuel c o mpositions, U 0 . 89 Puo.JI> 
est imated from the work of Rand and Markin, 1 as well as llG(02 ) values for 
hypostoichiometric urania .2

'
3 It shoul d be noted that urania c o mpo sitions in 

the range f rom U0 1 •93 t o U01.96 li e within the univariant system [U(.t) +U02 (s)] 
at 1807°K. 

1M. H. Rand and T . L. Markin, "Some Thermod yna mic Aspec ts of (U .Pu)Oz Solid So lutio ns and Their Use as 
Nuclear Fuels. " in Thermod ynamics of Nuc lear Ma terials, 1967, p. 637. IAEA . Vienna (1968) . 

2A. E. Martin and R. K. Edwards, J. Phys . Chern. §_@, 1788 (1965) 
3o r • ~'<r·~'"" E G Rauh . and M.S . Chandrasekharaiah, J. Phys . Che rn . :z;! , 762 (196 9). 
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TABLE III-I . Oxygen Partial Pressures and Oxygen P o tentials for 
the U0 .89Ceo,JIOz-x System at 1807°K 

Uo.a9Ceo.110z-x UOz-x a Uo .a9Puo.JJOz-x 

Experiment Time, -log p (O,). 
o/ M 

-6G(O, ), - 6G(O,), -6G(O,), 
No. hr atm kcal kcal kcal 

8 .3 14 .72 I. 93 121.7 181 144 
6 .9 14 .30 I. 9 5 118 .2 181 . 7 140 

7 8. 3 14 .26 b 117 .9 
8 4 .4 13 .9 I. 96 114 .9 181.7 137 

a[u(t) + uo,(s)] . 
bsample los t during anal ysis. 

The experimental results show that the oxygen potentials 
of the system U0 . 89 Ce0 . 110z-x are considerably hi?her than those for urania 
and the U-Pu - 0 system for the corresponding 0 / M ratios. It may be ten­
tativel y concluded that substitution of rare-earth fission products for U and 
Pu in U -Pu oxide fuel will increase the oxygen potential of the system. 
Measurements are planned for the U-Pu - Ce -0 system to determine the 
effects of subs tituting Ce for Pu in the U-Pu-0 fuel. 

2 . Phase and Reaction Studies of U-0-Na and U-Pu-0-Na Systems 

Interaction of sodium coolant with reactor fuel could cause fuel 
swelling and cladding rupture in the event of a breach in the cladding. The 
severity of the problem ma y determine how long failed fuel elements can be 
left in the reactor core and w hether or not failed fuel elements can be 
stored in the reactor sodium coolant. 

In the 1970 Research Highlights report (ANL-7750), we described 
work on the phase relations in the U-0 - Na system and the preparation of 
Na 3U04 for calorimetry and mass-spectrometric investigations (discussed 
in Section III.A.2.b below). It was shown in ANL - 7750 that Na

3
U0

4 
is the 

product of reaction between sodium and UOz+x and that Na
3
U

1
- yPuy0

4 
is 

the product of the reacti on betw een U- Pu oxide fuel and sodium. Further 
studies of these systems are described below. 

a . Oxygen/Metal Ratio of U- Pu Oxide Fuel in Contact with 
Sodium 

An objective of this study is to establish the oxygen -to ­
metal (0/ M) ratio of U- Pu mixed oxide in equilibrium wi th sodium as a 
function of temperature and of the Pu/ (U + Pu ) ratio of the mixed oxide. 
A lattice-parameter method is being used. The reaction products are 
treated with ethyl alcohol to remove free sodium and then are examined 
by X -ray diffraction. The lattice parameter of the mixed-oxide phase is 
measur~~· and from a plot of lattice parameter versus 0 /M ratio, the 0 / M 
compos1t10n of the mixed-oxide phase is established. 



The literature data on the relationship of lattice parameter 
to O/ M composition for the h ypos t o ichiometric mixed1oxide phase with a 
Pu/ (u + Pu) composition of 0.20 were not definitive enough for this study. 
Consequently, standards were prepared by the hydrogen reduction of pellets 
at temperatures up to 1930°C in a Brew tungsten resistance furnace. The 
pellets were analyzed for oxygen by a fusion method. The lattice parameter 
of the mixed-oxide phase was measured to establish a calibration curve. 

In the equilibrium study, the O/ M composition of the initial 
U-20"7o Pu oxide powder was 1.99 5 . The powder was charged with chunk 
sodium in a ratio by weight of about I part oxide to 0.6 part sodium into 
nickel capsules which were welded shut. These operations were carried 
out in a purified helium atmosphere. The capsules were then heated for 
various time periods at temperatures up to 1100°C to reach equil ibrium. 
The data are summarized in Table III-2 . 

TABLE III-2. The O/ M Composition of the Uranium- Plutonium 
Mixed- Oxide Phase, Pu/ (u + Pu ) = 0.20, after 

Reaction with Sodium in Nickel Capsulesa 

Reaction Conditions Data on Product Mixed -Oxide Phase 

Time, 

days 

7 
3 

0 . 17 

Temperature, 
oc 

800 
900 

1100 

Lattice Parameter, O/ M Composition, 
a 0 deduced from a 0 

5.4663 1.958 
5.4662 1.95 9 
5.4663 1.958 

aThe mixed oxide was initially in the form of a powder (100% 
-100 mesh and 43% -270 mesh) with o/M = 1.995. 

The values in Table III-2 can be compared with calculated 
values listed in Table III-5 . The calculated values were also for oxide w ith 
a Pu/(u + Pu) ratio of 0.20 and were based on thermodynamic data including 
data de rived from calorimetric4

-
6 and mass spectrometric studies of Na3 U04 . 

The experimental data from 800 to 1!00°C based on lattice-parameter meas­
urements are in good agreement with the calculated values. 

b. Mass -Spectrometric Study of Sodium- Fuel Interaction 

The objective of this study is to obtain equilibrium thermo­
dynamic data on the products of reaction between sodium and fuel. In 

4 D. W. Osborne and H. E. Flotow, J. Chern. Therrnodyn. (accepted for publication). 
5P. A. G. O'Hare, W. A. Shinn, F. C. Mrazek, and A. E. Martin,). Che rn. Therrnodyn. (accepted for 

publication). 
6D. R. Fredrickson and M.G. Chasanov , ). Chern. Therrnodyn. (accepted for publication). 
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particular, the 
sodium partial 

studies are concerned with determination of the oxygen and 
pressures (activities) in equilibrium with the reaction prod­

uct, liquid sodium, and (U,Pu)Oz. 
Knowledge of the sodium and oxygen 
partial pressures will permit us to 
calculate the Oj M ratio below which 
reactions will not occur . 

••r---.---.---.---,---,---~--,-, ,. 
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Fig. III l. Na-U-0 Phase Diagram: Three- Phase 
Regions Studied by Mass Spectrometr y 
are La beled A through E 

Measurements were carried 
out on the U - 0-Na system to estab ­
lish data appl icable to U - Pu - oxide 
fuels for low concentrations of 
plutonium. Three series of meas ­
urements (with two initial composi­

tions ) were made in which Na3U04 

and UOz disproportionated to sodium 
gas and to other U - 0- Na condensed 

phases . The two paths of dissociation 
are shown in Fig. III-I . During the 
experiments, sodium pressures w ere 
measured by mass spectrometry and 
by weight loss of an effusion cell. 
Partial molar heats were also found 
by measuring ion intensities as a 
function of temperature . Oxygen 
pressures are high enough to meas­
ure in only one of the three - phase 
regions traversed in these experi­

ments (i.e., NaU03 - NazUz07 - NazU04 ; see ANL - 7750, Fig. III - 2 , p. 55 ). In 
all the other regions, the oxygen pressures we re computed from the sodium 
pressures and the equilibria between sodium, oxygen, and the condensed 
phases. The data are summarized in Table III - 3. 

TABLE lli- 3. Sodium and Oxygen Pressu re s and P a rt ial Molar Enthalp1 es in 
th e U-0-Na System a t l000°K 

Three-Phase 
Regions in 
F ig. lll-1 

Phases 

P Na (atrn ) 

P o, (a trn ) 

6HNa (kcal ) 

6Hoz (kca l) 

A 

{ Na,u,o, 
NaU03 

NazU04 

9.55 x 10 - 10 

1.59 x 10 -ua 

63.88 = 2 . 75 

92.89 ± 2.65 

B 

N azU04 

NaU03 

Na4U05 

5.25 X 10 - 8 

5.26 X 10 -tsb 

6 1.00 ± I .33 

98.7 ± 6.7d 

c D 

Na 4U05 Na 3U04 

NaU03 NaU03 

Na 3U04 uo, 

J.J5 X 10 - 7 5.50 X 10 - 7 

5.0 I X 10 -16b 9.58 X 
10- l'}b 

63. 10 = I . 92 63.06o l.14 

92.3 ± B.5d 92. 5 ± s.od 

~Measured above 1 J60°K and ext rapolated to 10 00°K. 
Calculated f rom sodium pressures and oxygen pressu re in Region A . 

cRefe renee 7. 

E 

Na1U04 

uo, 
Na 

0.170 

3. 24 x J0 - 35b 

2 3. 64c 

2 10 . 7 ± 6.6d 

d~alcul~ted fr om the sodium partial m olar enthalpies and the oxygen partial molar enthalpy 
1n Regton A. 



c. Enthalpies and Entropies of Formation of Na - U -0 
Compounds 

The enthalpies and entropies of formation at !000°K of the 
five Na-U-0 compounds shown in Fig. III-1 were calculated by two methods. 
In the first method, the enthalpy of formation of UO/ corrected to l000°K8

-
10 

and the measured slopes, R T 2 d ln pj dT, and intercepts for the vaporization 
of sodium in Regions A to E and oxygen in Region A were used to compute 
the enthalpy and entropy of formation. In the second procedure, the entropy 
of the compound was assumed to equal the sum of the entropies of the sep­
arate oxides, i.e . , Na 20, 8 U03 ,

11 and U02 • 5 . For U02 . 5 , a mean value between 
U02

9 and U03
11

'
12 w as used. The enthalpies were computed from the sodium 

and oxygen pressures in Table III- 3, enthalpy of formation of U02 , and the 
estimated entropy of formation. 

The results are summarized in Table III-4 where both sets 
of enthalpies and entropies of formation are tabulated for the compounds 
NaU03 , Na2 U20 7 , Na2 U04 , Na4U05 , Na3U04 , and U02 . The third-law enthalpy 
of formation for Na3 U04 based on our oxygen pressures is also listed. The 
third-law entropy of formation at 1000°K was computed from the ent ropies 
(at !000°K) for Na3 U04 ,

4 Na and 0 2 ,
8 and U02 •9 

d. Cor relation of Data to the Sodium- Fuel Reaction 

The thermodynamic properties of Na3 U04 have been meas­
ured to provide data for equilibrium calculations of the reaction between 
sodium and the mixed-oxide fuel (U02 -Pu02 ) of liquid-metal fast-breeder 
r e actors (LMFBRs). The product formed ~hen sodium reacts with (U ,Pu)02 

has been identified as Na3 U 1-yPuy04 (Na 3M04 ) (ANL-7750), which is isomor­
phous wi th Na3U04 with plutonium substituted for some of the uranium. The 
Pu/U atom rati o in Na3M04 appears to be about the same as in the fuel 
[(U ,Pu)02 ) from which it was formed. 

The plutonium oxide content of the fue l is expec t ed to be 
< 30o/o , and since the thermodynamic properties of P u02 (i .e ., enthalpy, en­
tropy, heat capacity, and enthalpy of formation) are reasonably close to 
those of U02 , it is expected that the thermodynamic properties of Na3 U 1-yPuy04 

will not differ substantially from those of Na3 U04 . 

7E. J. Huber , Jr. and C. E. Holley , Jr., J. Chern. Thermodyn.l, 273 (1969). 
8JANAF Thermochemica l Data, The Dow Chemica l Co., Midland, Mich. (1963). 
9D. R. Fredrickson and M.G. Chasanov. J. Chern. Thermodyn . _g, 623 (1970). 

10R. Hultgren, R. L. Orr. P. D. Anderson, and K. K. Kelley. Selected Values o f Thermodynamic Properries 

of Metals and Alloys, John Wiley & Sons, Inc., New York (1963). 
llK . K. Kelley and E. G. King, Contributions to the Data on Theoretical Metallurgy. Bulletin 592, 

Bureau of Mines, U.S. Government Printing Office, Washington, D. C. (1961). 
12K . K. Kelley, Contributions to the Data on Theoretical Metallurgy. Bulletin 584, Bureau o f Mines, 

U . S. Government Printing Office, Washington , D. C. (1960). 
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TABLE lll- 4. Enthalpies and Entropies of Formation of Compounds 
in the Na - U-0 S ys tem at 1000°K 

Compound 

uo,a 

Nauo, 

Na,u,o, 

et - Na,uo, 

Na4UOs 

Na3 U04 

Na3U04 

Calculated from Slopes 
and Intercepts 

- liHj'( I 000°_~ ), 
kcal mol 

258.5 

344 ± gb.c 

735 ± 15b 

4 3 1 ± 13b 

555 ± 19b 

469 ± 13b 

4 79 ± 5h 

- liSj'( I 0~~°K~.1 cal mol K 

40.6 

60 b 

142b 

84b 

11 6b 

94b 

103.3 

Calculated from Pressures 
and Estimated Entropies 

- liHj'( I 000°K), 
kcal mol - 1 

3 50 

745 

439 

563 

474 

- liS{( I 000°K). 
cal m o l - 1 K- 1 

66d 

152d 

92d 

124d 

99d 

Literature Values 
at 298°K 

-l1Hj'(298°~l· 
kcal mol 

357e 2 73f 

760f 

478g 448f 

577f 

aEnthalpy and entr opy of fo rmati on of 298°K7 co rrected to 1 000°K. 8 ~ 1 0 . 

bcalcula ted from slopes and intercepts of sodium and oxygen loganthrntc pressure curves 
and e nthalpy of fo rmati on of UOz. 

cunce rta inties are two standard deviations. 

dEntropies of Na-U - 0 compounds are a·ssumed to equa l the sum of entropies of NazO. U03, 
and UOz.s whe r e Suo, s = (Suo, +Suo, )/2. 

eKi ng, Siemans, and R{ chardson, 13 p r elim inary v alue . 
fcordfunke and Loopstra. 14 

glppolitova ~ ~. 15 

hcalculated f rom oxygen pressures and f r ee ene rgy functions and the entha lpy of fo rmation 
of UO,. 

The equilibrium reaction in the three - phase region (U02 -

Na - Na3U04) may be written as 

( 1) 

The data from this study and thr ee additional studies4- 6 are used to calcu ­
lat e the equilibr ium oxygen pressure as a function of temperature and 
sodium activity, 

In Po
2
(atm) - 220,500 62. 7 

R T + R - 3 l n aNa (2) 

w here the quantity - 220,500 is the diffe renee in the enthalpies of formation 
for Na3U04 and U02 , and the quantity 62 .7 is the corresponding difference 
in the entropies of formation. If the sodium is in contact w ith or at the 

13
E. G. King. R. E. Siemans, and D. W. Richardson, Quarterly Metallurgical Progress Report No. 51, 

1 April!, 1971, June 30 , 197 1, U.S. Bureau of Mines report USBM-RC-1516 (1971). 

1 ~. H. P. Cordfunke and B. 0. Loopstra, J. Inotg. Nuct. Chern . ]1, 2427 (1971). 

E. A. lppohtova , D. G. Faustova, and V. I. Spitsyn, "Determination of Enthalpies of Formation of 
Mono Uranates of Alkali Elements and Calcium," in Inves tigations in the Field of Uranium Chemistry , 
V. I. Spi tsyn, Ed .. ANL- Trans.-33, p. 170 (1964). 



same temperature as the oxides, the last term is zero. When there is a 
temperature gap, the sodium activity will be lowered. 

The equilibrium oxygen content of U0 . 8 Pu0 .zOz- x in contact 
with sodium and Na3M04 has been calculated from Eq. 2 and extrapolated 
data of Rand and Markin1 for the O/M atom ratio of the fuel as a function of 
oxygen pressure. These values are given in Table III-5 together with the 
oxygen content of the sodium, which is discus sed below. In this calculation, 
it is assumed that the Na - U -0 system approximates the Na -U-Pu-0 system 
for low concentrations of plutonium (i .e., Pu/(U+Pu) < 0.3). 

TABLE III-5. Calculated Oxygen Content of (U 0 . 8Pu 0 . 2)02 -x and of 
Na in Equilibrium with Na3M04 

Temperature, Equilibrium Oxygen -t>Goz' 
OK Pressure,a atm kcal/ mol 

600 2 .4 X I 0 - 67 183 
700 7.3 X I 0-55 177 
800 2.9 X I 0-47 170 
900 1.4 X 1 o- 40 164 

1000 3 . 3 X I 0-35 158 
II 00 7 .8 X 10-30 151 
1200 3 .5 X I 0 ->7 145 

a calculated from Eq. 2. 
bExtrapolated from Rand and Markin's data 1 

ccalculated from Eq. 3. 

o / (u + Pu) Oxygen Cone. 
Ratiob in Na,c ppm 

I. 92 0.07 
I. 93 0.12 

.94 0 .9 

. 94 5 4 .5 

.95 16 

.95 5 47 

. 96 110 

The equilibrium oxygen corttent (in ppm) of sodium in con­
tact with U02 and Na3 U04 is given by 

ln [O)(ppm ) = -ll '
550 

t 14.33 
T 

(3) 

This equation was derived from the free energy of formation of Na20, 8 the 
solubility of Na2 0 in Na, 16 and Eq . 2 for the oxygen pres sure in equilibrium 
with the three-phase region Na-U02 -Na 3U04 . The calculated oxygen concen­
trations are listed in Table III-5. 

To control the undesirable sodium- fuel reaction in a liquid 
metal fast-breeder reactor, the oxygen-to-(U + Pu) ratios for the fuel and 
oxygen content of the sodium (at thermodynamic equilibrium) must be held 
below the levels given in Table III-5. An important result of our research 
is the requirement for using lower oxygen concentrations in the fuel and in 
the sodium as the temperature is decreased. 

16T. F. Kassner and D. L. Smith, ANL-7335 (1967). 
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Since control of the sodium-fuel reaction may significantly 
affect the specifications for oxygen content in the initial fuel and in coolant 
sodium, it is important that the equilibrium oxygen contents be firmly es ­
tablished. To be sure that the Na-U-0 data can be applied to the system 
containing plutonium, we are studying the Na-U-Pu-0 system. Mass ­
spectrometric studies are being carried out using a procedure parallel 
to that used with the Na-U-0 system. 

3. Partial Relative Ion Cross Sections of U and U-0 Molecules 
and Partial Pressur e s over the U-Pu-0 S ystem 

For LMFBR U-Pu-0 fuel. it is important to know the partial 
pressures of gases over the fuel in order to establish the conditions (tem­
perature and fuel oxygen concentration) for redistribution of uranium and 
plutonium by vapo r transport. The data can also be used to calculate oxygen 
pressures of the fuel as a function of oxygen concentration at high temperatures . 

Mass - spectrometrically measured ion intensities were pre­
viously reported17 for U02 -ZO wt "'o Pu02 . To calculate pressures from ion 
intensities, the following are needed: ionization probabilities, fragmentation 
patterns, and relative ion c ross sections. These quantities were measured 
in the study reported here. 

The equipment for the measurements consisted of an inductively 
heated Knudsen cell, a Granville-Phillips Spectra Scan 750 quadrupole mass 
spectrometer, and an Airco Temescal quartz crystal balance in an ultrahigh 
vacuum system. The system, wi th the exception of the quartz balance and 
mass spectrometer, was described previously . 18 

A tungs ten Knudsen ce ll, filled with a weighed sample of known 
oxygen content, was used as a molecular beam source. An iridium liner 
was used for UOztx samples. The collimated beam passed through the 
ionizing section of the mass spectrometer and impinged on the quartz bal­
ance. With this arrangement, both the rate of effusion and the mass spectrum 
of the molecular beam could be measured simultaneously. Samples used in 
these measurements were initially U02 . 1, U01. 96 , UOz-x plus U, and U. 
Vapor over the UOz .l sample at 1560°C consisted of U0

3
{g) and oxygen, with 

less than 0.01"/o U02 {g) and U(g), based on literature data 19 •20 The vapor 

over the uranium metal sample was all U(g). By suitable choice of sample 
and corrections for fragmentation of the other U - 0 gases, it was possible 
to establish curves for UOz and UO, even though these two gases are never 
present alone. 

171 E Battles W A Shi p 
· · • · · nn. · E. Blackburn. and R. K. Edwards, in Plutonium 1970 and Other Actinides 

1 B~· ~33 • W. N. Miner, Ed . . Institute of Mining, Metallurgical, and Petroleum Engineers. New York (19~0). 
1 ~· · Edwards, M. S. Chandrasekharaiah, and P. M. Danielson, High Temp. Sci. 1, 98 (1969). 

· J. Ackermann, E. G. Rauh, and M. S. Cha ndrasekharaiah, A Thermodynamic S-;-udy of the Urania-
2 Uramum System. ANL-7048, p. 30 (1965). 

IlK. Hagemark and M. Broli, J. Inorg. Nucl. Chern.~. 2837 (1966). 



The ionization probabilities of U, UO, UOz, and U03 were com­
puted from the measurements and normalized for each molecule to its 
maximum value. These values we re used , together w ith some additional 
measurements (described below), to establish the partial relative ion cross 
sections as a function of ionizing vo ltage (see below). 

a. Fragmentation of Uranium O xi d e Molecules 

Fragmentation patterns as a function of e l ectron energy 
we re obtained from analy sis of the vap o r ove r UOz.l• U01 . 96 , and UOz-x plus 
U. Ratios of ion fragments to ion par ents as a func tio n of electron energy 
are given in Table III-6. 

TABLE III- 6. Fragmentation as a Function of Electron Energ y 

Electron Energy, e V 

Ion Ion 
10 12 14 16 18 20 25 30 40 

Precursor Fragment Fragment Ion/ Precursor Ion Ratio 

uo u+ 0.02 0.05 0.13 0.20 
uo, uo+ 0.027 0. 11 0.22 0.36 0.46 0 74 0. 78 0 .9a 

uo3 uo,+ 0 . 64 1.03 2.05 2.4 2 3 2 .4 2.7 3 .1 3.4 
uo3 uo+ 0.042 0.086 0.10 0.26 0.68 1.4 2 .3 

a E stimat ed . 

b . Partial Relative Ion Cross Se ctions 

The product of the mass-spectrometer multiplier efficiency 
and the partial relative ion c ross sections of U, UO, UOz. and U03 was de­
termined from the simultaneo us measurement of the mass-spectrum ion 
intensities and rate o f condensation on the quartz-crystal balance. The 
partial relati v e ion c ross sections here refer o nly to the probability of 
fo rming an ionized parent m olecu l e (ion fragment s are not included). 

The total d e po sition r a te, GT• fo r U, UO, UOz, and U03 can 
be calculated from 

ruo+.fiSIT 
+ 

where the four y's, the four Cf's, and four It' s a r e multiplier eff i ciency, 
partial relative ion cross sections, and ion intensities, r espectively, of 
each of the gases, T is the absolute temperature, and K is a constant. 

(4) 

In determining the product o£ the multiplier efficiency and 
the partial r e lative i on cross se c tion for U03 (g), the UOz. 1 sample was used 
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where the vapor consists of U03 (g) and Oz only. During the experiment, 
uo + was found along with W03 +, WOz +, and wo+ ions from oxidation of the 

tun~sten outer cell. X-ray fluorescence analysis of the deposit on the quartz 
crystal and mass-balance treatment of the tungsten Kn~dsen cell, iridium 
liner, and UOz+x sample established that the U03 const1tuted 75 ± 5 wt o/o of 

the depositing vapor . 

The integ rated ion - intensity curve at an electron energy of 

20 eV, temperature, weight change, and the U03 fraction of the total weight 

change were used in Eq. 4 to obtain the product K Yuo3cruo3 . In this case, 
the first three terms on the right side of Eq. 4 were equal to zero. 

A similar treatment w as used with only uranium vaporizing 

at an electron energy of 10 eV to obtain K y ucru. It was not possible to meas­
ure UOz or UO alone . Instead, nine measurements were obtained with 10-eV 
ionizing electrons and vary ing amounts of U , UO, and UOz in the vapor. 
These data w ere fitted b y least squares to Eq. 4 with the U03 term deleted. 
From this treatment , valu e s w ere obtained for K y ucru, K Yuocruo• and 

K Yuozcruoz· 

The product of the multiplier efficiency and partial relative 
ion cross section (yucru ) w as normalized to I for the uranium at its maxi­
mum v alue. Table III-7 lists the products of multiplier efficiency andpartial 
relative i on cross section as a function of electron energy. The partial 
relativ e ion cro ss sectio ns relative to uranium are smaller than the total 
relative ion cross sections (w hich include ion fragments). For example, at 
40 eV the total cross se c tion ratio auo / au is - 0.5 compared with - 0.07 for 
the corresponding partial ratio . The fa

3
ctors measured here--ionization 

probability, fragmentation, and the product of multiplier efficiency and the 
partial relative ion eros s s e ction- - are used to correct the uranium oxide 
pressures measured ov er U0 . 8 Pu0 .z0z-x . These new values in turn are used 
to calculate ox ygen pressures for the fuel at high temperatures. 

TA B LE 111- 7. Produc t of Multipli e r Effici ency and Partial a R e lati ve Ion Cro ss Section as 
a Func ti on of Elec tr o n En e rgy 

E lec tr o n Energ y , e V 

6 10 12 14 16 18 20 25 30 40 

Produ c t of Mu lt iplie r E ff i ciency and Part ial Re lati ve Ion Cr o ss Sectionsb 

Yu Bu 0. 2 5 0.66 0.89 0.98 0.98 0.9 1 0.88 0 . 6 1 0.42 0 .2 3 

Yu o 0 u o 0.9 4 1.32 1. 29 1. 23 1. 23 1.1 2 0.97 0.84 0.42 0.30 0. 15 

Yuo,ouo, 0 .3 1 0.33 0.3 1 0.30 0.30 0.28 0.26 0.22 0. 18 0 .0 9 0. 05 

Yu o , 6 u o , 0.002 1 0.0 122 0.0 206 0.02 7 0 .03 4 0.038 0 .03 7 0.0 2 8 0 .01 6 

aCal c ulated with pa rent io 1 (' f · ) b . n s o n Y 1o n rag m e nt s ar e n o t 1ncluded . 
No rmahz e d t o Yucru = I at 15 eV. 



c . Calculation of U03 , UOz, and Oz Pressures over U0 . 8 Pu0 .z0z-x 

Table III - 8 lists the UOz and U03 pressures calculated with 
fragmentation and multiplier efficiency eros s- section corrections and pres­
sures calculated w ithout the se corrections t o illustrate the effect of the 
corrections on the calculated pressures. In the absence of cross-section 
data for PuO and PuOz, it was assumed that the (PuO + Pu0z )/(U 0 3 + UOz) 
ratio is equal to the cor responding ion- intensity ratio . 

TABLE 111 -8. Partial Pressures of U02 and U03 and Oxygen Potentials over 
UOz-20 wl '1o PuOz as Function of Oxygen-to-Metal (0/MI Ratio at 2240°K 

Pressure. w-6 atm 

With ton Cross 
Section and 

Fragmentation 

Gas Fusion Uncorrected Corrections -t>Go1. kcal/mol 

Run No. Analysis. 0/M Smoothe<l 0/M' uo1 UOJ uo1 UOJ This Research Rand & Markin6 

4A-1 1.973 1.98 ll.J 1.9 3.7 9.3 79 97 
4A-4 1.964 1.97 9.1 1.1 3.6 6.4 81 1110 
4A-6 1.961 1.96 7.9 0.68 3.8 5.0 85 104 
4A-8 1.951 1.95 6.4 0.34 3.8 3.0 89 109 
4A-l0 1.909 1.94 5.7 0.11 3.8 1. 1 91 114 
4A-11 1.934 1.93 5.3 0.15 3.9 1.7 95 119 
SA-l 1.977 !98 11. 1 1.5 3.5 11.1 77 98 
5A-5 1.954 1.97 9.0 1.1 3.4 6.7 81 1110 
5A-7 1.977 1.97 6.6 0.49 J.J 3.7 86 !OJ 
5A-9 1.96 5.1 0.11 3.4 1. 1 91 106 
5A-9A 1.971 1.96 5.6 0.11 3.8 1. 1 88 !08 
5A-9B 1.017 1.95 5.1 0.17 3.5 1.8 93 109 
SA-Il 1.934 1.95 5.8 0.14 3.8 1.3 91 IIJ 
5A-IJ 1.930 1.94 5.0 0.14 3.6 1.5 95 116 
SA-15 1.934 1.93 5.6 O. IJ 4.1 1.5 96 119 
SA-17 1.911 1.93 5.0 0. 11 3.9 l.J 97 111 

3The smoothed 0/M ratios were calculated by least-squares f1t to a linear equation in the sets of measurements in each of the series 4A and 
5A. Standard deviation of calculated 0/M is ±0.020. 

bExtrapolated from l000°C using da ta in Ref. l. 

The newly calculated data indicate that UOz pressures are 
nearly constant over the compos it ion range measured. This i s consis tent 
w ith Raoult's law and Gibbs - Duhem tre a tment as it applies t o the behavior 
of the 80% UOz solvent . The UOz pressures are also in reasonable agree­
ment with those calculated from the literature 19 for pure UOz. At 2240°K, 
the calculated pres sure over UOz is 3.7 x 10- 6 atm. 

The U03 and UOz pressures we re used t o calculate oxygen 
pressures at 2240°K. These we re calculated from the rea c tion 

The equilibrium constant for this reaction was calculated from the data of 
Ackermann, Rauh, and Chandrasekharaiah. 19 

Oxygen potentials computed from the calculated oxygen 
pressures are listed in Table III-8 with the extrapolated oxygen potentials 
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of Rand and Markin. 1 We also calculated the a verage partial molar enthalpy 
for oxygen to be - 186 kcal/ mol of Oz from the partial molar enthalptes of 

17 
vaporization of UOz and U03 gas. 

B. Chemistry of Irradiated Fast - Reactor Fuels and Materials 

The chemical behavior of irradiated fast- reactor fuels is being 

studied to gain an understanding of the complex processes that occur in 
these fuels during irradiation. Effort is being directed t oward the study 
of irradiated uranium-plutonium oxide fuels, with particular emphasts on 
investigating the effect of oxygen potential on the distribution of fission 
products and establishing the relationship between fission-product mtgra ­

tion and fuel - cladding interactions. 

1. Ion Microprobe Analysis of Stainless Steel 

An ion microprobe mass analyzer (IMMA) is being procu r ed by 
the Chemical Engineering Division . With this instrument, sample atoms 
are ionized by a finely focused ion beam that impinges on the sample surface. 
Ions of many different e l ements can be used for sample bombardment, the 
choice depending on the matrix and on the element to be determined. The 
sample ions are collected and mass-analyzed in a double-focusing mass 
spectrometer with a high collection efficiency. 

The IMMA will supplement the capabilities of the elec tr on probe 
mi roanalyzer for analyzing irradiated fuels in several important ways. 
The IMMA provides uniform sensitivity of detection at the parts -per -million 
level for the full mass range of elements. This is especially important for 
the low mass range; with the electron probe microanalyzer, the elements 
hydrogen to carbon cannot be detected and the elements from carbon through 
oxygen can be detected only with low sensitivity. Furthermore, since the 
IMMA collects isotopic data, it provides a direct means for differentiating 
between fission products and structural materials . 

Before final plans had been made to purchase the IMMA, several 
sections of Type 304 stainless steel capsules that had previously contained 
cesium oxide w ere used to assess the capabilities of the IMMA for analyzing 
samples of interest to the fuels program. These capsulesz 1 had been heated 
at 690°C for various lengths of time under otherwise identical condit i ons to 
examine the action of cesium oxidezz on stainles s steel. The two sections 
that we examined with the IMMA had been heated for 25 and 72 hr. It should 
be emphasized that the quantity of cesium and the pressure of oxygen used 
in these out - of - pile experiments had been significantly greater than those 
calculated for irradiated fuels. The higher concentrations had been employed 

21
Capsule tests were performed by P. S. Maiya, Materials Science Division, ANL. 

22The ces' · d · · wm OXI e matenal used 1n these rests was richer in oxygen than is CszO. 



to accelerate any chemical reactions that might occur and cause their 
effects to be more visible in the limited time of the experiments. 

The capsule sections were analyzed23 with the IMMA for cesium 
and oxygen using a nitrogen-ion beam having a diameter of 20 ± 5 ~m. Each 
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sampled location was first thoroughly 
"cleaned" by etching with the nitrogen-ion 
beam to ensure that the area being analyzed 
was free of surface contamination. After a 
consistent analysis had been obtained in a 
given location, digitized data were collected 
at selected mass positions. 

Data for cesium and oxygen were 
collected across the radius of each capsule 
cross section from the inner surface to the 
periphery to determine the concentration 
gradients of these elements in the stainless 
steel. (The wall thickness of the capsules 
was 0.508 mm.) Relative concentrations of 
133 Cs and 160 for the sample heated for 
72 hr are presented in Fig. III-2 and simi­
lar data for the sample heated for 25 hr, in 
Fig. III-3. Each datum point was normal­
ized against the 14N ion-beam count rate. 
The profiles are similar in both samples, 
with expected increases in the observed 
concentration of 133Cs and 160 for the sample 
that had been at temperature for the longer 
time period. Each sample exhibits easily 
detected concentrations of cesium across 
the capsule wall and a gradient in the 
cesium concentration of about two orders 

of magnitude. The level of cesium at the outer surface of the capsule is 
still some two orders of magnitude above that in the blank. The rapidity 
with which cesium had penetrated the capsule wall is of considerable in­
terest. The mechanism for the cesium transport has not yet been estab­
lished but is under investigation . 

The levels of oxygen found in the stainless steel are considerably 
lower (by a factor of -1 0 5

) than those of cesium, the levels of oxygen at the 
outer surface of the capsule approaching the background level. The oxygen 
had penetrated deeper into the capsule wall in the longer term experiment. 

The data may be interpreted to indicate that cesium is preceding 
oxygen in its diffusion into the stainless steel, probably along the grain 

23Analyses were performed by the Applied Research Laboratories, Santa Barbara . Ca lifornia. 
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boundaries. The diffusion of oxygen is 
possibly slowed by competing reactions 
as it too moves along a grain boundary. 
A number of competitive reactions can 
occur in the stainless steel to tie up 
oxygen, e.g., formation of chromium and 
iron oxides. Some data were collected on 
these oxide species. The intensity of the 
CrO species was about an order of magni­
tude higher than the 160 signaL and the 
CrO concentration profile was similar to 

that of 160. 

It should be emphasized that these 
are only preliminary results. Further 
w o rk w ill be needed to establish the rela­
tive instrumental sensitiv ities for cesium 
and oxygen in a stainless steel matrix. 
This can be accomplished by using w ell ­
characterized standards for the matrices 
of interest. If the instrumental sensitiv ­
ities for cesium and oxygen are not greatly 
different , the present data suggest that 
the role of cesium in the o v erall mecha ­
nism for cladding attack ma y be important. 

2. Oxygen Potential Gradients in Irradiated Mix ed Oxide Fuels 

a . Electron Microprobe Analysis of Irradiated Fuels 

The electron probe microanalyzer, w hich accomplishes 
microsampling and microanaly sis dire c tly , is being used to study fission­
product ' distributions in irradiated fuels. The instruments used in these 
studies (Applied Research Laboratori e s Models EMX and EMX -SM) are 
equipped with shielding to handle irradiated fuel specimens hav ing gamma 
activities as great as I R / hr at I ft. 

The Model EMX micro probe has been adapted for computer 
control to facilitate its operation. Spectrometer movement, data acquisition, 
and readout onto punched paper tape are controlled through a simple set of in­
structions entered through the telety pe ke y board. Data reduction to net 
counting rate, complete w ith an estimate of the standard deviation, is ac­
complished by a "DISCOM" program which accepts as input the paper tape 
generated by the computer - controlled microprobe. 

Recent emphasis has been placed on the detailed examination 
of NU MEC fuel element C- 15. This mixed-oxide pellet fuel, which had a 



density of 85o/o of theoretical and an initial oxygen - to-metal (0/ M) ratio 
of 1.998, was irradiated in EBR-II to 9.4 at.% burnup at a maximum linear 
power rating of 12.9 kW/ ft. 

E lectron microprobe analyses were carried out on the 
metal inclusions that have often been observ ed in irradiated fuels and hav e 
previously been identified by electron microprobe analysis .24 - 26 In c lusions 
were first examined to determine their elemental compositions . The micro­
probe analysis established that these inclusions w ere homogeneous for each 
component . Of particular interest in this study were the inclusions in the 
columnar - grain region of the fuel; the principal components of these inclu­
sions were molybdenum, technetium, ruthenium, rhodium, palladium, and 
iron (the iron is an impurity in the fuel) . Count - rate data for each element 
and for a standard of each element were processed on a computer using 
the MAGIC (Microprobe Analysis General Intensity Co rrection )27 prog ram 
to yield weight percent of each component in the alloy. The MAGIC program 
corrects the X - ray data for absorption, fluorescence, and atomic-number 
effects due to the matrix . 

The compositional data (in weight percent) for the inclu ­
sions examined in fuel element C-15 are given in Table III-9 as a function 
of radial distance from the fuel center. A comparison of the data in Table III- 9 
with calculated fission -yield ratios reveals that the concentrations of molyb ­
denum in the inclusions are extremely low in r e lation to the concentrations 

TABLE III- 9 . Composition of Metal Inclusions in Columnar-Grain 
Region of NUMEC Element C- 15 

Distance from 
Composition, wt% 

Sample No . Center,a mm Mo Tc Ru Rh Pd Fe 

0 .89 7 . 31 21.4 52 . 1 14.4 4 . 57 0 . 26 
2 1.00 8 .61 21.2 50 .3 16 .9 2 . 60 0 . 32 
3 1.09 8 . 11 23 .4 47 . 0 18 . 7 2 . 38 0 . 37 
4 1.26 9 .49 18 . 5 47 . 8 20 .9 2 . 85 0 . 38 
5 1.42 10 . 5 18 . 7 4 3. 5 24 .0 2 . 73 0 .48 
6 1.67 11.6 18 . 1 40 . 3 25 .4 3 . 73 0 . 77 
7 l. 78 11.0 24 . 5 38 . 6 21.3 3. 48 1.16 
8 1 .96 6.99 29 . 1 41.4 16 .4 3 . 72 2 . 35 

aFuel radius 2 . 794 mm . 

24
N. R. Stalica and C. A. Seils, Proc . Amer . Ceram. Soc., Washington, Ma y 7 , 1969, p. 215 (1 969) . 

251. I. Bramman, R. M. Sharpe, D. Thorn, and C . Yates, J. Nuc l. Mater. 25, 201 (1968) . 
26D. R. 0' Boyle, F. L. Brown, and J. E. Sanecki, J. Nucl. Mater. _g_g , 27 (1969). 
271. W. Colby in Advances in X-Ray Analysis, Vol. 11 , p. 28 7 , Plenum Press, New York (1968 ). 
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of the noble-metal fission products . The relatively constant concentrations 
of molybdenum in the inclusions found in the columnar-grain region suggest 
that equilibrium had been attained between metallic molybdenum in the in­
clusions and oxidized molybdenum in the contig uous fuel - oxide matrix (this 

is discussed in the following section). 

Acco r dingly, the oxide matrix of NUMEC C-15 w a s analyzed 
for molybdenum by means of the automated electron probe. De termination 
of the low concentrations of molybdenum found in the matrix, w hich has been 
a difficult and time-consuming task in the past, is r eadil y accomplished with 
the automated probe. The results of the analyses are given in Table III-10. 
The molybdenum concentration ranges from 0 .05 wt o/o at the centr al void 
edge to a low of about 0. 03 w t o/o at the cool end of the co lumnar- grain region 
and then increases sharply in the equiaxed region to a maximum concentra­
tion of 0.45 wt% in the outer, cooler region of the fuel. 

TABLE III-10 . Molybdenum Concentration in 
UOz- PuOz Fuel Matrix of NUMEC Element C-15 

Distance from 
Fuel Center, mm 

0.844 
0.880 
0.922 
1.084 
I .39 1 
I .411 
1 .497 
1. 643 
1.900 
1.972 
2 . 118 
2 .2 07 
2.2 77 
2.403 
2.528 
2 . 626 
2. 738 
2. 738 
2. 738 

Molybdenum 
Concentration, w t o/o 

0 .0 489 
0.0496 
0.0506 
0.0593 
0.0359 
0.0441 
0.0390 
0 .0376 
0.0421 
0.0266 
0 .0241 
0 .05 17 
0.0564 
0 .0 733 
0.123 
0.235 
0 .265 
0.381 
0.447 

The concentration profile for m o l yb denum is similar to the 
profiles observed previously for fission -product krypton and cesium .za These 

28
C. E. Johnson, D. V. Steidl a . . . 
Mi d 

0 
.d • nd C. E. Crouthamel. Dtstnbunon of Gaseous Fission Produc ts in Irrad iated 

xe - XI e Fuels, Trans. A mer. Nucl. Soc . l! (S uppl. 1) , 27 (April1971); see also , ANL-7833, p. 5. 10. 



data are consistent with our present understanding of the migration behavior 
of molybdenum. Near the central void, migration is influenced by pore mi­
gration as pores pile up in this region of decreasing thermal gradient . Mi­
gration throughout the rest of the fuel is influenced by the local oxyg.en 
activity, which, in turn, is influenced by the thermal gradient . In the equi ­
axed and undisturbed regions, an additional influence on migration is the 
formation of cesium molybdate, which serves to stabilize the molybdenum 
in a local area. 

b. Estimation of Oxygen Potential Gradient in Irradiated 
Mixed-Oxide Fuel from Distribution of Molybdenum 

The most important single chemical property of a mixed 
urania-plutonia fuel with respect to its usage as a nuclear fuel is its 
oxygen potential. In irradiated oxide fuels, the chemical form of the 
fission products, which is strongly dependent on the oxygen potential, 
determined (1) their chemical reactivity, and hence, the extent of fue l ­
cladding interaction; and (2) their specific volume, and hence, the extent 
of solid fuel swelling . The oxygen potential also governs the extent of 
fuel-sodium reaction in the event of a cladding rupture. 

The large radial temperature gradient that exists in a fuel 
during irradiation will lead to a gradient in the oxygen potential, which may 
be expressed as follows: 

where POz is the partial pressure of oxygen (in atm) of the system. Be­
cause of the existence of this oxygen potential gradient, a redistribution 
in the oxygen occurs . Rand and Markin29 have proposed that the oxygen 
potential of an oxide fuel in a temperature gradient can be calculated if it 
is assumed that local equilibrium exists everywhere between the solid fuel 
and a gaseous C02 -CO- Oz mixture in which the C02/CO partial-pressure 
ratio is constant. (The source of the CO and C02 is a carbon impurity in the 
fuel.) Studies of unirradiated urania-plutonia mixtures under temperature 
gradients, 30 have indicated that the oxygen redistribution can be only par­
tially predicted by the Rand and Markin model, and that the oxygen distri­
bution depends not only on the initial O/M ratio of the oxide and the 
temperature gradient but also on the length of time the specimen has been 
in the temperature gradient. The uncertainties introduced by the buildup 
of fission-product elements in the fuel makes the computation of the oxygen 
potential gradient in an irradiated fuel by any of the current models highly 
inaccurate. 

29M. H. Rand and T. L. Markin. in Thermodynamics of Nuclear Materials, 1967, pp. 637-650, IAEA, 

Vienna (1968). 
30E. A. Aitken and S. K. Evans, GEAP-12047 (June 1970). 
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We have developed a new method for calculation of the 

t t . 1 based on the distribution of molybdenum in the fuel (see oxygen po en 1a , . _ 

d . t"on) The basic concept of the method 1nvolves the assump 
prece mg sec 1 . . . . . (· _ 
· h t (!)at each point in the fuel dunng 1rrad1at1on 1.e . , under a tern 

t1ons t a ·d. d d 
d . t) a local equilibrium exists between the ox1 1ze an perature gra 1en ' 

11 
• • 11 

reduced forms of a fission product that function as a redox-md1cator 
system and (2) the system is frozen into place when the fuel pm 1s coole d . 
The Mo-MoOz system was chosen as the redox-indicator system for the 

following reasons: 

(1) The oxygen potential of the Mo-MoOz system is in an 
appropriate range for the mixed-oxide fuel system. 

(2) The reduced and oxidized forms of molybdenum, a 
fission product with a high yield, exist in the coole d 
fuel pin in separate phases (metallic inclusions and 
fuel matrix) at concentrations that can be determined 
by the electron microprobe . 

(3) The mobility of both the reduced and oxidized forms 
of molybdenum decreases rapidly as the temperature 
of the fue l decreases and hence are quenched into 

position. 

(4) The oxidized form has a relatively high mobility in the 

fuel. 

(5) The Mo-MoOz system is not sensitive to chemical reac­
tion during the preparation of the fuel specimens for 
microprobe examination . 

With the assumption, stated above, that at each point in the 
fuel during irradiation, a local equilibrium exists between the reduced 
(metallic) molybdenum in the noble - metal alloy inclusion and the oxidized 
molybdenum in the oxide matrix, the following equation may be used to 
calculate the oxygen potential at each position in the fue l pin: 

(!) 

where IIGf'M.oOz is the standa rd free energy of formation of Mo02 ,
31 aMo is 

the activity of molybdenum in a nobl e-metal alloy inclusion, and aMoOz is 
the act1v1ty of molybdenum (as the dioxide) in the oxide matrix adjacent to 
the metallic inclusion. To compute the oxygen potential from Eq . I, the 
temperature of the fuel at the location of the alloy inclusion must be es timated , 
and the molybdenum contents of the alloy inclusion and oxide matrix as deter­
mined by electron microprobe analysis must be converted into activities. 

31
JANAF Thermochemical Data , Dow Chemical Co ., Midland, Mich. (June 30, 1967). 



The radial temperature profile of a given fuel-pin section 
was computed3Z assuming a steady-state heat flow in cylindrically symmet ­
rical geometry . The temperatures were computed stepwise by dividing the 
oxide fuel into small cylindrical segments and assuming that the thermal 
conductivity of each segment was constant . The value of the thermal con ­
ductivity for each segment was computed by an iterative procedure using 
the equation reported by Baily ~ al. 33 The dimensions of each region 
(columnar-grain, equiaxial-grain, and unrestructured regions) were ob­
tained as a part of the electron microprobe analyses . The starting density 
of the unirradiated fuel (85% of theoretical) was used for the density of the 
unrestructured region, whereas the densities of the equiaxial- and columnar­
grain regions were assumed to be 96.0 and 98 . 5"7o of theoretical, respectively . 

The activity of molybdenum in the noble-metal alloy in­
clusions was computed from the molybdenum atom fraction and an estimated 
value for the activity coefficient . These noble-metal inclusions are known34 

to be hexagonal, close-packed (epsilon), solid-solution alloys of molybdenum, 
ruthenium, technetium, rhodium, and palladium containing a small amount 
of iron . The integral free energy equation based on the regular solution 
model given b y Kaufman and Bernstein35 was differentiated to obtain an 
equation for the partial molar free energy of molybdenum in the above five ­
component allo y (the small iron content was neglected) . The lattice - stability 
and interaction parameters for molybdenum, ruthenium, rhodium , and palla­
dium reported by Kaufman and Bernstein35 were used in these calculations; 
parameter s for technetium were estimated . 

It was assumed that, in the columnar-grain region, the 
molybdenum present 1n the oxide matnx forms a solid solution in the mixed­
oxide fuel when the fuel pin is at irradiation temperatures . From prelimi­
nary stud1es of the composition of the gaseous species in equilibrium with 
a mixtur e of urania and Mo02 as determined b y a Knudsen effusion - mass­
spectrometric study, 36 it was estimated that the activity coefficient of Mo02 

1s 0 .5z at 1693°K . The regular solution model was used to estimate the 
activity coefficients at temperatures of interest in the present study . 

These activity coefficients, along with the concentrations 
of molybdenum in the inclusions and oxide matrix determined by electron 
microprobe analysis , were used to compute the oxygen potential in the 
columnar-grain region of the fuel element. The results are given in 
Table lll-11 . Since the irradiated fuel also contains cesium, the possibility 

32The assistance of R. H. Land, Computer Applications Group, CEN, is gratefully acknowledged. 
33w. E. Baily, E. A. Aitken, R. R. Asamoto, and C. N. Cratg , Int. Sym. on Plutonium Fuels Technology , 

Nuclear Metallurgy , Vol. 13, p. 297, (Eq. 5), AIME (1968) . 
34D. R. O'Boyle , F. L. Brown, and A. E Dwight, J. Nucl. Mater.1§_, 257-266 (1970). 
35L. Kaufman and H. Bernstein, Computer Calculation of Phase Diagrams , Academ1c Press , New York (1970). 

36Chemtcal Engtneering Division Fuels and Matenals Chemistry Semiannual Report, January-June 1971, 

ANL-7822, p. 15 (1971). 
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f h l y bdenum might be present as cesium molybdate was that some o t e m o . 
. . t d b a consideration of the react1on: 1nve st1 ga e Y 

[MoOzloxide (s) + 0 z(g) + 2 Cs(g) = CszMo04(-1.) (2) 

TABLE III-11. Calculated Oxygen P otential 
for Fuel Element NUMEC C-15 

Location Molybdenum 

Distance from 
Activity 

llGoz' 
No . Center, mm Temp, °K Alloy Oxide kcalj mol 

0.84 2368 0 .023 8.5 X 10-4 -61.7 

2 0 . 89 2363 0 .023 7 .9 X 10-4 - 62.2 

3 1.00 2353 0 .028 7 .0 X 10- 4 -64 .0 

4 1.09 23 3 8 0 .026 6.3 X 10-4 - 64 .4 

5 1.26 2293 0.032 5.3 X 10-4 -67 .5 

6 1.42 2238 0.036 4 . 6 X 10-4 -70 .1 

7 1.67 2 11 8 0.039 4.0 X 10-4 -74 . 2 
8 l. 73 2028 0 . 032 3 .9 X 10-4 -76 .0 

9 l. 96 1943 0.016 4 . 1 X 10-4 -75.5 

The cesium partial pressure was computed using the v alues 
of the MoOz activity and oxygen potential shown in Table III-11 together 
with an estimate of the enthal py and entropy of formation of CszMo04. It 
was found that for locations 1 to 7 (see Table III-11 ) the cesium pressure 
was about l atm, but decreased to about 0.2 atm for l ocation 9 . It seems 
unlikely that the cesium pressure would be greater than the vapo r pressure 
of metallic cesium at the cladding, which at 600°C is about 0 .6 atm. There­
fore, it is concluded that, in most of the columnar grain region, ces ium 
molybdate does not form as a separate phase and, therefo re, the molybdenum 
concentration in the oxide matrix can be used to estimate the molybdenum 
activity for this r egion of the fue l, as described above . However, in the 
cooler regions of the fuel (the equiaxial - grain and unrestructured regions), 
cesium mol ybdate probably does form, and the MoOz activity is no longer 
directly proportional to the molybdenum concentration. The rapid rise in 
molybdenum content of the oxide matrix in the outer, cooler regions of the 
fuel (see Table III-10) probably reflects the fo rmation of cesium molybdate 
in these regions . 

C . Reactor Safety and Physical Property Studies 

The primary objective of these studies is to provide physical ­
property data for use in e valuating the safety of various fast -breeder­
reactor materials . The property data obtained experimentally at tempe r­
atures above normal operating conditions of reactors will also be extrapolated 



to the much higher temperatures involved in accident situations. In addition, 
reactor material-fuel phase studies at high temperatures are under way to 
provide chemical information needed on fission-product distribution between 
molten fuel and other reactor materials for use in post-accident heat­
removal calculations. 

I . Enthalpies and Heat Capacities by Drop Calor imetry 

Three complementary calorimetric systems for the measure ­
ment of high-temperature enthalpy increments are available for our use. 
Depending on the material to be studied and the temperature range to be 
covered, one may choose 

(I) the resistance - heated drop - calorimetric system 
(600-1600°K), 

(2) the e le c tron-beam-heated drop-calorimetric system 
( 1300-2500°K), or 

(3) the induction-heated drop-calorimetric system 
(2500-3600°K). 

During this period, systems( ! ) and (3) have been used for making 
measurements. 

a. Resistance-Heated Calorimetric System 

The compound Na3U04 is a product of a reaction that can 
occur when liquid sodium contacts uranium oxide reactor fuel material. 
This compound could materially affect the coolant flow because of volume 
changes resulting in possible fuel-pin swelling. Thermodynamic data are 
needed for assessing the effects of this reaction product on various proposed 
fast -breeder - reactor materials. We have determined enthalpy increments 
for this compound by drop cal orimetry. 

The sampl e used for this work was the same material used 
by this Division's Calorimetry Group in their heat - of - formation studies (see 
Section III.C). The entha l py of Na3 U04 (relative to 298.!5°K) was measured 
from 523 to 12!3°K. Using the constraints that HJ:- H~98 = 0 at 298.15°K 
and that Cp = 41.35 cal/(mol )(°K), 37 we obtain the following equation as a 
fit to the experimental data: 

HJ:- H~98 . 15 = 45.1484T + 3.00894 x I0- 3 T 2 + 4.97 148 x !05T- 1 

- 15 395.9 1 cal/mol. (1) 

37o. W. Osborne and H. E. Flotow, Thermodynamic Investigation of Trisodium Uranium (V) Oxide (Na3U04). 
Part II. J. Chern. Thermodyn. (accepted for publication). 
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T t T is in degrees Kelvin. The standard deviation for Eq. 1 empera ure , , . . 
is 43 cal/ mol or 0 .22"/o. The derived heat capaCity from Eq. 1 1s 

45.1484 t 6 .01788 x 10- 3T- 4.97 148 x 105T-z cal/(molWK) (2) 

b. Induction- Heated Drop- Calorimeter System 

The induction-heated drop calorimeter has been modified 

for work with plutonium- containing materials ; the details of the modified 
system are described in an ANL report .38 The system has been used :o 
measure enthalpy increments for the compound (U 0 .sPuo .z l01. 97 • a lead1ng 

candidate for fuel in LMFBRs. 

Enthalpy data were obtained from 2348 to 3041°K. The 
sample heated to 304 1°K showed clear signs of melting, while the sample 
heated to the next lower temperature, 3005°K. gave no indication of melting. 
The solidus temperature for this oxide material thus lies between 3005 and 
304 1°K . The data for the solid samples were fitted by the method of least 
squares to the fo llowing equation (temperature in degrees Kelvin): 

H'T- Hz9s.1s = - 4470.04 + 14 .64 70T + 9.51929 x I0- 4 T 2 

+ 6.95191 x I0 - 7 T 3 cal/ mol (3) 

Equation 3 satisfies the constraints that H'T - H298 . 15 = 0 when T = 298 .15°K 
and C~98 · 15 = 15.4 cal/ (mol){DK). the latter being obtained by taking the 
weighted sum of values for U0 2 , Pu02 , and Pu20 3. The standard deviation 
for this fit is 221 cal/mol or about 0.4% . Heat capacities derived from Eq. 3 
are in good a g reement with values estimated by assuming simple additivity 
of the heat capacities of U02 and Pu02 . 

Work has commence d on the measurement of enthalpy in­
c rements for this mixed oxide in the liquid state. The same type double ­
wall tungs ten capsule used previously for our molten - UOz studies is being 
employed in these experiments. 

2. Speed of Sound in Molten Reactor Materials 

Exp e rime nts are in progress to measure the speed of sound in 
molten reactor materials with the initial efforts being directed to sodium. 
Compressibility data for molten fuel materials and coolant for use in con­
junction with the Grueneisen equation of state will be available from these 
measurements. These speed - of - sound data will also be of value in assessing 
shock pr o pagation through molten fuel and coolant, as we ll a s in analyzing 
two-phase flow of coolant. 

38
D. Fischer. L. Leibowitz, and M. Chasanov. USAEC report ANL-7896 (in press) . 



Measurements of the speed of sound in molten sodium from 
736 to 1489°C were made using a pulse-echo technique. The cell used in 
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Fig. lll-4. Speed of Sound in Liquid Sod ium as a 
Func tion of T emperature . ANL Neg. 
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these studies was fabricated from a 
tantalum-! Oo/o tungsten alloy (60 metal) 
chosen because of its strength. This 
is a necessary property since high 
vapor pressures are developed in the 
sample cell at the upper temperatures 
(37 atm at 1489°C). The data obtained 
are presented in Fig. III-4; the plot 
clearly shows a departure from linear 
dependence on temperature at the 
higher temperatures . Nonlinearity 
with temperature has, however, been 
previo usly observed by other investi­
gators in speed-of-sound measure­
ments on liquid metals .39 

The data shown in Fig. III- 4 
can be represented by the following 
empirical equation: 

v = 24 3 7.6- 0.20385t 

where the velocity, V, is given in 
meters per second and the tempera­
ture, t, is in degrees centigrade. The 
standard deviation for this equation 
is 4.1 m / sec. E xt rapolation of this 
equation beyon d the upper limit of 

the experimental temperatures is not recommended because of the unknown 
effect of increasing temperature on the velocity-vs.-temperature curve. 

3. Matrix - Isolation Spectroscopy 

The thermodynamic properties of the vapor species of fuel 
oxides are important in determining equation-of-state relationships used 
in projecting the results of certain fast - breeder-reactor design-basis 
accidents. Application of statistical mechanical techniques to spectro­
scopic data for these species presents a useful way of determining their 
thermodynamic properties at temperatures beyond the range of dir ect 
experimental measurements . Consisting of trapping molecules in frozen 
inert- gas lattices, the matrix isolation method allows low-temperature 
pseudo-gas phase studies to be carried out on molecules normally present 

39M. B. Gitis and I. G. Mikhailov, Soviet Phys. Acoust. English Trans!. g. 14 (1966). 
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_ hase concentrations only at very high temperatures. Because 
1n arge gas P 1 · 1· · t d der these 

1 · f · ted rotational quantum leve s 1s e 1m1na e un 
popu at1on o exc1 . l'f' d · f d a d 

Onditions interpretation of the s1mp 1 1e 1n rare n low -temperature c • 
visible spectra is greatly facilitated. 

Substantial progress has been made by means of the Fourier 

f t O meter in the assignment of v ibrational frequenCles of trans orm spec r . 
b ved above condensed U02 +x to their respect1ve molecular vapors o s e r - . f · f · c f 1 studies of the infrared spectra obta1ned as a unct1on o speCles. are u . . . f 

the o /M ratio of the condensed material, together w1th mfrared stud1es ~ 
full and partially !So-substituted urama and w1th ~ass-spectrometnc ob 

servations, have led to the following tentative as s1gnments: 

776 cm- 1: U160z(v3) 

853 cm - 1: U 1603( v l ) 

746 cm- 1: U 1603( v 3) 

In addition a bond angle for U02 has been calculated as 174 ± 10° from the ' 1 6 -1 ( 160 1a0 ) ratio v (u 16o) v (U 180 2 ) . The observed frequencyof771. ern fo r v3 U 
3 2 3 16 18 

has yielded a calculated value of v 1(U 0 0) in excellent agreement with t he 
observed value at 728.4 cm- 1. On this basis, a value of 765 crn - 1 has been 
calculated for ·o 1(U 160 2 ), which is inactive or very weak because of the near ­
linear 0 - U - 0 bond angle. Observed frequencies for the mixed - isotope U03 
molecules are consistent with the assignments listed above, but additional 
work is needed before all peaks can be assigned. The vibrational frequency 
for diatomic UO has not yet been confirmed. 

4. Theoretical E xtrapolation of Measured Physical - Property 
Data to High e r Temperatures 

A computational algorithm has been constructed which predicts 
the vapor pressures and oxidation states of fast - breeder - reactor fuel and 
fission-product elements. These data are of importance in the areas of 
fuel - cladding interaction, possible fuel failure propagation, fuel - coolant 
interaction, and reactor dis ass ernbly calculations. The ca l culations, which 
consider a three - phase (condensed oxide, condensed non - oxide, and vapor) 
closed thermodynamic system, are based on the assumptions of ideal solu ­
tion theory and temperatur e uniformity. On the basis of avai l able thermo ­
dynamic data and extrapolations to 6000°K, and the assumption of 100% 
r eten tion of fission - product gases within the closed system, vapor pres ­
sures, oxygen-to - metal ratios of the fuel, and oxidation states of condensed 
fission products have been computed as a function of initial fuel composition, 
burnup, and fuel density . Results of these calculations indicate the noble 
gases to be the major contributors to the total p r essure at temperatures 
below 4000°K. Above 5000°K, gaseous U02 becomes the principa l contrib ­
utor to the vapor pressure at low (5%) burnup. The tota l pressures are 



relatively insensitive to initial fuel composition [0/M and Pu/(U + Pu) ratios] 
and to the exactness of the calculated oxygen partial pressure even at the 
higher temperatures. A report has been prepared which describes this com­
putational code and the results obtained with 1t so far. 

Work has commenced on the evaluation of existing sodium 
equation- of- state data and extrapolation techniques . 

5. Thermal Diffusivity of Reactor Materials 

Values of the thermal diffusivity of UOz in the liquid state are 
of importance to the reactor safety program. This information is needed 
to evaluate means of safely cooling the core of an LMFBR in the event of 
a meltdown incident. Reliable experimental values of thermal diffusivity 
and thermal conductivity are available for solid UOz up to about 2300°K . 
There has been speculation that the thermal conductivity of UOz will increase 
above 2300°K and that a contributing factor to such an increase would be in­
creased electronic conductivity . There is also considerable uncertainty 
about radiative heat transfer in UOz . It is hoped that the present research 
will resolve these uncertainties . 

We will determine thermal diffusivity of liquid UOz from the 
phase change in a thermal wave passing through a sample; this wave is 
produced b y heating the sample with a sinusoidally modulated electron 
beam. The thermal conductivity is calculated using the thermal diffusivity, 
heat capacity, and density . Modification of a twin- beam electron furnace 
fo r use in this work has been completed. All elect ronic equipment for 
modulation and electron-beam sample scan during heating has been tested. 
Phase-shift measurements have been made using tungsten samples, and the 
calculated thermal-diffusivity values agree with literature values. An empty 
tungsten cell, of the type which wi ll be used to contain uranium dioxide, 
has been tested by heating with both electron beams . The entire cell was 
held above 3 100°C . The cell remained intact and there was no surface 
buckling. A disk of uranium dioxide has been successfully enclosed in a 
similar cell by electron- beam welding. 

6. Reactor Materials- Fuel Phas e Studies at High Temperatures 

In the event of an LMFBR core meltdown, simultaneous failure 
of multiple safeguards and l oss of effective cooling could lead to melting of 
the oxide fuel, the stainless steel cladding, the core -support steel, and the 
concrete which will be below the reactor core. Knowledge of the distribution 
of fission products to the phases produced in such a hypothetical incident 
and of the distribution of the phases is required to predict the fission-product 
heat distribution and to be able to assure that means are available for cooling 
the products of the meltdown . Consideration must also be giv en to the possible 
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dissolution of concrete in the molten UOz-PuOz layer, thereby forming a 
liquid less dense than molten steel. This program seeks to provide this 

information . 

E xperimental studies of the distribution of inactive fission 
products between molten iron (representing fuel cladding) and molten UOz 
(representing reactor fuel) have been completed using an arc-melting 
furnace. E xperiments have shown that when molten uranium dioxide is 
contacted with molten iron, the elements yttrium, lanthanum, strontium, 
barium, zirconium, praseodymium, cerium, and some of the niobium are 
distributed to the oxide phase . Molybdenum, ruthenium, and some of the 
niobium are distributed to the m e tal phase. The first group of elements 
is characteristic of the alkaline ea rths, transition metals, and rare earths 
that have stable oxides under the experimental conditions . The second 
group is characteristic of the noble metals . The results are in general 
accord with the conclusions that have been drawn from thermodynamic 
data . A report, ANL-7864, has been prepared which discusses these ex ­
periments in detail. 

A study of the distribution of fission products between a molten 
UOz- concret e mixture and iron is in progress . 

D . Calorimetry 

The calorimetric program is directed toward the experimental, 
empirical, or theoretical determination of thermodynamic properties of 
substances that are of interest in high-temperature chemistry and nuclear 
technology . Measurements are being made of standard enthalpies of for­
mation (6HfZ9s) of the substances. Complementary experimental determina­
tions of high-temperature increments (t>HT - t>H~98 ) are reported in Sec­
tion III.C of this report. Complementary low - temperature thermal meas ­
urements (of Cf, . So, and tlHtrl are being performed in the ANL Chemistry 
Dtvtston and elsewhere . Quantum chemical investigations are also being 
carried out on some related binary systems. 

The failure of the fuel cladding in an oxide-fuel, sodium-cooled 
reactor is postulated to lead to the reaction 

3Na + Oz + (U,Pu)Oz - Na3 (U , Pu )0
4 (!) 

This reaction leads to u· f h · swe tng o t e fuel and, posstbly, obstruction of the 
reactor coolant channel. A knowledge of the thermodynamic properties of 
the four species in the t . 

f 
. . reac 1on enables one to calculate the oxygen pressure, 

one o the cnttcal par t f 
ame ers o the process . It is believed that if the Pu 

content of the fuel is -20"/. 1 h 0 or ess, t e thermodynamic properties of 



Na3 (U,Pu)04 ought to be very close to that of Na3U04 . For this reason, a 
sample of Na3U04 was prepared40 and characterized (see Section III.A of 
this report) and its enthalpy of formation determined40 by enthalpy-of­
solution measurements in an aqueous HCl solution of Xe03 • t>Hf~98 [Na3U04 (c)) 
was found to be - 477.7 ± 0 .9 kcal mol- 1• Other thermodynamic properties 
measured on the sample include low-temperature heat capacity andentropy, 41 

high-temperature enthalpy, 42 and dissociation vapor pressures .43 

2 . NazO 

The enthalpy of formation of disodium oxide, Na20, is also an 
important datum for use in the elucidation of the thermodynamics of the 
sodium- uranium-oxygen system, the importance of which was indicated 
above . Because of this importance and because the literature data are dis­
cordant, a sample of Na2 0 was purchased, heated under vacuum at 51 0°C 
for 40 hr to remove excess sodium and any NaOH present , and its enthalpy 
of solution measured . From the measurements, the enthalpy of formation 
was calculated to be t>Hf296[Na20(c)) = -99 . 15 ± 0 . 05 kcal mol- 1

• 

3. CsHCz 

Values for the enthalpies of formation of the sodium acetylides 
NazCz and NaHCz were reported in the preceding report (ANL-7750, p. 68). 
They were determined because NazCz has been postulated as playing an im­
portant role in the transport of carbon in sodium-cooled reactors . A simi­
lar study was planned for the cesium acetylides because the techniques for 
the measurements were available and because cesium is a high-yield fission 
product and the dicesium acetylide might be formed in carbide fuel systems. 
Further, literature data on fission-product carbides are so sparse that any 
addition would be an aid in estimating thermodynamic values that do not now 
exist . However, preparation of a sample of Cs 2 C 2 was not achieved and 
measurements were made only on CsHCz . Calorimetric measurements of 
the enthalpy of reaction of CsHCz with 0 .018 l! CsOH were combined with 
auxiliary thermochemical data to obtain the enthalpy of formation, 
6HfZ9s[CsHC2 (c)) = +18.55 ± 0 . 2 kcal mol- 1

. 

40 P. A. G. O'Hare, W. A. Shinn, F. C . Mrazek, and A. E. Martin, Thermodynamic Investigations of Trisodium 

Uranium (V) Oxide (NaaU04) . Part I. Preparation and Enthalpy of Formation. J. Chern. Thermodyn. 
(accepted for publication) . 

41 D. W. Osborne and H. E. Flotow, Thermodynamic Investig ations of Trisodium Uranium (V) Oxide (NaaU04). 
Part II . Heat Capacity, Entropy, and Enthalpy Increment from 5 to 350K. Gibbs Energy of Formation at 
298 .15K , J. Chern. Thermodyn. (accepted for publication) . 

42 0. R. Fredrickson and M. G. Chasanov, Thermodynamic Inv estigations of Trisodium Uranium (V) Oxide 
(NaaU04). Part Ill . Enthalpy to 1200K by Drop Calorimetry, J. Chern . Thermodyn. (accepted for publication). 

43J. E. Battles, W. A. Shinn, and P. E. Blackburn, Thermodynamic Investigations of Trisodium Uranium (V) 
Oxide (NaaU04) . Part IV . Mass Spectrometric Study of the Na- U-0 System, J. Chern. Thermodyn . 
(accepted for publication). 
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4 . ThS 

As part of an effort to alleviate the scarcity of thermodynamic 
data on actimde compounds, the determination of the enthalpy of formation 
of thorium monosulhde 1s being carried out by the Chemical Engineering 
Division by measurement of the enthalpy of solution of ThS in 6M HCl. This 
is part of a cooperative study of the thermodynamic properties of ThS: the 
sample was prepared by R . R . Walters; 44 low-temperature Cp and S

0 
meas­

urements have been made by D . W . Osborne and H . E . Flotow;
44 

high ­
temperature vapor pressure measurements were planned by R . J. Thorn 
(Walters, Osborne, Flotow and Thorn are all members of the ANL Chemistry 
Division) . A preliminary value has been obtained for the enthalpy of forma­

tion, AHf~98 [ThS(c)J~ -97 .0 kcal mol- 1. 

5 . N=.5F 

Two years ago, measurements of the enthalpy of formation of 
thiazyl trifluoride, N=5F3 , were made45 on a sample prepared by Professor 0. 
Glemser and I. Wegener of the University of Gottingen, Germany . From the 
enthalpy of formation of N =.5F3 and some mass-spectrometr ic appearance ­
potential data46 for both the thiazyl tri- and monofluorides, a value w as cal­
culated45 for the enthalpy of formation of the monofluoride, N:SF . Since 
then, Professor Glemser has prepared a sample of Hg(NSF2 )z (from whic h 
N:SF can be obtained by thermal decomposition) in order that the enthalpy 
of formation of N = SF could be measured directly. A preliminary value, 
determmed by us during the past year, is AH£298[N=SF(g)] ~ -5 .2 ± 
0.9 kcal mol- 1 This value differs by about 40 kcal from the calculated 
one45 and points to a serious error in one of the appearance-potential reac ­
tion assignments .46 The appearance potential of NSF+ from N=SF3 must 
be as signed to the reaction 

(2) 

rather than to 

(3) 

as originally postulated . 

6 . XeF6, XeF4, and XeFz 

The discovery of the xenon compounds in the early 1960 's has 
been followed by a dec d f · · · · a eo 1ntens1ve study of the1r properties, much of 

~~~H~.~E~. ~F~lo-to_w __ D __ W---0-sb ______ dR 

45 ' · · orne, an . R. Walters. J. Chern . Phys. 55, 880 (1971). 
P. A. G. O'Hare W N H bb d 0 -

46 0 Glem.ser A • .. · · u _ar • · Glernser, and I. Wegener, J. Chern. Therrnodyn. ~· 71 (1970). 
· • · Muller , D. Bohler , and B. Krebs , Anorg. AUg. Chern. 357, 184 (1968) . 



it done in the ANL Chemistry Division . A number of the studies have in­
vo lved determinations of the enthalpies of formation of the xenon flu o rides 
by calorimetric techniques, by equilibrium techniques, and by mass­
spectrometric techniques. Because the samples used in many of the 
earlier studies w ere impure and because there were considerable dif­
ferences in the values obtained, it was de cided to determine the enthalpies 
of formation of XeF6 , XeF4 , and XeF2 in a cooperative effort with John Malm 
of the ANL Chemistry Divis ion, one of the pioneers in the field. The samples 
were prepared and purified by Malm and contained no dete c table impurities. 
The reaction between the fluorides and gaseous PF3 was chosen for the study. 
The main reaction studied w as 

XeFn(c) + n/2 PF3(g) - n/2 PF5 (g) + Xe(g) (4) 

The enthalpy of this reaction, combined w ith n/2 times the enthalpy of the 
reaction of PF3 (g) wit h fluorine , 

(5) 

leads directly to the enthalpy of formation of the xenon fluoride . The en­
thalpies of R eac tion 4 found were -11 3.08 ± 0 .2 0, -240 . 12 ± 0.15, and 
- 375. 12 ± 0.49 kcal mol- 1 for the di-, tetra-, and he x afluoride, respective l y . 
The entha lpy of Reaction 5 had been previously determined at this labo rator y 
to be -151. 99 ± 0 . 16 kcal mol- 1

. Another measurement in the course of the 
present work yielded a value of - 151.98 ± 0 .0 7 kcal mol- 1 The derived 
heats of formation are 6Hf~98 (XeFn(c)) = - 38 .90 ± 0 .21, -63.84 ± 0.21, and 
-80 .82 ± 0 .53 kcal mol- 1 for the di-, tetra-, and hexafluorides, respectively . 

7 . Br03F 

The recent synthesis of perbr omic acid and the alkali perbro ­
mates by E . H . Appelman47

•
48 of the Chemistry Divis ion has led to the prep­

aration of perbromyl fluoride, Br03 F. Inasmuch as the perbromates were 
thought prev iously to be nonex istent, their thermodynamic properties are of 
fundamental interest. The thermodynamic properties of potassium perbro­
mate and the aqueous perbromate ion have already been determined in this 
laboratory .49 During the past year , the enthalpy of formation of Br03F has 
been determined b y measureme nt of its e nthalpy of h y drolysis to be 
6Hf~98(Br03 F(-t)) = +26.78 ± 0 . 25 kcal mol- 1

. 

8. Quantum- Chemical Investigations 

In support of other calorimetric studies, quantum- chemical in­
vestigations have continued with calculations on the nitrogen-fluorine, 
silicon-fluorine, nitrogen-sulfur, and nitrogen -oxygen systems . 

47E. H. Appelman. J. Amer. Chern. Soc.~. 1900 (1968) . 
48E. H. Appelman. Inorg. Chern._!!. 223 (1969). 
49r. K Tnhn<nn P N sm;th F li. Appelman, and W. N. Hubbard, l norg. Che rn . ~ 119 (1970). 
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IV. ANALYTICAL AND REACTOR CHEMISTRY 

A. Dosimetry 

On July 1 , 197 1 a dosimetry program was established within the 

Chemica l Enginee r ing Divi sion . The obj ec tive of this program _1s to d evelop 
and apply exp e rimental and analyt i ca l t echn ique s for c h a ractenzmg fast ­
neutron irradiat i on environment s in t e rms of flux, fluence , and neut ron 
s p ectrum. The program i s divid e d into tw o primary areas of responsibility : 
( l) to investigate systematic errors in foi l-activa tion techniques and d e ­
velop me thod s for measuring integ r a l r eac tion rates in operating p ower 
reactors to an accuracy of ±3o/o and (2) to es t ab lish the capability for a rou ­
tine, coord inated dosimetry service for all Argonne Na tional Laboratory 

(ANL) experiment e r s using EBR-II. 

1. De ve lopment of Dosimetry 

The princ ipa l means by whic h dosimetry methods will be d e ­
ve loped and evaluated i s by parti c ipation in the Interlaborator y LMFBR 
Reaction Rate (ILRR) prog r am. The ILRR program objective is to system ­
a tica lly compare all ava ilabl e me thod s for measuring fission rates and for 
cha r ac t e ri z ing irradia tion environments. Accordingly , a coordinated pro ­
gram has been set up among labora tories that have wide exp e ri e nc e in these 
techniques. The t echniques to be eva lua t e d and the laboratories involve d 
are as fo llows . ( 1) foil a c tivation , Hanford Engineering Development 
Labora tor y and AN L ; (2) solid- sta t e fission track re c orde r s, A N L ; (3) ion 
cham bers, National Bureau of Stan dard s; (4) proton r ec oil, A e roj e t Nuc lear 
Corp.; and (5) neutronics ca l culation s, Los Alamos Scientific L a boratory 
and Aerojet Nuc lea r Corp. B ecause the instrumental techniques, nam e ly , 
track-recorder, ion - chamber , and proton - r ec oil, cannot be used for in - core 
power - reactor measurement s, the philosophy i s to p e rform measurements 
w ith a ll t echniques in well - es ta bli s h e d, p e rmanent, critical facilities. 
From thes e meas ur ement s, the absolute a ccuracy of e ach t echnique should 
be d efine d and the d a ta wi ll be u se d to "s tanda rdize 11 or 11 c alibrate 11 the 
foil-activation and neutronics-calculation techniques for u se in fa s t power 
r eactor s s u ch a s EBR-II and FFTF. 

Our efforts are empha siz ing the use of solid- state track re­
corders (SSTR) and foil activation. The SSTR technique has been shown to 
have an accuracy of 1- 3% under ideal condition s · 1 howeve r th e ultimate 
accur acy achievable in c ritical - assemb ly r eact;r environ~ents has ye t to 
be de:nonstrated. T he technique involves placing a thin , uniform deposit of 
a f l SSlle m ate ria l in contac t w ith a suitable di e lectric s uch as mica. As 
fissions occur, the r ecoi l fi ssion fragments produce d amage tracks in the 

1R. Go ld , R. J A · d . rmam , an J. H . Roberrs, Nucl. Sci. Eng . £i. 13-22 (1968) . 



dielectric which, upon suitable chemical etching, are enlarged and are 
visible under a microscope. Thus, the SSTR serves as a fission monitor 
that integrates the number of fissions during the course of an irradiation. 

The accuracy obtainable with SSTRs is largely defined by the 
accuracy with which the number of fissile atoms exposed to the recorde r 
is known. We are, therefore, developing improved techniques for uniformly 
plating nanogram amounts of 235 U, 238 U, 237 Np, and 239 Pu onto thin backing 
materials and establishing the number of plated atoms. The 237 Np and 239 Pu 
atoms can be determined by low-geometry alpha counting. Because 235 U 
and 238 U are not sufficiently active for accurate alpha counting, these iso­
topes will be determined by spiking the solutions with known amounts of 
234 U before plating and alpha counting. 

Another important consideration in the accuracy of the SSTR 
measurements is that the amount of all materials of construction in the 
irradiation packages be minimized. This is necessary to minimize pertur­
bations of the neutron field in which measurements are made. Several 
different packages have been designed and are now being constructed. 
Initial evaluations of these packages will be made in tests at NBS, in which 
the packages will be irradiated simultaneously with highly calibrated ion 
chambers. Selection of the final design of the SSTR package will be made 
on the basis of these tests. 

Reaction-rate measurements by all ILRR participants are 
scheduled to begin in February 1972 in the Coupled Fast Reactivity Meas­
urement Facility (CFRMF) at Aerojet Nuclear Corporation. 

2. Service Dosimetry 

This effort is committed to establishing a capability for routine 
dosimetry measurements at ANL, performing dosimetry measurements in 
EBR-II for ANL experimenters, and for coordinating ANL' s overall dosim­
etry effort. At present, this work includes radiochemical measurements 
of reaction rates from various neutron dosimeters exposed in various neu­
tron environments and determination of flux, fluence, and neutron spectrum 
from these reaction rates. In the near future, we expect to provide theca­
pability for determining the number of atomic displacements (Frankel pairs) 
produced in a neutron-irradiated material and for determining the burnup of 
a fuel specimen by means of specific dosimeter foils. 

During the past year, most of our effort was devoted to two ex­
tensive series of measurements conducted and supported by the EBR-II 
project. The first included foil-activation-rate measurements from dosim­
etry foils irradiated in strategic locations in each of four critical-assembly 
mockups of EBR-II. More than 600 individual reaction rates were measured. 
The objectives of this work were to examine heterogeneity effects within 
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the reactor, to provide integral data that could be compared with neutronic 
calculations of the mockup assemblies, and to provide r eac tion-r a te data 
that could be compared directly with similar measurements in EBR-II to 

e stablish the validity of the mockups. 

The second experimen t , the EBR-II flux-mapping test , con ­

sisted of measurement s essentially identical to the mockup tests, except 
that they were conducted in EBR-II. The specific objectives of our partic ­
ipation in this test were ( 1) to provide data that could be compared directly 
with those of the mockup tests, (2) to examine the effects of reactor power 
level upon neutron spectrum and reaction rates, (3) to provide data to ex ­
amine flux - d e pression effects in structural subassemblies, and (4) to gen ­
erate a store of data and experience to enable more accurate and reliable 
dosimetry monitoring of individual irradiation experiments in EBR-II . 

The dosimetry program is responsible for designing the dosim­

etry aspects of all ANL exper iments conducted in EBR-II . In this regard, 
we have designed and planned the dosimetry monitoring for five experi­
ments. The effort included defining the location, types, and number of do­
simetry monitors and providing su itable foil materials to the experimenters. 
Reaction rates have been measured on dosimetry monitors from one com­
pleted materials-property tes t conduc ted in EBR-II . 

B. Fast-Reactor Cross-Section Measurements 

l . Spectrum-Averaged Measurements 

An unde rstanding of fast-neutron proces ses that occur during 
irradiation i s essential to the d es ign and d eve lopment of LMFBRs . The 
objective of our program is to provide measurements of spectrum-averaged 
reaction rates, cross sections, and cross - section ratios ; these are deter­
m ined by means of irradiations carried out in various fast-neutron spectra, 
e.g., in EBR - II or in c ritical assemblies. During 1971 , effort was devoted 
to com pleting a se ries of experiments whose purpose was to provide data 
on integral (spectrum - average d ) capture-to - fission r a tios (alpha) of the 
major fissile and fertile isotopes ; such data are needed to evaluate breeding 
characteristics of potential LMFBR fuels. In these experiments, which 
were begun in 19 64, a total of 64 samples of 233 0 235 0 238 0 239p 240p 

Z4Z , , ' U, U, 
and Pu were irradiated in va rious positions in the core and blanket of 
EBR-II for periods of 0.5 to 1.6 yr . The samples were analyzed to d e ter ­
rome the number of capture s, the number of fissions , and their ratio , alpha. 
A toptcal report describing this work has been published. 2 

.. Considerable effort at Argonne has been devoted to developing 
the capabthty for calculating the irradiation environment of EBR-ll, and the 

2
R. R. Hetnrich , J. Williams, A. A. Madson , and N. D. Dudey, ~ral Measurements in EBR-11 of Capture 
Rates, Fisswn Rates, and Alpha for 235u, 238 u , 239 Pu , 240Pu, and 242Pu . ANL-77 91 (1971) . 



data obtained in the alpha experiments provide an important means for 
evaluating the accuracy of these calculations . Such an evaluation is being 

made in a collabora tive effort betwe e n 
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the Chemical Engineering Divi s ion and 
the EBR-II Project. E x perimental3 and 
calculated4 values of the capture-to­
fission r a tios of 233 U, 235 U, and 239 Pu at 
various radial location s in EBR-II have 
been r e ported; a comparison4 of these 
results is given in Fig. IV -l. The com­
paris on shows good agreement for 233 U 
and 239 Pu but points up some discr e pan­
cies between the measured and calculated 
value s for 235U. Mor e d e tailed compari­
sons and analysis of th e individual cap­
tur e rates, fission rates, and spectrum­
averaged eros s - section ratios for 

233
U, 

235U, 23BU, 239Pu, 240Pu, and 242Pu ar e in 

progr e ss. 

2. Fast- Ne utron Fission Yields 
of Tritium 

Data on the fast-neutron 
fission yields of tritium are needed for 
predic ting tritium production ra te s in 
LMFBRs. This information is important 
because of the problems of tritium dis­

posal in fuel reprocessing plants . Our wor k' is being directed primarily 
toward the measurement of the fission y ield of tritium as a function of 
neutron spectrum and fissioning nu c lide. Two independent methods are 
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being exam ine d for establishing tr i tium yie lds . The first method is a ra­
diochemical technique in which the trit ium i s separated from other sample 
constituents and counted. The second me thod is an on- beam, particle­
identification technique for measuring th e number and ene rg y of all low ­
mass particles eH, 2H, 3H, 3He , 4He, and 6He) emitted in fission. Both 
methods involve irradiation of the fi ssile nuclides in a beam of monoene r­
getic neutrons at several different energies to es tabli s h the energy d e pend­
encies. During the past year, both methods have emphasized m ea surements 
of tritium yields from fast-neutron fission of 235 U. 

Accurate measurements of tritium yields as a function of neu­
tron energy are complicated because of ( l) the ve r y low y ields of tritium 
relative to those of virtually every other fission product, (2) the long 

3N. D. Dudey . R. R. Heinric h , ] . Williams, Trans. Amer. Nuc l. Soc. _!i. 816 (1971). 
4o . Meneghetti and R. H. Rempert. Trans. Amer. Nuc l. Soc. !i· 817 (1971). 



104 

half -life and low decay energy of tritium, and (3) the possibility of inte r-

£ f t ·t1·um originating from sources other th an f1ss1on. These erences rom r1 
complications result in significant e rror s being assoc iated with any method 

f · tr 1·t1"um yields In the two methods d esc ribe d above, the or measurmg · . 
though la rge are complete l y independent. Thus, b y usmg two errors, even • . 

widely different methods, we hope to d ete rmine tritium yields w1th a greater 

reliability than would be achieved by usmg a smgle method. 

a. Radiochemica l Method 

The radiochemical-yield experiments involve (l) hydriding 

an irradiated sample to provide exchang e b e tween tritium and natural hy­
drogen, (2) pumping th e hydrogen and tritium through a silve r-palladium 
valve which i s per meab le only to hydrogen isotopes, and (3) counting the 

' . U5 
tritium in a low-level gas proport10nal counter. To date , a tota l of 16 U 
samples have been irradiated at 12 diffe r en t neutron energies b e tween ther­
ma l energ i es and 770 keV; 12 239 Pu samples have been irradia t e d at 11 dif­
ferent energies between 230 and 770 keV ; a nd 3 

233
U samples have been 

irradiated between 540 and 420 keV . The effort on tritium separation and 
counting has been concen trate d on the 

235
U samples . 

A demonstration of the validity of the radiochemical me thod 
was ma d e by measuring the yie ld of tritium from thermal fissioning of 235 U. 
Measurements of the thermal yield have been r e porte d by several investi­
ga tor s with results r ang ing from 0.80 x 10- 4 to l.l x 10- 4 triton s per fission 
(T /f). Our evaluation of these r e porte d exp e riments indicate that th e lowest 
va l ue, (0.80 ± 0.096) x 10- 4 T j f, as measu r ed by Sloth~ al., 5 is the most 
r e liab l e thermal yie ld va lue. This eva luation was based on the ass igned 
errors, the methods employe d, and reproducibi lity of repli c ate measurements. 

The thermal measurement i s complicated b y the fact that 
the mean free path of thermal neutrons is quite short in 235 U, so that most 
fissions would occur nea r the su rfa ce of a sample. Since the kinetic e nergy 
of the tritons can exceed 15 MeV, a larg e fraction of th e tritons will r eco il 
out of the target. For thi s rea son we irradiated a 2-mil foil of 93o/o enriched 
235

U sandwiched b e tween two 10-mil foils of 238u, which acted as a tritium 
r ecoil ca tcher. This pa ckage was irradiated in the Argonne Thermal 
Source Reactor for about 5 m in. Both the sample and the catcher foil s 
were counted on high-resolution Ge(Li) detec tor s to d e termine the number 
of 

140
Ba a toms produced in the ir radiation. From this value and the the r­

ma l yield of 
140

Ba, the number of fissions o ccurring in the sample was d e ­
termined. The sample and catchers were than analyzed individually for 
tri~!um. The va lue obta ined for the the rmal tritium y ield was (0.85 ± 0.09) x 
10 T j f, which ISm exce lle nt agreement with th e value of Sloth~ a l. 5 On 

5 
E. N. Sloth, D. L. Horrocks, E. J. Boyce, and M. H. Srudier , J. Inorg. Nucl. Chern.~. 337 (1962). 
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the basis of thes e r esults , we conclude that our radiochemical method for 
determining tritium yie lds is valid. 

In the fast-neutron irradiations, monoenergetic neutrons 
of known energy we r e used to initiate the fission process . The irradiated 
samples were analyzed for the number of fissions and tritium content in a 
manner identical to the thermal irradiations. The number of fission s was 
also measured by solid-state trac k re corders. (This method is described 
in Section IV.C.) The results of tritium-yield measurements for z35 U at 6 
neutron energies between 420 and 770 keV are shown in Fig. IV-2, along 

0 RADIOCHEMICAL 

0 PARTICLE IDENTIFICATION 

I 
'g 

10 

200 BOO 

NEUTRON ENERGY. keV 

Fig. IV-2. 235u Fission Yield of Tritium as a Func-

tion of Bombarding Neutron Energy 

with re suits obtained by the particle­
identification technique (both sets of 
results are discussed in the following 
subsection). The rather large error s 
in the data result primarily from the 
tritium counting statistics. Typically, 
a one -week irradiation of a 1-g sam­
ple of l3

5 U yie Ids a tritium count 
rate of 1-2 dpm. 

b . On-Beam Particle Iden ­
tification Yield Method 

The particle -identification 
me thod differs from the radiochemi­
cal method in that all low-mass 
charged particles emi tted during 
fission are detected and id entified 
on-line, and the kinetic energy of 
each particle is determined. The 
data obtained by thi s method will aid 

in understanding the mechanism of 
low-mass-particle production in 
fission; however, our major intere st 

is in understanding the dependence of tritium production in fast-neutron 
fission on neutron energy and fissioning species. Accordingly, two types 
of fission are being studied: spontaneous fission (e.g., of z5zCf) and mono ­
energetic neutron-induced fission of l3

5 U and z39 Pu over the energy range 
from 200 to 4000 keV. The initial objectives of these studies ar e to meas­
ure the number of particles emitted per fission and the energy distributions 
of 1H, zH, 3 H, 3He, 4He, and 6He as a function of neutron energy for l3

5U. 

The principle of particle identification ta kes advantage of 
the diffe r ences in the rate of energy loss of charged particles as a function 
of their charge and mass. The detector system employs two diffused­
junction silicon detectors , a thin (30-60 ~m) llE and a thick (500 ~m) E de­
t ector , as well as a two-detector telescope. A particle traversing the t e l e ­
scope produces signals from the detectors that are proportional to the 
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ene r gy lost in each detector. The two ene rgy signals (llE and E) resulting 
from this traversal are such that the total ene r gy of the particle is (llE + E) 
and the r elationship between llE and ( llE +E) uniquely d efines the mass and 

cha rg e of the particle. 

The primary advantage of the particle - identification method 
is that fission tritons are clearly diffe r entiated from tritons produced by 
othe r reactions, e.g., 6Li (n, T), by means of the measured ene rgy distribu­
tions . The principal e rror s in the method are r e lat e d to absolute calibra­
tion of the solid angle (geometry) of the detector telescope and the practical 
limitation on accelerator tim e needed t o provide adequate statistics. 

Two series of experiments have b een complete d that pro­
duc e d useful data on the fast-neutron fiss ion of z35 U. These measurements 
involved a total of 130 hr of accelerator time . T arge ts of both 3 and 
0.4 mg/ cmz of z35 U and two different sets of detector s we r e used to exam­
ine the effects of the thi cknesses of llE d etec tors upon particle resolution. 
For these measurements the numbe r of fissions was d e termined b y count­
ing the number of heavy fission f r agments incident upon the llE detector 
and the number of low-mass parti c les was d e t e rmined from the two-de tector 
t e lescope . The solid angles fo r both h eavy fission fr agments and the low­

Fig . IV -3. 

ENERGY, MeV 

MARSHALL 

• SC061E 

Energy Spectra of Tritons Emitted in 
Fast- Neutron Fiss ion of 235u. (The 

smoothed curves represent a tritium 
energy spectrum for thermal neutron 
fi ssion of 235u. 6) ANL Neg. No . 308-
2741. 

mass particle s were measured b y 
means of a ca librate d source of 
s pontaneously fissioning zszCf. 

Th e results of the tritium-
yield measurements for fast-neutron 
fission of z35 U are shown together 
with the radioc h emica l r esults in 
Fig. IV- 2. Figure IV- 3 shows the 
ene r gy spectrum of tritium produced 
b y 330 - keV neutrons and a conglom­
era t e tritium spectrum of the sum 
of all spectra collected for a variety 
of e n e rgies . The inset in Fig. IV -3 
shows a tritium energy spectrum 
reported for the rmal-neutron fission 
of z35 U; 6 these data ha ve also been 
normalized to each of our e n e rgy 
s p ec tra and are shown as the 

smoothed curves th b d f . m e mam o Y of the figure. One important fact de-
med by the energy s pectra ts that tr i tium mus t indeed come from fission 

rathe r than an y pos sible light-element contam inants . 

t
. 

1 
. . . Our r esult s to date , from both the radiochemical and 

par tc e -tdentthcation · . . 
10 -4 ( 

20
C11) . exp e nments , mdtcate that a tritium yie ld of 2 . 25 x 

± 10 tntons per f" · f Z35 · tsston o U ts the best available estimate of 
;:--------
6M. MarshaU and J. Scobie, Phys. Letters~· 583 (1966). 



tritium production rate s in LMFBRs. B e cause of the large un ce rtainties in 
th e absolute-yield measurements, it is difficult to define an energy depen­
dence in the tritium yields for 235 U over the energy region encompassed by 
fast- reactor spectra. However, the possibility of energy dependence cannot 
be ruled out at this time. Two conclusions can be drawn from our work to 
date: (l) the tritium yie ld in fast-neutron fission of 235 u is between two and 
three times larger than the thermal-neutron fission yield, and (2) ca l cula ­
tions that predict the tritium production rates of EBR-II, which are based 
on a yield of (0.8-0.9) x 10- 4 T / f , are clearly underestimating the tritium 
production in 235 U-fueled fast reactors such as EBR-II. 

~ ~r~• 
7 6 9 10 II 12 13 14 15 16 17 18 1'3 20 21 22 23 24 25 

ENERGY, MtV 

fig. !V-4. Energy Spec trum of Alpha Partic les 
Emitted in f ission of 235u with 

41 0-keV Neutrons. (The smoo th ed 
curve is an alpha-partic le spectrum 
for thermal-neutron fiss ion of 235 u .6) 
ANL Neg . No . 308- 2740 . 

Figure IV -4 presents our 
measurements of the energy spec ­
trum of alpha particles emitted in 
235 U fission with 410-keV neutrons. 
(The smoothed curve represents the 
energ y spectrum of alpha particles 
from thermal fission of 235 U. 6

) An 

interesting feature of our data is 
that the alpha-particl e spectrum 
appears to break into two distinct 
components. This featur e has b een 
observed in both series of irradia­
tions at neutron energies between 
400 and 480 ke V. Such an effect is 

not observed at other neutron energies and has not be e n previously observed. 
These data may indicate the presence of channel (resonance ) effects in the 
fission process. 

As part of our efforts to under stand the mechanism of l ow­
mass atom production in fission, we ar e collaborating with the Chemistr y 
Division in an experiment to measure accurately the angular distribution 
of the alpha particles produced in fission r elative to the massive fragments 
as a function of the mass split. In this experiment, the mass of a heavy 
fission fragment is determined from its time of flight and total energy, and 
the angular distribution of an emitted alpha particle is measured relative 
to that of the heavy fragment by a position- sensitive detector that records 
energy and angle. Preliminary results indicate narrower angular distri­
butions than heretofore measur ed in other e xperiments, which were more 
indirect attempts to define the angular distributions. If our preliminary 
results are substantiated, serious reconsideration of the mechanisms 
leading to long-range particle emission will be required, and some of the 
popular models used to calculate angular distributions of long-range parti­
cles will not be adequate. 
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c. Determination of Fast-Neutron Fission Yields 

Accurate determinations of the number of fissions that occur in a 
· f f" ssile material during irradiation are needed not only for speetmen o 1 . . f" . 

determining burnup of power -r eac tor fuels, but also for montton~g lSSlon 
rates in critical-a ssembly exp e riments and in power-reactor dos1metry 
measurements . The number of fissions is determined by measurmg the 
number of atoms of a particular fission product and dividing by the frac­
tional fission yield. For fission-rate measurements, the number of atoms 
of a short-lived fission product , e. g., 

140
Ba( 12.8 d), is determined from a 

gamma-activity assay. The accuracy with which the number of fissions 
can be determined is dependent on the accuracy w1th wh1ch the f1sS10n 

yields are known. 

An experimental program has been carried out to determine the 
yields of the short -lived gamma-active nuclides from the fast-neutron fis­
sion of l 35u, l 38 U, and l 39 Pu. The irradiations were carried out at several 
locations in Assemblies 60 and 6 1 of Argonne's Zero Power Reactor-3 
(ZPR-3); the neutron s pec tra corresponded to those in Row 2 (core) and 
Row 7 (core-blanket interface) of EBR-II. 

A detailed description of the irradiation capsules and the methods 
used to measure the number of fissions and the number of fission product 
atoms formed was presented in a pr evio us report in this series (ANL - 7750, 
pp. 82-83). The number of fissions per gram of fissile nuclide was de­
termined by irradiating nanogram amounts of the fissile nuclide in contact 
with mica fission-track record e rs and subsequently measuring the amounts 
of fissile material by chemica l analysis and counting, und e r a microscope, 
the number of fission tracks induced in the mica. Th e number of fission­
product atoms per gram of fi ssi le nuclid e was d e termined by irradiating 
gram amounts of fissile material (metal foils) in close proximity to the 
fission-track recorders and s ubsequently measuring the gamma activities 
of the fission products by means of a calibrated Ge(Li) detector-multichannel 
analy ze r system. 

Fast-neutron yields from fissioning of Bsu and l 39 Pu have been de­
termined for those nuclides that have (l) relatively high fission yields (>3"/o), 
(2) half -l ives ranging from 1 to 65 days, and (3) well-established ratios of 
photon emission to disintegration; these fission yie lds are summarized in 
Tables IV-I and IV -2 . Averaging of the fission- yie ld values for th e thr ee 
neutron spectra is justified by previously obtained information (see ANL-
7750, PP · 82-85), namely, that within the neutron-energy rang e encompassed 
by these measur ements, the fission yie lds do not vary with neutron energy. 



TABLE N-1. 235 U Fast-Fission Yields of Short- Lived 
Gamma-Active Fission Products 

ZPR-3 Assembly Fission Yield, % 

and Location3 9'zr 9'zr 99Mob 103Ru "'I 132 Te t40Ba 

60 Core (446) 6.49 3. 36 3 . 46 4 .56 5. 75 
61 Core (442) 6.46 5.56 5.67 3.28 3.5 1 4.91 5. 61 
61 Interface (293) 6.27 5.49 3.22 3.36 4.84 5 . 65 

Average 6.4 1 5. 53 5.67 3.29 3.44 4. 77 5,67 

S.D. ±0.24 ±0.44 ±0.20 ±0 . 11 ±0 . 14 ±0.29 ±0. 17 

3 The numbers in parentheses are median fi ssion energies (in keV) at thes e locations. 
bnetermined by radiochemical separation and beta counting . 

TABLE N-2. 239Pu Fast-Fission Yields of Short-Lived 
Gamma-Active Fission Products 

Fission Yield,% 
ZPR - 3 Assembly 

and Location3 9'z r 9'zrb IOJRu 1311 13ZTe 140Ba 

60 Core (446) 7.03 4 69 5. 12 5. 19 

61 Core (442) 4. 78 (4 87) 7.11 4 77 5 . 31 5. 31 

61 Interface (293) 4. 76 (4.85) 7.01 4.84 5. 65 5.26 

Average 4. 77 (4.86) 7.05 4. 77 5. 36 5. 25 

S.D . ±0.18 ±0.32 ±0.25 ±0. 17 ±0.32 ±0.16 

a The numbers in parentheses are median fis s ian energies (in ke V) at these locations. 
bCalculated values based on measur ement of 95 Zr yield and measured 97 Zr -to- 95 Zr 

thermal fission-yield ratio. (The 97 Zr gamma ray was subject to interference 
from a 239 Pu gamma r ay.) 

Of the nuclides whose fission yie lds have been measured, 95 Z r(65 d), 
97 Zr( l 7 h), and 140Ba( 12.8 d) are the fission products that are used most 
frequently to determine fission rates for experiments in zero-power c riti­
cal assemblies and for dosimetry measurements in fast reactors such as 
EBR-11. Our values for these fission yields are compared in Table IV-3 
with literature values7 and with values which were obtained from earlier 
work8 in this program of yields of the stable daughters of these nuclides, 
95Mo, 97 Mo, and 14°Ce . On the basis of mass-charge distribution theory, it 
is predicted that the cumulative independent fission yields of the daugh­
ters of 95 Zr, 97 Zr, and 140Ba are each less than 0.2% (relative) of the total 
chain yield. We have confirmed this experimentally for 97 Nb(72 m), the 
short-lived daughter of 97 Zr. 

7F. L. Lisman, R. M. Abernathy, W. J. Maeck, and J. E. Rein. Nucl. Sci. Eng.~. 191 (1970). 
8chemical Engineering Division Semiannual Report, January-June 1964, ANL-6900, p. 337 (1964) and 

Chemical Engineering Division Research Highlights, May 1964-Aptil 1965, ANL-7020, p. 232 (1965). 
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Mass No. a 

95 
97 

140 

TABLE IV_ 3 . Comparison of ZJ>u and z39 Pu Fission Yields of 
95zr, 97zr, and 140Ba with F1~~sion Yields of 

95Mo, 97Mo, and C e 

Fission Yields, 'lo 

ZJ> u Z39pu 

ZPR - 3 Lisman~~· ANL ZPR - 3 Lisman~~-

6.4 1 6.4 7 6.50 4 .77 4.78 
5. 53 6.13 6.13 4.87 5.47 
5.6 7 6.21 5.69 5 .25 5.59 

aThe mass numbers r e fer to 9szr, 97 Zr, and 140 Ba for Z PR-3 and to 95 Mo, 97 Mo, and 
140 Ce for Li sman ~ ~- and ANL. 

The data in Table IV- 3 show good agreement, for both 235 U and 
239pu between the fission yields of 95 Zr and 95 Mo. However, significant 
diffe ;ences exist between the yield values for 97 Zr and 140Ba obtained in the 
ZPR -3 irradiations and the corresponding values for the stable products 
9
7
Mo and 14°Ce. The discrepancies in the 97 Zr values, about lOo/o, appear to 

be due to an e rror in the decay scheme of 97 Zr to 97 Mo, rather than in the 
fission yield of 97Mo. In the determinations of molybdenum yields, the 
9
5
Mo and 

97
Mo were determined simultaneously and, if a lOo/o positive er ror 

occurre d in the d e termination of the fission yield of 97 Mo, there would also 
be a 1 Oo/o positive error in the value of 95 Mo. Moreover, the decay of 
97

Zr (17h)t0 97Mo (stable) i s particularly complicated and an error in one 
of the branches of the published decay scheme could easily account for the 
discrepancy between the 97 Zr and 97 Mo yields. 

The differ ences between the 235 U and 239 Pu fission yields of 140 Ba 
obtained in the ZPR-3 irradiations and the values of Lis m an et al. for the 
s table product 

14
°Ce , -9 and -6o/o, respectively, do not appear to be due to 

an error in the deca y scheme of 140Ba to 14°Ce, which is comparatively 
simple. Since ther e is agre ement between the 235 U fission yield of 140Ba 
and the ANL value of 

14
°Ce, it is s ugges ted that the values of Lisman et al. 

for the 
235

U and 
239

Pu fission y ields of 14°Ce are high. 

The 
236

U fast fission y ields determined in the Z PR-3 experiments 
are given in Table IV-4. No information is available on the corresponding 
fission yie lds of the stable daughte rs. Existing fission- y ield va lues are 
bas e d on determinations of the same nuclides as those given in Table IV -4, 
and cal c ulations of chain yield are based on the assumption tha t the chain 
yie ld is the same as that of the short-lived fission-product parent. A com ­
parison of our 

236
U fast fission yield values wi th recommended va lues from 

the com pilation by Meek and Rider 9 reveals significant differences . This is 

~-E. Meek and B. F. Rider, Summary of Fission Yields for 235u, 238u, 239Pu, and 241Pu at Thermal, 

Fission Spec trum, and 14 MeV Neutron Energies, APED-5398A, Nucleonics Laboratory, General Electric Co., 
Pleasanton, California (1968). 



not surprising since the 238 U values that Meek and Rider used to make the ir 
eva luations are not taken from recent work. We b e lieve that our 238 U 
fission-yield values, which were determined b y the use of mica fission­
track recorders, sophisticated multichannel analyzer systems, and accu­
rately calibrated radioactive standard s, are the most reliable data avail­
able at present. 

TABLE IV -4 . 238 U Fast- Fission Yields of Short- Lived 
Gamma-Active Fi ssion Products 

ZPR-3 Assembly 
Fi ss ion Yield, % 

and Location 9>z r 97z r 99M 0 a IOJRu 1311 I JZ Te 

60 Coreb (446) 5.47 6. 14 6. 26 3. 62 5.27 
6 1 Cor e (442) 5.4 1 5. 9 1 5.92 6.32 3. 68 5.46 

S.D. ±0.21 ±0 .35 ±0 .20 ±0.20 ±0.!6 ±0. 15 

140Ba 

5.96 
5 .88 

±0.17 

anete rmined by radiochemical separati on and be ta counting. 
bThe Assembly 60 core va lue s a re r ecommended {the pr ecision of fission-tra ck 

counting was ±0 . 6% R.S.D. for the Assembly 60 co r e vs ±2.0% for the Assembly 60 
core). 
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V. PHYSICAL INORGANIC CHEMISTRY 

A. Thermodynamics of Lithium-Chalcogen Systems 

Experimental and theoretical studies dealing with molten-salt sys­
tems have formed an on- going program in the Chemical Engineering Division. 
Whereas most previous work has dealt with all- salt or salt-metal systems, 
recent work has concentrated on the behavior of systems involving the inter ­
action of salts with semimetals or nonmetals. This work has particular ap ­
plication in electrochemical energy conversion and storage devices using 
alkali metal-chalcogen couples (see Section VI). 

l. Phase-Equilibrium Studies of Binary Lithium-Chalcogen 
Systems . 

a. Lithium-Sulfur System 

Preliminary thermal data on the lithium- sulfur system 
were previously reported. 1 Those data identify the thermal invariants of 
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Fig. V-1. Partial Phase Diagram of the Lithium­

Sulfur System. D Chemical analysis 

data; Cheating and cooling curve data; 

and 0dlfferential thermal analysis data. 
ANL Neg. No. 308-2702. 

the system which provide the basic 
form of the phase diagram, as indi ­
cated in Fig. V -1 . Recent work has 
bee n directed toward determining the 
extent of the miscibility gap which 
exists on the sulfur - rich side of Li2S 
above 365°C and the location of the 
upper liquidus separating liquid 2 (L 2 ) 

and solid Li2 S. 

Previous efforts to determine 
the extent of the miscibility gap by 
chemical analysis of quenched samples 
were frustrated by failure of the two 
phases to separate completely under 
n o rmal gravity . This difficulty was 
overcome by use of a high-temperature 
centrifuge. 

After centrifuging and quench­
ing, the samples contained two dis­
tinctly different zones, presumably 
representing the two liquid phases 
present prior to quenching. Each 
zone was analyzed by flame photom­
etry for lithium content, the sulfur 
being obtained by difference. The 
analytical results, which are shown 

lchernical Engineering Divis· A 
wn nnual Report--1970, USAEC report ANL-7775, Section V.A.l.a.(2) (in press). 
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in Fig . V - 1 as t h e square symbols, define the limits of the miscibility gap . 
The miscibility gap can be seen to extend from less than 0.5 at.% lithium 
t o abou t 36.8 at. % lithium at 365°C and does not appear to have narrowed 
sign ificant! y at 508°C . 

L ocation of t h e upper liquidus has proven to b e difficult be­
cause t h e t h ermal effects associated with the liquidus crossing were not 
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observed, and quenched samples have 
n ot been polished well e nough to per ­
mit microscopic methods to be us e d. 

b. Lithium - Tellurium System 

Pr e liminary wo rk on the 
lithium-te llurium phas e diagram w as 
previously report ed. 2 In ve stigation of 
this system has b een r einstituted to 
obtain a mor e accurate and more com ­
plete phase diagram . Classical ther ­
mal and X - ray techniques are being 
used. The phase diagram shown in 
Fig. V - 2, while it contains recent 
data , is essentially the same as pre ­
v iously reported. 2 

The presence of the inte r ­
mediate phase LiTe3 , w hi c h was ten­
tatively identified2 e arlier, has been 
substantiated by the present work. 
At room temperature, this phas e has 
a body- centered c ubi c structure with 
a lattice constant of 6.162 A. The 
density of L iT e 3 , as measured with 
an ai r -compar ison picnome t er, was 
found to be 5.29 (±0.25)g/cm3

, which is 
in reasonable agreement with the cal ­
culated density of LiTe 3 (5.531 g/cm 3 ) 

based on the X-ray data . 

The results of recent 

Partial Phase Diagram of Lithium-Tellurium Sys tem. 
.A. Heating and cooling c urve data (previous work. 
see Ref. 2) ; 0 heating and cooling curve data (pres­
ent work); and 0 differential thermal analysis data 
(rresent work). ANL Neg. No. 308- 2703 . thermal measurements are s hown in 

Fig . V-2 along with previously re­
ported da ta. The p r evi ous da t a appear to have been systematically high, 
expecially in t h e t emperature of the liquidus crossing. This is attributed 
t o a lack of vigorou s stirring since similar effects have been observed 
during t he p r esent work w h en sampl es were not stirred . 

2Chemical Engineering Division Annual Report--1 968 , USAEC report AN L-7575, pp. 140-142 (1969). 
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Attempts to measure the melting point of LizTe have been 
f 1 because of the difficulty of preparing a pure sample. The 

unsuccess u . . DTA Its 
melting p oint appears to be higher than 825°C. Prel1mmary . resu . 

l .th . m rich than Li2 Te md1cate that the llthmm meltmg on sample s more 1 1u - . 
point is not m easurabl y depressed by the addition of tellurmm. 

2. Thermodynamics of the Pseudo-Ternary Lithium Selenid e ­
Selenium-Alkali Halide System by Emf Methods 

Amb1guitles ansmg in attempts to correlate e mf data from re ­
ve r sible e le c tro c hemical cell work with phase-diagram studies in lithium 
se l e nide- se l e nium sys tems have s h own that it is n ece ssary to include the 
influence of the e l ec trolyte o n emf cell behavior. The reason for this in ­
flu e n ce is the significant mutual solubility of the halide electrolyte and the 
lithium-ri c h liquid (L 2 ) in the lithium-se l enium system. 3 Consideration of 
the electro! yte mixture as one component in a pseudo - ternary lithium 
se l e nide-s e l e nium-ele ct rolyte (ha lid e e ute ctic) system leads to a phase 
diagram which is co nsistent with all of the expe rimental o bservations on 
this system. 

Emf m easurem e nts on the Li/ LiBr- R bB r ( eutectic)/ Li in Se 
ce ll at 360°C hav e been co ndu cted in the high selenium-low salt composi ­
tion region us ing a three-compartment H ce ll, whi c h has been described 
previously.

4 
The e mf values of thr ee Li/ Li Br -RbBr (eutectic)/Li in Se 

ce lls as a function of cathode co mpo sition are presented in Fig. V - 3 for a 
te mpera tur e of 36 0°C . In the right-hand portion of Fig. V- 3, the data are 
presented on a linear scale of e m f vs. atom p ercent o f lithium in selenium 
in the c athode compartm e nt. The prin c ipal utility of this type of plot is in 
l oca ting the inters ect io ns of th e straight-lin e regions at the hi g her lith ium 
concent ration s. C omparison of th e e mf data shows good consistency among 
the data for ce lls of different Se - to - salt ratios, nse/(nse + nE). Notably, in 
the dilute -lith ium region designated L 1 + L 3 (L 1 , L 2 , and L

3 
refer to liquid 

fields in the pseudo -ternary phase diagram; see Fi g. V - 4), the slopes of 
emf vs. logarithm of composition exhibit the Nernst slope, RT/ nF , corre ­
sponding to - 63 mY/ decade. This slope is required for a two-electron 
(n = 2) reaction, which may be written: 2 Li + xSe- Li

2
Sex . In the three ­

phase re g i on labeled L 1 + L 2 + L 3 , the slight downward trend of emf vs. 
c athode composition (whi c h should be hori zontal for a three - phase region 
in a three- component system) is thought to be caused by exchange of ru ­
bidium and lithium at the e lectrolyte- c athode interface in the cathode 
c hamber. Th e fo rmation of som e Rb2 Sex would b e expected to lower the 
ce ll potential s lightly as the lithium con centration increases in the cathode 
alloy. The discontinuous c hanges in the slopes dE/ d In XLi deno te th e loca­
twns of phase boundaries. For Cell No. 21 64F- 72, a c hange in slope occurs 

3
Chemical Engineering Division Annual Repon--1 970, USAEC report ANL-77 75, Sec. V.A .l.a.(1) (in press) ; %· T. Cunningham, S. A. Joh~so n , and E. J. Ca irns,}. Electrochem. Soc. 118, 1941 (1971) . 

· J. Cauns ~ &. PhySical Chemmry of Liquid ~ l eta ls a nd Molten Salts, Chemical Engineering Division 
Semiannual Report--January-June 1971, USAEC report ANL-7823, pp. 2! 



at xLi = 0.04; Cells No. 2258F-32 and 2258F-41 indicate phase boundaries 
by changes of slope at xLi = 0.023, x Li = 0.252, and XLi = 0.298. 

22 

2. 1 

0001 001 

___fll.L_ ~ 
0 2258F'-32 0842 
0 2258F'-41 0835 
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Fig. V-3. Emf Measurements at 360oC as Function of Cathode 
Composition for Three Li/LiBr-RbBr/ Li in Se Cells. 
ANL Neg. No. 308-2705. 
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I PHASE (CENTRIFUGATION) 
PHASE BOUNDARY (EMF) 

Se 

Fig. V-4. Li2Se-Se-(LiBr-RbBr Eutectic) Pseudo-Ternary Phase Diagram 

The highest nse/(nse + nE) ratio studied was 0.903. Distinct 
changes in slope occurred at XLi = 0.008 and 0 .152 . The slope for the low 
xLi region is in agreement wit h both the previous data obtained in the L 1 + 
L 3 region and the Nernst slope of R T/ 2F. After passing through the L 1 + 
Lz + L 3 phase region and into a two-phase region, L 1 + Lz, the cell potential 
continued to increase at a low rate (-0.5 mV/hr) to unreasonably high val ­
ues. This behavior was probably caused by the absence of L 3 in the cathode 
compartment, resulting in a relatively large driving force for the transfer 
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of L 3 (or electrolyte) from the center compartment into the cathode chamber, 
and conversely of Lz into the electrolyte contained in the center compartment. 
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The various phase r egions and boundaries determin e d by the 

h 
· 1 of emf vs - composition plots of Fig. V-3 can b e under-

c anges 1n s ope - · . . · v 4 
stood o n the basis of the pseudo-ternary phase d1agram shown 1n F1g. - · 
The resul ts shown in F ig. V - 3 for nse/(nse + nE) = 0.714 (Ce ll No. 21 6 4 F-7Z) 
corres p ond to a line parall e l to the Li2S e -Se side of the d1agra~ at 71.4 m o l "!o 

S · F ' v 4 The values for x L 1· corresponding to changes 1n slope (>n-e 1n 1g. - . . 
dicating phase boundaries) have been converted to mole p:rc.ent L1zSe. 
Using all available data, the phase boundanes shown 1n F1g. V-4 weJe lo­
cated and are found to conform with the results of thermal analy s e s and 

centrifugation exp e riment s. 

Fro m the data in the L 1 + L 3 region, such as those of Fig. V-3, 

it can be determined that dE/ d ln XLi = -R T/2 F , indi c ating that two elec­
trons a nd two lithiu m atoms are in volved in the cell rea c tion, 2 Li + xSe­
LizSex . The corresponding Nernst equation (with pure lithium as the ref­

erence e l ectrode) is 

E 

The activity coe ffi c ient YLiz has been calculated to be 6 x 10-
32 

fro m the 
Nernst equati on and results obtai ned f r om L i/LiBr-RbBr/ Li in S e cells at 
360°C at l owe r nse/(ns e + nE) ratios .5 Assuming the activ ity coefficie nt of 
salt in Lz and L 3 to be constant, it ha s been possible to determine the fre e 
energy of fo rmation, 6Gf, of Li2Se (36 0°C ). Usin g the Gibbs-Duhem e qua­
tion to co rre ct the free energy of formation to the value for unit activities 

of l ithium and selenium, we find 6G'f = -94.0 k c al/ mol at 360°C. 4 It c an be 
shown that 6G'f fo r Li2Se (s) determin ed from the emf value whe re Li2S e(s) 
begins to p recipitate, namely 2 .042 volts (see Fig. V-3 , C e ll No. 2258 F-41) , 
is within approximately 0. 3 kca l o f the valu e of - 94 .0 kcal/ mol. 

3. Phase Dia g ram of the P seudo -T ernary Lithium S e l e nid e ­
Se l enium-Alkal i Halide System 

Phas e - equ ilibrium studies have bee n conducted to determin e t h e 
composi t ions of the te rminal phas e s in t h e Li2 S e -Se - (LiB r -RbBr e utecti c) 
ps eudo - terna ry sys t e m. Some diffi c ulties in separating the various liquid 
and solid phases were en countered in ear l y experiments. Nea rly quantita­
tive separation of these phases was accomplished using the high- temperatu re 
centrifuge assembly described previously. 6 

By centrifu ging and chem ical anal ysis, the compositions of the 
terminal phas es were onl y roughly located (±5"/o) because of unce rtainties 

:Chemical Engineering Division Annual Report--1970, USAEC report ANL-777 5 , Sec tion V.B.l.c (in press). 
E. J · Cauns ~ ~ .. Physical Chemistry of Liquid Metals and Molten Salts, Chemical Engineering Division 
Semia nnual Report--January June 1971, USAEC report ANL-78 23, p. 40 (1971) . 



in the analytical techniques . To locate the phase boundaries more accu­
rately, mixtures of LizSe, Se, and LiBr-RbBr eutectic with compositions in 
the vicinity of the analytically determined values for the terminal phases 
were equilibrated, centrifuged, and examined microscopically until a nearly 
single-phase sample was produced. Results of these studies are plotted in 
Fig . V-4 and appear to be in good agreement with the results of the other 
studies. 

B. Lithium-Hydr ogen-Metal Systems of Importance to Fusion Reactors 

117 

Liquid lithium appears to be uniquely suited to act as the blanket 
material in present conceptual designs for deuterium-tritium fueled fusion 
reactors. Because much of the thermodynamic information on the lithium­
hydrogen, -deuterium, and - tritium systems is fragmentary , particularly 
for conditions that are projected for fusion reactors, we have initiated a 
program to study chemical activities and phase equilibria in these systems . 
The results of these studies are expected to provide useful information for 
the design of thermonuclear-reactor fuel-cycling and recovery processes 
and to add to our understanding of solutions of hydrogen in liquid metals . 

In advance of our studies of the thermodynamics of the lithium­
hydrogen system, attempts have been made to estimate ( l) tritium partial 
pressures in tritium-lithium solutions as a function of temperature and 
composition and (2) tritium permeation rates under the conditions anticipated 
for fusion reactors . Results of these cal culations are presented, and their 
implications with regard to the design of thermonuclear devices are 
discussed . 

l . Thermodynamics of Lithium-Hydr ogen Systems 

The paucity of literature data for the L i- LiH , Li-LiD , and Li­
L i T systems has been indicated elsewhere .7 In the Li-LiH system there 
are three studies dealing with the dissociation pressure of hydrogen as a 

function of temperature and composit ion : Hill8 obtained a pressure­
composition isotnerm at 700°C ; P erlow 9 measured two isotherms at 770 
and 825°C ; and, more recently , H eumann and Salmon10 redetermined Hill 's 
isotherm at 700°C. The data of these investigations lack consi stency, par­
ticularly in the dilute regions, where the disagreements result in the 
crossing of the isotherms. 

Our present experimental program is intended to produce a 
more cons istent set of isotherms amenable to thermodynamic interpreta­
tion. In anticipation of our results, we have made a thermodynamic analysis 

7Ibid .• p. 14. 
BL. L. Hill , Ph.D. dissertation, The University of Chicago (1938). 
9M. R. ) . Perlow, Ph.D . dissertation, The University of Chicago (1941). 

10f. K . Heumann and 0. N. Salmon, USAEC report KAPL-1667 (1956). 
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of the existing data in the Li-LiH system and derived the following semi­

empirical equation· 

ln ...jP 
( l) 

i=o 

where pis the pressure of hydrogen (atm), N L iH is the mole fraction of 
LiH, T is the Kelvin temperature, K is an equilibrium constant for t h e 
equilibrium Li + 1/ 2 H2 = LiH, and the Bi's are coefficients. F or i I 0, 
the B·'s are related to the coefficients in the Margules equation .

11 

1 

Equation 1 expresses, in an analytical form, the pressure­
composition-temperature relationship for the Li-Hz system . In order to 
evaluate the constants, we fit the quantity ln ./P - ln (NLiH/(1 - NLiH)] ob­
tained from Eq . 1 , as a function of NLiH• using the data of H eumann and 
Salmon and truncating the sum at k = 1 , 2, 3 , etc . Statistical F- tests have 
indicated that the cubic term is the last one of significance . Therefore, 
similar plots were made using k = 3 for the data of Hill (700°C) and of 

Perlow (770 and 825°C) . 

Since it was felt that the quality of the more recent work of 
Heumann and Salmon is superior, we elected to use, for the Bi coefficients, 
the values obtained from their data. In order to evaluate the constants, a 
constraint was introduced : at 825°C, and at the critical composition 
NLiH = 0 .768 (see below) , the value of hydrogen pressure was taken to be 
435 Torr , which is the approximate dissociation pressure in the plateau 
region of the experimental 825°C isotherm.9 The constraining condition, 
when applied to Eq . 1 , yielded ( -ln K + B

0
/ T) = 1. 789 at 82 5°C , which com­

pares with (-ln K + B 0 / T ) = 0.822 at 700°C. Parameters obtained from the 
solution of these two simultaneous equations lead to Eq . 2 

ln ../P (atm) 9 . 324 + ln NLiH 
1-NLiH 

+ ~(-8274-7931NLm+ll754NLm-9775NLm) · (2) 

Equation 2 was used to calculate isotherms at 700, 770, and 825°C . They 
are compared with the experimental data in Fig. V - 5. 

In the dilute region (NL iH << 1) of the Li-LiH phase diagram, 
Eq . 1 reduces to 

ln ./P = - ln K + ln N LiH + Bo/ T (3) 

11 . 
J · H. Hildebrand and R. L. Scott, The Solubility of Nonelectrolytes, 3rd ed . , p. 34, Reinhold Publishing Co 
New York (1950). · • 



or 

(4) 

where Ks = [Exp (B 0 / T )]/ K is the Sieverts 1 law constant. The law appears 
to hold up to 0.1 mol o/o LiH; at 0 . 1 mol o/o, the deviations were not larger 
than 1 o/o. Since the dilute solutions (-1 0 ppm) of LiH in Li are of spec ial 
interest in the tritium inventory problems in the fusion-reactor blankets , 
the Sieverts 1 law constants and hydrogen pressures at NLiH = 10- 5 are 
listed in Table V-1 . 

" 
0 

0 HILL , 7QQ•C 
0 HEUMANN AND SALMON, 7QQ•C 

ll. . 0 PERLOW, 110• AND 825• C 

MOLE % LtH 

Fig . V- 5 

Com parison of the Calculated 
Isotherms with the Experimental 
Data for the System Li-LiH 

TABLE V-1. Sieverts 1 Law Constants and the Corresponding 
Hydrogen Pressures at NLiH = 10- 5 for 

Solutions <0 .1 m o l "lo LiH in Li 

Sieve rts 1 Constant , 
(Torr )1/ Z (mole 

Temp., °C fractionr 1 Pr e ssur e, Torr 

600 23.7 5.61 X 1 o- 8 

700 62.7 3. 93 X 10-7 

800 138 1. 92 X 1 o- 6 

900 267 7.14 X 10-6 

1000 465 2.16 X 10- 5 
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2 . Some Estimate s of th e Cons e quences of Tritium Permeation 

in the Cor e of a D-T Fusio n Reactor 

A number of pr e liminar y studi e s 12
-

16 
hav e appeared in which 

att e mpts have b ee n mad e to e v aluat e the major problem areas confronting 
t he d e si gn e rs of fusion-r e a c tor fa c ilities. Among the materials - related 
problems that hav e been id e ntified , the permeation of hydrog e n isotopes , 
par t i cularly tritium, thr ou gh th e mate rials of c onstruction is of consider­
abl e impo r t an c e bec aus e of i t s b e aring on struc tural integrity, fuel economy, 

and s afety o f op e ration. 

In what foll ows , we att e mpt to ass e ss some of the c onsequences, 

b e n e fi c ial or oth e r w is e, of tritium perme ation in th e c or e of a d e uterium­
tritium fu el e d r e a c tor . As the basis for this study, we chose a 2500 - MW(t) 
plant wi th a l ow - ~ to roidal c onfineme nt s y stem . Two m e tals which appear 
promisin g a s struc tural mate rials for th e c or e of a fusion reactor, niobium 

and v anadium , we r e c onsid e red inde ­
TABU IJ-'1.. fusion Reaclor Plant Parameters 

Power anti Energy Parameters 
Fuel cycle 
Thermal power 
Heal loa<! on vacuum wall 
Energy releas~perlus1on reaction 

Dimensions 
Area ol vacuum wall 
MaJOf radius Of plasma chamber 
Minor radius ot plasma chamber 
Thickness ol vacuum wa ll 
Thlcknmolllthiumblanket 
Area ol blanke\ outer wall 
Thickness of blanket outer wall 

Bretding Parameters 
Number of fusion reacliOns per second 
Tntium breelling ratio 
Trihum breeding rate lin blanket! 

Tritium Partial Pressures HPPI 
TPP m plasma chamber 
TPP In vacuum annulus 

~0-~T 

2,500MW!tl 
JOMWttl/m'l 
22.4 f.'leV 

2.5 x Jo6cm2 
435 em 
145 em 
5 mm 
60 em 
l5 x Jo6cm2 
5 mm 

7llio20 
::: 1.1 
:::8x l()20tri!Ons/sec 

>I0-3Torr 
~ 10-4 Torr 

p e nd e ntly in this study . The blanket was 
as s ume d to be isothe rmal and two tem­
peratur e s , 1000 and 800°C , were used 

in th e c al c ulatio ns. 
e t e rs for this plant , 
to the c al c ulations, 
Table V -2. 

The d e sign param­
which are important 
are liste d in 

Tritium partial pressur e s in the 
blanket as a fun c tion of t e mp e rature and 
c omposition wer e obtain e d using the r e ­
sults i n Tabl e V-1 for hydrogen solutio ns 
in lithium . No c orrection was mad e for 
the differen c e in isotope , although the 

results o f Heumann and Salmon10 indi c ate that tritium partial pressur e s may 
b e 1.5 to 2 time s highe r t han hydro ge n partial pressures over lithium for 

12!. L Dr a ley ~~· • in 1971 lntersociety Energy Conversion Engineering Co nference Proceedings p. 1065 . 
Soctety of Automotiv e Engineers, Inc . . New York (1971) . ' 

13D J Rose 0 th F "bT f 
14 

· · • n e east tHy o Power by Nuclear Fusion. USAEC re port ORNL-TM- 2204 (1968) 

15 
D. J. Rose, Science 172 . 797 (1971). · 
D. Steiner A Review of ORN L F · F ·b· · · 

16 
' . uswn east t!Hy Stud tes , USA EC re port ORN L- TM - 3222 (1970). 

(a) A. P. Fraas m Nuclear Fusio R c f UKAE ' n eac tor on erence Proceedings . p. 1. British Nuclear Energy Soc ie ty 
A. Culha m Laboratory, Abingdon . Berkshire (1969) . ' 

(b) R. F. Post, ibid ., p. 88. 

(c) F. L. Ri be ~ ~·· ibid. , p. 242. 
(d) E. F. Johnso n. ibid ., p. 441. 
(e) R. W. Werner!<!~ .. ibid . . p. 449 . 
(f) R. W. Werner . ~·· p. 536. 



the same composition and temperatur e. Hydrogen permeation rates through 
n iobium and vanadium were determined usin g the equatio n 

(5) 

where cp is the permeation rat e in atoms/(sec)(cm/, X is the wall thi ck ­
ness in mm, PH and P L are the tritium partial pres s u re s in Torr on eac h 
side of the w all (PH> PL ), Q is the a c tivation e n e rgy in cal ories p er mol e, 
and T is the K e l v in temperature. Values of the proporti onality factor C ' 
and of Q were computed from the r e sults given by W e bb17 for ni obium and 
by H e inrich , J ohnson, and Crouthamel18 for vanadium . These valu es are 
l isted in Tabl e V- 3. Since the constants in Tabl e V-3 are bas ed on data for 
hydrogen permeation rates , the atom fluxes were co rr ec t ed for isotopic 
effects by dividing by the square root of the tritium-to - hyd r oge n mass ratio . 
In the cal culations, P L was set equal to 10 - 4 Torr and the values of PH 
were determined from Table V - 1. The total tritium fluxes, FA (t ri tons/sec) , 
were computed using E q . 6: 

(6) 

w h ere A is the total outside area (cm2
) of the wall b e ing p e rmeat ed by the 

tritium and CD is dete r m i ned from E q . 5 . 

Niobium 

Vanadium 

TABLE V-3. Values of C ' and Q 
for Niobium and Vanadium 

c •, (atom) (mm)/ 
(sec)( cm/(Torr )1

/
2 

5.63 X 10 17 

2.66xl020 

Q, 

cal/ mol 

3,430 

14 ,2 00 

A plot of the flux of tritium atoms through th e outer wall of the 
blanke t as a function of the concentration of tritium in the blanket is shown 
in Fig . V -6 at 1 000°C and 800°C for both niobium and vanadium. Th e tritium 
production rate in the blanket of the fusion - plant con cep t consid e r e d h ere is 
also indicated in Fig . V - 6 . It can be seen that if a tritium con centration in 
the lithium in the range of 10 to 20 ppm is tolerabl e from the standpo int of 
materials compatibility and overall plant safety, the tritium can b e re ­
covered at a rate e qual to the production rat e in the blanket for niobium 
or vanadium structures at 1000°C. If operating t e mp e ratur e s are limited 

17R. W. Webb, Pe rmeation of Hydrogen through Metals, NAA-SR-10462 (1965). 
18R. R. Heinrich, C E. Johnson, and C. E Crouthamel. ]. Electrochem. Soc. 112 , 1071 (1965). 
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VANADIUM 800-<: 

{ • TRITIUM PRODUCTION RATE IN THE BLANKET) 

IOZOIOL.~, _..L__l_l..LLLllli0-::~.---1.-L_L.J....L..l..J..J.JIO., 

MOLE FRACTION 

PPM WEIGHT 

TRITIUM CONCENTRATION IN BlANKET 

Fig . V-6. Tritium Flux through the Blanket Outer 
Wall as a function of the Tritium Con-
centration in the Blanket 

to 800°C, then tritium concentrations 
in excess of 40 ppm may have to be 
maintained in the blanket in order to 

reach a steady state. 

One of the obvious advantages 
of the tritium-recovery scheme im­
plied above is that the lithium blanket 
is static, thus a voiding pumping-power 
losses associated with the circulation 
of a liquid metal through magnetic 
field lines. We must stress, how ­
ever, that these calculations are sub­
ject to errors associated with lengthy 
extrapolations of experimental data. 
A detailed assessment of the conse ­
quences of hydrogen isotope permea­
tion in fusion devices will have to 
await the results of studies of (I) the 
chemical activity (partial pressure) 
of tritium in lithium at low concen­
trations (ppm range) and high tem­
peratures (up to 1000°C) and (2) the 

permeability of hydrogen isotopes through various candidate structural ma­
terials as a function of temperature and differential driving pressure, par­
ticularly at low hydrogen pressures (<10 - 3 Torr). The effect of radiation 
damage on permeation rates will also require investigation. 

C. Structure Investigations by Spectroscopic Methods 

The program of Raman spectroscopic studies has added much to our 
knowledge of the structure of molten salts. The existence of complex equi­
libria in Mg(II) - and Pb(II)-halide systems has be e n demonstrated, and in 
some cases the structures of the predominant complexes have been elu­
cidated. Studies of polyatomic anions and their interaction with various 
cations in the molten state have revealed pertinent information on the nature 
of contact "ion - pairs" and cation polarization effects. These studies con­
tribute to a better understanding of transport properties, distribution co ­
efficients, and phase-equilibrium behavior in molten- salt systems. Recent 
results have been of particular importance to nuclear-fuel reprocessing 
programs, studies of species in contact with liquid sodium , and systems of 
potential utility as galvanic cell cathodes. 

I. Studies of Divalent Metal Halid e Melts 

Raman investigations of divalent metal halide melts have con­
tinued with the completion of studies on the MgBrz-KBr, Mglz-Kl, PbClz­
KCl, and PbBrz-KBr systems. The results of Raman spectroscopic and 



normal - coordinate examinations for the MgCl2 -KCl system (reported pre­
viously in ANL-7775, Section V.B.Z) confirmed the existence of tetrahedral 
MgCl~-. These studies have since been extended to include MgBr2 -KBr and 
Mglz-Kl melts . Complete Raman spectra of MgBd- and Mgl~- have been 
obtained for melts with a halide/magnesium(II) mole ratio of 4.0. The ob­
served frequencies are listed in Table V -4. As in the case of MgCli-, one 
high - intensity polarized band and three low-intensity depolarized bands are 
observed for the bromide and iodide complexes. Normal-coordinate anal­
yses were carried out for each of these species based on a tetrahedral 
configuration and using a Urey-Bradley force field 19 with the conditions 
F' = -0.1 F and H = 0 . Matrix e l ements used in the c alculations were 
identical to those given by Nakamoto. 20 The calculated frequencies for 
MgBri- and Mgi!- are given in Table V - 4 together with those previously 
determined for MgCl~-, and the force constants for all three species are 
listed in Table V - 5. 

Symmetry 
Sp ecie s 

v, (A,) 

Vz (E) 

v, (Fz ) 

v4 (Fz) 

TABLE V -4. Obs e rved and Cal c ulated Freque n cies 
for MgX~- (X = Cl, Br, and I) 

Fr e qu e n cies,a cm- 1 

MgCli - MgBr~- Mgli -

Observed Cal culated Observed Calculated Observed Calculated 

250 p 250 ! 50 p 152 Ill p 114 

94 dp 92 50 dp 52 40 dp 38 

325 dp 32.5 282 dp 282 263 dp 262 

l 30 dp l 32 83 dp 79 59 dp 59 

ap = polariz e d, dp = depolari,.ed. 

Compl ex 

M gC I!­

M gBr! ­

M gl;-

TABLE V - 5. For ce Constants for 
MgX~- (X = Cl , Br, and I ) 

K 

0 .669 

0.62 9 

0.584 

For ce Constants,a 
mi llid ynes/A 

H 

0 

0 

0 

F 

0.158 

0.11 3 

0 .095 

au rey- Bradley For ce Constants : K = M g -X bond­
s tr e tching co nstant , H = X-Mg-X bond-bending con­
sta nt , and F = X .... X r epu lsion con sta nt. 

19J<. Nakamoto, Infrared Spectra of Inorganic and Coordination Compounds, p. 55, John Wiley & Sons, 

New York (1970). 
20Jbid ., p. 318 . 
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The observation of four Raman-active bands (one polarized and 

three depolarized) is consistent with the existence of a tetrahedral MgXr 
species in each of the magnesium halide systems studied. The excellent 
agreement between observed and calculated frequencies obtained with the 
simplified U rey- Bradley force field adds support to the conclusion of this 
study (and an earlier o ne21

) that these species are indeed tetrahedral. 

The existence of complex ions in PbX 2 -KX melts (X = Cl and 

Br) has been investigated by Raman spectroscopy. No Raman bands were 

100 

Fig. V-7 

Raman Spec tra of PbC12-KCl Melts: (a) 33 mol "/o 
PbCl2 :n KCl at 590'C, (b) 50 mol "/o PbC12 in KCl 

at 52° C • (c) 75 mol % PbCl2 in KCl at 520'C 
(d) Pure Molten PbC12 at 520'C ' 

observed for pure molten PbClz, in 
agreement with previous results of 
Balasubrahrnanyarn and Nanis .zz 
When additions of KCl were made to 
the PbClz melts, a single polarized 
band was observed in the region 
from 200 to 240 crn- 1

• This band, 
centered near 218 crn- 1 , appeared to 
increase in intensity as the Cl'-/ Pbz+ 
mole ratio was increased from 2.3 
to 4.0 . This beh avior is illustrated 
in Fig. V- 7. Similar results were 
obtained for the PbBrz-KBr melts . 
An extremely weak, polarized band 
was observed in pure PbBrz, This 
band, centered near 144 ern -l, in­
creased in intensity as the Br 1 - / Pbz+ 
mol e ratio was increased from 2.0 
to 4.0. 

Pure molten PbClz and PbBrz 
appear t~ have very little bonded 
stru c ture. The single polari zed band 
observed in the systems PbClz - KCl 
and PbBrz-KBr, which increases in 
intensity with increasing amounts of 
potassium halide up to 67 mol o/o KX 

metric stretchin . . in PbXz, is attributed to the syrn-
b . g motion of a Slmple species of the type PbCl (Z-n ) I th 

a sence of additional vibrational b d . . n . n e 
ture for this sp · N an s, It lS not possible to deduce a struc -

ecies. eve rtheless, the results of this study substantiate 

21 
V. A. Maroni, E. J. Hathaway a dE 

22K. Balasubrahmanyam and L.' 
0 

· ]. Cauns, J. Phys. Chern . 75, 155 (1971). 
Narus, J. Chern. Phys. iQ. 2657 (1W4). 



the conclusion drawn from other physicochemical investigations 23
-

28 that 
complex ions exist in PbC l 2 - KCl and PbBr2 -KBr melts. 

2. Reactions of Iodin e - Containing Species with Molten Nitrates 

The reaction of elemental iodine and other iodine- containing 
species with silver nitrate at 200°C is of particular interest because of its 
role in the silver nitrate-impregnated scrubber towers used to strip 131 I 
from the gases released during the reprocessing of nuclear fuels. 29 These 
towers are capable of iodine - removal efficiencies of better than 99.5% 
principally because of the following reaction: 30 

6 AgN0 3 + 3 I 2 - 4 Agi + 2 Agi0 3 + 6 N02 . 

However, the expense associated with the use of silver makes it worthwhile 
to examine the possibility of using molten alkali metal nitrates in place of 
the silver nitrate. Accordingly , we have continued our investigations of the 
interactions of iodine-containing species with molten nitrates in order to 
develop an understanding of the reactions involved in molten-nitrate - packed 
scrubber towers. 

In a previous report, 31 we showed that I 20 5 (very probably an 
intermediate in the reaction of elemental iodine and iod in e - containin g spe­
cies with molten nitrates) reacts nearly quantitatively with alkali metal, 
silver(I), and thallium(I) nitrates at temperatures just above their melting 
points to produce an iodine- containing oxyanion, presumably IO~-. The 

reaction assumed to occur was the following: 

Infrared spectra (650 - 950 cm - 1
) of KI0 4 , KI0 3 , and two pre-equilibrated (at 

350° C) mixtures (15 mol o/o KI0 4 -KN0 3 and 15 mol o/o KI0 3-KN0 3 ) were ob ­
tained on samples that were pressed into KBr pellets . The spectra were 
recorded using a Beckman IR-4 infrared spectrophotometer. These spectra 
are shown in Fig. V - 8. The spectrum of KI0 4 (Cur ve b) has a strong band 
centered at 855 cm - 1 which is attributed to v 3 for tetrahedral roi- J Z Infra ­
red spectra of KI0 3 and the pre-equilibrated KI0 4 -KN0 3 and KI0 3-KN0 3 

23 M. F. Lamratov and 0. F. Moiseeva , Zh. Fiz. Khim. 34. 171 (1960). 
241. G. Murgulescu and St. Zuca, Rev. Roum. Chim. !Q:-129 (1965). 
25 M. F. Lantratov and A. F. Alabyshev.). Appl. Chern. USSR English Trans!.~ · 235 (1953). 
26 H. Bloom and A.). Easteal, Aust. J. Chern. 18, 2039 (1965). 
27). L. Barton and H. Bloom, Trans. Faraday S-;;. §§, 1792 (1959). 
28 H. Bloom and). W. Hastie, Aust. J. Chern. 21 , 583 (1968). 
29w . A. Rodger and S. L. Reese, Reactor and F~l-Processing Technology g(2). 173 (1969). 
30). w. Lacksonen, W. H. Kerby. and C . E. Dryden, Iodine Vapor-Silver Nitrate Reaction Mechanisms and 

Phase Equilibria, USAEC report TID-16914 (1962). 
31v. A. Maroni and E.). Hathaway, in Chemical Engineering Division Annual Report--1 970, ANL-7775 , 

Section V .B.2.b (in press). 

125 

32K. Nakamoto, Infrared Spectra of Inorganic and Coordination Co mpounds. 2nd ed .• p. 111, John Wiley & Sons, 

New York (1970). 
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100------,..----------, 

Y,cm·' 

Fig. V- 8 

Infrared Transmission Spectra of KI03 (Curve a), 
KI04 (C urve b), Premelted Mix ture of 15 mol"/o 

KIOs-85 mol "/o KN03 (Curve c). and Pre melted 
Mixture of 15 mol "/o K!04-85 mol "/o KN03 
(Curve d) Pressed into KBr Pelle ts. ANL Neg. 

No. 308-2317. 

mixtures (Curves a, c, and d) are 
essentially the same with a broad 
band centered near 755 cm- 1, which 

is indicative of IO~-. 33 

The occurrence of the 
755-cm- 1 band for both the unheated 
KI0 3 and the pre-equilibrated KIOJ­
KN03 mixture, together with the pre­
viously presented results 31 of Raman 
studies of alkali metal, silver(I), and 
thallium(!) iodate-nitrate melts. dem­
onstrates that roj- has appreciable 

stability in these melts. The simi ­
larity of Curves c and d indicates 
that IO~- is reduced to IO~- in the 
presence of nitrate at elevated 
temperatures. 

3. Cation Effects on the 
Structure of the Iodate 
Ion in Molten Nitrates 

Raman spectra of the 
iodate ion in molten alkali metal , 
silver(I), and thallium(!) nitrates 31 

were found to be consistent with the 
existence of a pyramidal IO\- species . Comparison of the spectral features 
of the 10\- and NOi- ions indicated that the nature and magnitude of the 
cation-iodate ion and cation-nitrate ion interactions are remarkably similar. 
In this earlier study, the extent of cation-anion interaction was determined 
from the frequency shift of the totally symmetric stretching vibrations, 
v1 (IO~-) and v1 (NOi - ), upon change of the cation. 

Recently, James and Leong34 measured the relative intensities 
of the symmetrical stretching frequency (v 1) of the nitrate ion in melts con ­
taining univalent metal cations. They found that for the alkali nitrates, the 
intensity gradually decreased with increasing values of z/r of the cation 
(z =ionic charge, r =cationic radius). In Fig. V-9, we have plotted the 
ratio of the integrated intensities of the IOi- and NOi- symmetrical stretch­
ing frequencies

35 
against the IOl-/No~- mole ratio for those MI0 3-MN03 

samples (M = Li, Na, K, and Rb) which we were able to analyze iodometri­
cally for 10\-. (Some decomposition was noted in the Csi03-CsN0 3 sample; 
consequently results for this sample were not included in Fig. V-9.) The 

33Jbid . ' p. 94. 
34 

35 
D. W. James and W. H. Leong, Trans. Faraday Soc.§.§, 1948 (1970). 
See Ref. 3 for details of the Raman spec tral measurements. 
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ratios of the relative band intensities of \J 1 (IO~-) and \J 1 (NO~-) are found to 
be proportional to the ratio of their molar concentrations and independent 
of the alkali cation present. This implies that the interaction of each alkali 
cation with an iodate ion is strikingly similar to the interaction of that cation 
with a nitrate ion in terms of its effect on the intensity of the oxyanion sym­
metrical stretching vibration. 

2.0,------------=:;----, 

0 Li t0 3 - LtN03 
0 No10 3 - NoN03 
0 KI03- KN03 

6 Rbl 0 3 - RbN03 

0o~--~o~. ,----~o~.~2----o~.~3----~o~ .. ----~o.s 

D. Nucleation Studies 

Fig . V- 9 

Ratio of the lntegtated Intensities o f u1 (!Oj-) and 
u1 (NOj - ) Plotted against the 10:\-/NO~- Mole 
Ratio . ANL Neg. No. 308 - 2737. 

There ar e a number of examples of bubble-nucl e ation phenomena im­
portant to reactor technology, such as the superheating and boiling of liquid 
sodium coolant and the releas e of dissolved fission products from fluid cool ­
ants or fuels. In an effo rt to better understand such phenomena, both for 
pure systems and for mixtures, an exp erimental and theoretical study has 
been initiated of the homog e n eous nucl eation of vapor bubbl es in superheated 
liquids. 

I . Measureme nts of the Limit of Supe rheat of Liquids 

The experimental program in bubbl e nucleation involves m eas ­
urement of the limit of supe rh e at of various pur e liquids and binary liquid 
mixtures to test existing theories of nu c l eatio n. Hydr ocarbo n systems are 
convenient for this purpose. The apparatus, which is being used to deter ­
mine the v aporization temperature co rr esponding to the homogeneous limit 
of superheat, is shown in Fig. V - 10. It is constru c t ed of P y rex and bas e d 
on the designs of Wakeshima and Takata, 36 Skripov et al., 37

'
38 and Blander 

~ al. 39 In a superheating experiment, droplets of the liquid under study are 
produced in the lower c hamber by dispersion in an immiscible liquid me­
dium . For current experiments on hydrocarbons, a dispersion medium of 

36H. Wakeshirna and K. Takata, J. Phys. Soc . Japan:!.!!.· 1398 (1958) . 
37v. P. Skripov and V. I. Kukushkin, Russ. J. Phys. Chern . ~. 1393 (1961). 
38v. P. Skripov and E. N. Sinitsyn, Sov . Phys. Usp. English Trans!. 7, 887 (1964- 65) . 
39M. Blander , D. Hengstenberg. and J. L. Katz, J. Phys . Chern. 'IJ!, 3613 (1971) . 
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Fig. V-10 . 

THEMOCOUPLE JACKET 
I VERTICALLY MOVABLE) 

HEATING MEOIUM 

LIQUID UNDER STUDY 

MEDIUM 

glycerin or glycol is being used. By 
exerting pressure on the side arm, 
dispersed droplets can be pushed 
through the capillary tube into the 
upper heating tube. The heating tube 
is filled with the same liquid as that 
in the lower chamber to serve as a 
heating medium for the liquid under 
study. The tube is wound with a 
Nichrome wire heater in such a 
fashion as to produce an upward tern­
perature gradient. If the heating me­
dium is higher boiling and more dense 
than the liquid under study, then a 
droplet of this liquid will rise in the 
tube until it reaches a temperature 
corresponding to its limit of super ­
heat. If the droplet completely wets 
{i.e., spreads on) the heating medium, 
then the nucleation of vapor bubbles 
will occur homogeneously within the 
body of the liquid droplet. This con­
dition is met if 

{7) 
Apparatus for Determination of the 
VaJX>rization Temperature for the 

Homogeneous Limit of Superheat where YL is the surface tension of 
the liquid under study, YM is the 

surface tension of the medium, and YML is the interfacial tension between 
the medium and the liquid. If the liquid does not completely wet the medium 
then 

and nucleation will tend to occur heterogeneously at the liquid - liquid 
interface. 

{8) 

Measurements have b een made of the vaporization temperature, 
T v• for a variety of saturated hydrocarbons and the r esults are shown in 
Table V-6. A number of these determinations have been made in both glyc­
erin and glycol in our study as well as in sulfuric acid in other studies. 36 -

43 

The close agreement between the results in differ ent media strongly sug­
gests homogeneous nucleation. In Tabl e V- 6, Tv is compared with the 

:~v. P. Skripov and G. B. Ermakov, Russ. ]. Phys. Chern. 37, 1047 (1963). 

42 
V. P. Skripov and G. B. Ermakov, Russ.]. Phys. Chern. i. 208 (1964). 

43 V · P. Skupov and E. N. Sinitsyn, Russ. ]. Phys. Chern . ~. 167 (1968). 
E. N. Strutsyn and V. P. Skripov, Russ.]. Phys. Chern.~. 440 (1968). 
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boiling temperature, Tb, at the ambient pressure of these measurements 
(- 748 Torr) and with the increment of superheat, liT = Tv- Tb. A corre­
lation has been developed which r e lates T v• Tb, and the critical temperature , 
T c· It takes the form of a linear relationship b etween the reduced vapor­
ization temperature, T v/T C• and the reduced boiling temperature, Tb/ T c • 
as is shown in Fig. V-11. This correlation permits the simple estimation 
of the vaporization temperature corresponding to the homoge n eous limit of 
superheat from the boiling and the c ritical temperatures. 

TABLE V-6. Superheat Determinations for 
a Variety of Hydro c arbons 

Liquid Tb. OK 

z 
0 

~ 

"' <r 
0 a. 
!;! 
0 

"' u 
::> 
0 

"' <r 

g - butane 272.3 
g-pe ntane 308.8 
g-hexane 341 . 7 
g-heptane 37 1 . 1 
g- octane 398.2 
n-nonane 423 .5 
2,2 -dimethylpropane 282.3 
2,3 -dimethylbutane 330.7 
2, 2, 4-trimethylpe ntane 3 72.4 
1-pentene 30 3 .2 
1- octene 394.5 
Cyclohexane 353.9 
M e thy!cyclohexane 3 74.1 

0 .91 

0 .90 

0 .89 

0 .88 NORMAL ALKANES 

0 CYCLIC ALKANES 

!::::u 0 .87 
..? 0 .62 0 .64 0 .66 0 .68 0 .70 

Tb /Tc"' REDUCED BOILING TEMPERATURE 

0 .72 

Tv. °K liT, °K T c. oK 

3 78.2 105 .9 425.2 
420.1 Ill .3 469.6 
455.6 113 .9 507.4 
486.7 115 .6 540.2 
513.0 114.8 568.8 
538.5 115.0 594.6 
386 .6 104. 3 4 33.8 
446.4 115 .7 499.9 
488.5 116 .I 543.9 
417.2 114 .0 464 . 7 
510.3 11 5.8 566.6 
492.8 135.3 553.4 
510.4 !36 .3 572.1 

Fig. V-11 

Reduced Vapori zation Temperature 
versus Reduced Normal Boiling Tem­
perature for Various Pure Liquids 

Experiments hav e also been performed on binary mixtur es of 
g-octane with g-pentane. The results ar e shown in Fig. V-12. Of the twelve 
mixtures studied, ten were superheated in g lycer in and two in glycol. The 
results show no significant difference attributable to the medium. The limit 
of superheat as a function of mole fraction shows a positive deviation from 
linearity which is skewed toward the more volatile hydrocarbon. 
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Fig. V-12 

The Vaporization Temperature versus 
Mole Fraction for Mixtures of E- pentane 

with n-octane 

2. Theo ry for Homo geneous Nucleation Involving Non ideal Gases 

Equations we r e derived for the rate of homogeneous nucleation 

in the processes of condensation and boiling for ca ses in which the gas phase 
is not ideal. The calculations were considerably simplifi e d by the use of 
the formalism dis cuss ed by Hill44 and Mayer45 where all deviations from 
ideal behavior can b e rigorously ascribed to the presence of "mathematical" 
p ol ymers. Utili z ing a method of c al c ulation used by Katz~ al., 46 we derived 
t he equation for J , the rate of nucleat i on p er unit volume in c ondensation, 

J (9) 

w h e r e d is the liquid density in the critical-sized droplet, o the surface 
tension, m t he mass of a monomer molecul e, i the number of molecules in 
a p o l ymer, C>'i the cond e nsation coeffi c ient of an i'me r, ni the number density 
of an i 'mer, p

1 
the supers aturated partial pressure of monome r in the vapor, 

and p 1., the equilibrium partial pressure of the monomer. This equation is 
valid for any type of gas nonid e ality. Both the prefactor and the exponential 
differ from classical nucl eation theory derived with the assumption of ide ­
ality of the gas phas e . The differences in the prefactor are negligibly small. 
However, the factor In (p

1
j p 100 ) leads to significant differences from classical 

theory, esp ecially for large d eviations from ideal gas behavior. 

F or boiling, the cal culated rate of nucleation is 

J 
(1 0) 

:T. L. Hill, Statistical Mechanics, McGraw-Hill, New York (1956). 

461. E. Mayer and M. G. Mayer, Statistical Mechanics, p. 292 , John Wiley and Sons, New York (1940) . 
J. L. Katz, H. Sa ltsburg, and H. Reiss, ]. Colloid. Interface Sci.1!, 560 (1966). 



where N 0 is the number density of the liquid, Pc is the gas pressure in­
side a critical-siz ed bubble , p 0 is the external pressure on the liquid , 
nic is the number dens ity of i'mers in a critical-sized bubble , and B is 
given by 

B - .!_(1- Po)L:i2N · / (L:iN· )2 
3 Pc 1c 1c ( 11) 

where Nic is the mole fraction of i'mer in the critical-sized bubble . The 
exponential factor is identical with that of classical theory , as has been 
shown by Moore; 47 the pre-exponential factor d iffe rs from classical theory 
and the form differs from Moore ' s calculations , which were based solely 
on thermodynamic reasoning . However , only for mixtures and other cases 
where the exponential factor is not a very strong function of temperature, 
are the differences between classical theory and Eq . 10 significant . 

E . Theoretical Studies in Thermodynamics 

1 . Gas Solubility in Liquid Metals 

Interest in devising improved models for the prediction of the 
solubility of noble gases in liquid metals is continuing because of the tech­
nological need for such predictions in connection with liquid-metal-cooled 
fast reactors . Such s ystems also serve as simplified models for basic 
investigations of alloy-formation thermodynamics . The model so far de­
veloped 48 has yielded far better predictions than previous ones based on 
molecular considerations only . Thi s improvement is brought about by the 
incorporation of concepts specific to solutions in metals , i . e . , the energetics 
of the expulsion of the conduction electrons from the vicinity of the solute 
atom. Some of the detailed predictions, however, showed small but s ignif­
icant deviations from the experimentally observed behavior of solutions of 
helium , argon , a nd xenon in liquid sodium; 49 further attention has been 
given to these d iscrepancies . 

In our earlier models we had taken the size of the cavity occu­
pied by the solute atom to be given either .by geometric factors (i . e . , sum 
of hard-sphere radii of solute and solv~nt atoms) or by a 'ba lance between 
the pressure exerted on the cavity walls by the confined solute atom and 
the internal pressure of the solvent . Neither of these two models constitutes 
more than an ad hoc approximation; in recent work , these have been replaced 
by the thermodynamically exact requirement that the cavity size be that 
which minimizes the sum, gxs, of the relevant atomic free-energy terms . 

47G. R. Moore, Ph .D. dissertauon, The Uruversity of Wisconsin (1956) . 
48chernical Engmeering Division Research Highlights, USAEC report ANI.r- 7750, p. 90 (1971) . 
49A discrepancy of a factor of 10 between the predicted and measured solubility of krypton m sodium caused 

the data for this case to be questioned; the solubility of krypton was therefore remeasured. See 
Sec tion Il.C.3. 
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Furthermore, an additional simplification had been made which, in essence, 
assumed that the partial atomic volume of solution, v, is identical with the 
cavity volume, 6V . This approximation, which affected the calculation of the 
change in kinetic energy of the conduction electrons, has now been replaced 

by the thermodynamically exact relation 

( 12) 

where ST is the isothermal compressibility of the solvent and n 0 is the 
number density of solute particles. Because gxs is a funct ion of both v 
and 6V, the calculations incorporating the exact thermodynamic relations 

are lengthy. They are now in progress. 

a. Equation of State of Simple Fluids 

The work don e , wattr• by the attractive forces acting be­
tween the solute molecule and the solvent is a significant term in our model 
describing noble gas solubilities in liquid meta l s, but it is not the dominant 
term. Consequently, the comparison of our calculated results with the ex­
perimental data in these systems does not provide a means for ascertaining 
the accuracy of our calculation of this term. It occurred to us that many of 
the concepts employed in our model could equally well be appli ed to a model 
description of the cohesive free energies of the pure liquefied noble gases. 

having a molar 
Consider one mole of a noble gas at temperature T and 

volume vg. The first step of our model process for the 

llAz • llAcomp 

condensation of this gas will be the 
(conceptual) discharging of the at­
tractive intermolecular forces at 
constant d ensity (see Fig. V -1 3). 
The result is one mo l e of a gas of 
"soft" spheres (the mo lecules inter­
act via long-ranged repulsive forces 
only) at vg and T. The corresponding 
Helmholtz energy change for this 
process is 

D.A1 = -Ag 
disp ( 13) 

Fig. V-13. Helmholtz Energy Cyc le for Mode l 
Process of Cond ensatio n 

The second step is the isothermal 
compression of the soft-sphere fluid 
from v g to the molar vo lume of the 

real liquid v.(,, which is accompanied 
of 

by a molar Helmholtz energy change 

Axs xs vg 
.(,-A +RTln -

g V.(, 
( 14) 



where Axs is the molar excess Helmholtz energy of a soft-sphere fluid 
relative to the ideal gas at the same temperature and density. The last 
term in Eq. 14 is the well-known entropic change accompanying the com­
pression of an ideal gas . In the third step, the attractive forces between 
molecules, assumed to be induced multipolar dispersion forces , are 
"turned on" at constant density with a molar Helmholtz energy change , 

( 15) 

The sum of Eqs . 13-15 represents the molar Helmholtz energy at conden­
sation. The fourth step is the isothermal vaporization of one mole of the 
liquid to the saturated vapor state (T , v g) . The Helmholtz energy change 
for this step is 

t::.A4 = t::.Avap = t::.Gvap- t::.(PV) = -t::.(PV) (16) 

since along the saturated vapor curve, the Gibbs energy change, t::.Gvap' 
equals zero . 

The sum of the Helmholtz energy changes for the four steps 
in the cyclic process must be zero, i.e . , 

(1 7) 

where we have replaced -t::.(PV) by -Ps(vg- v.r)• Ps being the saturated 
vapor pressure . For convenience, we shall consider only saturated vapors 
at densities low enough for the ideal gas law to hold, i.e . , P s v g = R T . (At 
greater densities of the vapor phase, one must use higher order terms in 
the virial .:;xpression for Psvg . ) For these low-density vapors , deviations 
from ideality being negligible, A~s and A~isp may also be set equal to zero . 
One can then rearrange Eq . 17 as follows: 

(18) 

The l eft- and right-hand sides of Eq . 18 may be evaluated inde pendently , 
and the deviation from equality then serves as a measure of the accuracy 
of our evaluation of Adt . . 

lSp 

Consider the Linder method 50 of approximating A~ . . For 
a molecule B of static polarizability, crB(O) , in the center of a sp~:fical 
cavity of radius a in a solvent continuum, the frequency-dep e ndent reaction 
field RA(w) is given by 

50s. Linder and D. Hoernschemeyer . J. Chern. Phys . ~. 784 (1 967). 
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[

2e A(w)- 2] 1 

RA(w)= 2eA(w)tl ~ 
( 19) 

( ) 
· th frequency-dependent dielectric function of the solvent . 

where t A w 1s e 1 B · · b 
l . d tential rn experienced by the molecu e 1s g1ven Y The genera 1ze po , .,., 

Linder's equation 

- ~h iiiAwB O'B(O) RA(O) 
4 WA + wB 

(20) 

h 
- d - are mean dielectric response frequencies of the solvent 

w ere wA an WB . · 1 and solute molecules , respectively . Charging the molecules to th1s p~tentta 
at constant volume V is equivalent to adding molecules (at the potenttal 
appropriate to the density at the time of add ition) until N 0 . (Avogadr.o ' s 
number) are adde d so that v.(, = V/ N

0
• It is clear that cp 1s proport10nal 

to a-3 which in turn is proportional to the volume per molecule, so that 
cp rna; be set equal to CN/ V, where N is the number of molecules in V 
and c is a proportionality constant . The H e lmho lt z energy change for 
the charging process of step th r ee in the cycle is given by the integral 

(21) 

The "solute " molecule B and the "so lve n t" molecule A being the same, w A 
i s equal to wB, and we may substitute Eq. 21 into Eq . 20 to obtain 

(22) 

where RA(O) is eva luated at the density of the liquid . 

Calculations have been carried out for the noble gases Ar , 
Kr, and Xe by means of these equations and an approximation to the term 
A~s , which denotes the excess mo lar Helmholtz energy change fo r the for­
mation of the soft-sphere fluid . The latter approximation involved the as ­
sumption of a n inver s e twelfth-power repulsive potential. For argon, the 
balance implied by Eq . 18 was obtained within a few percent when the ex ­
perimenta l liquid d ensity was used, and vapor pressures within a factor of 
two of the experimental values were calculated. Details, i.e., the density 
and compressibility of the liquid were , however, inad equately describe d . 
This failure has been shown to be caused by the inaccuracy of the inverse 
twelfth-power repulsion law. Accordin g l y, we have join e d forces with 
A . C . Wahl of the Chemistry Division to calculate the repulsive potential 
quantum mechanically . If these calculations are sufficiently accurate, it 
may be hoped that the equation of state of a simple fluid may be obtained 
for the fi rs t time entirely from a first -principles calculation. 



VI. ENERGY CONVERSION 

A. Lithium/ Sulfur Cells for Electric Vehicle Propulsion 

A program has continued under the sponsorship of the Division of 
Advanced Automotive Systems Development of the Office of Air Programs, 
Environmental Protection Agency (EPA) to develop the technology for the 
construction and testing of a high-temperature (380°C) lithium/sulfur 
battery suitable for powering an electric family automobile . Table Vl-l 
presents both the battery and single-cell performance goals . These single­
cell goals were developed from an analysis of the energy and power require­
ments of an automobile operated in an urban area . 

TABLE Vl-l. Lithium/Sulfur Battery 
Development Program Goals 

Assembled battery 
Specific energy (at the 4-hr rate) 
Specific power (at the 1-hr rate) 
Costa 
Lifetime 
Cycle life 

Single cell 
Specific ene rgy 
Specific power 
Costa 
Capacity density (at 1-hr rate) 
Sulfur utilization (above l- V cut oif) 
Capacity per unit volume of cathode 
Cycle life 

220 W-hr/kg 
220 w /kg 
$10/ kW-hr 
3-year minimum 
300-1000 cycles 

220 W-hr/kg 
220 w /kg 
$9/kW-hr 
0.4 A-hr/cmz 
70% 
1 .0 A-hr/cm3 

1000 minimum 

aCapital equipment cost of installed capacity; not direct 
energy cost. 

The principal objective of the cell program during the past year has 
been to improve cell performance , particularly in the areas of capacity per 
unit volume of cathode , sulfur utilization, cycle life , and lifetime . Most of 
the investigations during the year concerned the design of, and materials 
used for , the cathode structure . 

l . Cell Studies 

Electrical performance tests were made on cells of the types 
Li/ LiX/S, Li/ LiX/S-Tl , Li/LiX/S-Se-Tl , and Li/ LiX/S-Se -Pb , where LiX 
represents a molten alkali halide mixture containing lithium cations . The 
experimental cells, with electrode areas of l to 5 cmz, were operated at 
temperatures of 3 7 5 to 400°C in a helium atmosphere . Various cathode 
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designs were investigated by means of e lectrical performance tests. In 
general, the anode consisted of liquid lithium contained in stainless steel 
or nickel Feltmetal 1 The cathode was molten s ulfur or a mixture of sulfur 
with additive materials (such as se lenium, thallium, or lead) contained in 
a porous material, such as graphite, which served both to immobilize the 
cathode reactant and to provide current- conducting paths to the reaction 
sites at the cathode -ele ctrolyte interface. The anode and cathode assem­
blies were immersed in the molten-salt electrolyte with an interelectrode 

distance of about 1 em. 

The principal variables investigated in the cell tests were the 
design of the cathode current colle cto r and the effects of additive materials 
to the sulfur. Table VI- 2 summarizes the electrical performance, physical 
characteristics, cycle life, and materials of cathode construction for se­
le cte d cell experiments. 

a. Geometry of Cathode Current Collectors 

Several different cathode current collector designs that 
were used in the experimental ce lls are illustrated in Fig. VI-1. The 
simplest of all is the disk design (Fig. VI-l a). This type of ca thode has 

(a) DISK 

(bl LAMINATED CATHODE 

lei RESERVOIR CATHODE 
(CROSS SECTION) 

lfl ENCLOSED RESERVOIR 
CATHODE 

(c) COMB CATHODE 

(d) ENCLOSED LAMINATED CATHODE 
(EXPLODED VIEW) 

(CROSS SECTION) 

) 
lgl ENCLOSED DI SK 

(h) MIXED CATHODE 

0 SULFUR m!l Mo FOAM + ELECTROLYTE 

~ Nb HOUSING S + ELECTROLYTE 
+CARBON 

~GASKETING 

Fig. Vi-1. Schematic Diagrams of Some Cath­

ode Current Collector Designs 

1Product of the Brunswick Corp. 

typically yielded a capacity density 
near 0.2 A-hr/cm2 , which is below 
the goal of 0.4 A-hr/cm2 • A number 
of more complicated cathode current 
collector designs were investigated 
in an attempt to increase the inter­
facial area between the sulfur and the 
electrolyt e, and thus provide a greater 
area for the transport of reactants to 
and products from the sites of the 
electrochemical reaction, which 
should increase the capacity density. 
The laminated cathode design 
(Fig. VI-lb) provides an interfacial 
area between the sulfur and the elec­
trolyte which is several times greater 
than can be obtained with the disk 
cathode . Initially, the laminated cath­
ode consis ted of stainless steel Felt­
metal laminates alternately filled with 
sulfur and electrolyte. The later 
designs employed alternating layers 
of molybdenum foam, which we re wet 
preferentially by the electrolyte, and 
porous graphite or carbon, which 
were wet by the sulfur. 



TABLE Vl-1. Characteristics and Performance of Selected Lithium/Sulfur Cells 

Capacity 
Theoretical Capacity per Unit Average 

Cathode Material sa Capacity Density Volume of Cell Current Cycle 
Cell Structure Cathode Depth. & Thickness, Area.b Density. >1 V Cutoll, Ca thode, Voltage,< Density,< Life, Life, 
No. Type Reactant Electrolyte em mm cm1 A-hr/cm1 A-hr/cm1 A-hr/cm3 v Ncm1 Cycles hr 

37 Laminated 100% s LiBr -RbBr 1.1 A, 1.6; C,D.45 0.96 1.D6 0.51 D.47 1.5 0.51 

44 Laminated 100% s LiBr-RbBr 1.1 E,0.91; A,l.6 1.31 0.76 0.33 0.30 1.3 0.15 16 

45 Comb 100% s LiBr-RbBr 1.3 E, l.8; -0.64 1.89 1.45 D.40 0.31 1.5 0.53 14 

55 Enclosed 
laminated 100% s LiCI-Li 1-K I 1.1 £,1.5; G,J 1.53 D.33 D.17 0.08 1.8 0.1D 803 llOO 

L-1 Enclosed 
laminated 100% s LiF-LiCI-KCI D.51 £.0.31; G.0.10 1.38 0. 19 0.11 0.14 1.1 D.09 31 

50 Reservoir 100% s LiCI-KCI 0.8 E,0.63 1.00 1.48 0.18 0.35 1.9 0.30 

56 Enclosed 
reservoir 100% s LiCI -Lii -K I 1.3 F,J.O; G,4.0 1.00 1.00 0.51 0.40 1.6 0.17 600 750 

61 Enclosed 
reservoir 100% s LiCI -L ii-KI 1.3 F,3.0; G,J.3 1.00 1.07 0.17 0.13 1.9 0.1D lJl 340 

Enclosed { 91.0 at. '!> S 
75 

disk 
5.7 at. '!> Se LiF-LiCI-KCI 1.9 1,11.7; G,6.3 1.00 1.1 0.73 0.38 1.8 0.10 >400 >1000 
1.3 at. % Tl 

77 Enclosed 
disk 100% Li1S LiF-LiCI-KCI 1.8 I, 11.7; G,5.6 1.00 0.46 0.41 D.13 1.9 0.10 85 330 

Enclosed { 91.0 at. 'II S 
78 

disk 
5.7 at. 'II Se LiF-LiCI-KCI 1.0 1,9.6; G,0.6 1.00 1.31 1.07 1.07 1.8 0.1D JJ 160 
1.3 at. '!> Pb 

L-5 Mixed 
E; Gd cathode 100% sd LiF-LiCI-KCI 0.50 1.18 0.13 D.lO 0.10 1.7 0.18 11 146 

aThe materials are given first for the sulfur-bearing then for the electrolyte-bearing laminae. The meanings of the code letters are given below. 
A 301 SS, 80'1> porosity, 30 ~m mean pore size, Huyck Metals Co. F FC-14 graphite, 49'11, 3.5 ~ m, Pure Carbon Co. 
B 304 SS, 85'1>, 40 ~m . Brunswick Corp. G Mo foam, 78%, 25 ~m . Spectra-Mat , Inc. 

c 304 SS, 83'1>, 15 ~m . Brunswick Corp. H Mo foam. 75%, 20 1,1 m, Spectra-Mat, Inc. 
D 347 SS, 90'1>, 67 ~m. Huyck Metals Co. PG 15 graphite. 48'1>, 110 ~m. Un ion Carbide Corp. 
E. Grade AX graphite. 63'11, 1.4 ~m. Poco Graphite Co. 

bJhe area given is the area facing the anode lthe projected areal. 
crhe average power density at the 1-hr rate is the product of the average vol tage and current density. 
dcathode mixture , 36 val 'II sulfur , 57 val '!>electrol yte, 8 val %graphite. 4 val '!> molybdenum. 

w 
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The comb design (Fig. VI -le ) embodies the same concept, 

but in this case the electrolyte-containing layers are eliminated to decrease 
the cathode weight and to provide the bulk electrolyte with direct ac~ess to 
the sulfur at the surface of the graphite current collector. The lamtnated 
and comb designs both resulted in improved capacity densitie~ (0.4-0.5 A~ 
hr/cm2 ) initially, but lost capacity rapidly . The loss tn capactty was attnb­
uted to the escape of sulfur from the cathode structure. This sulfur l~ss 
was confirmed in a later series of experiments which showed that durmg 
cell startup, when the sulfur (m. p. -ll9 °C) is molten before the electrolyte 
(m. p. -345°C) , some sulfur can escape from porous carbon and d~sperse 
into the molten - salt electrolyte, which becomes a clear , yellow ltqutd. To 
minimize the rate of migration of sulfur into the electrolyte, the enclosed 
lammated cathode (Fig. VI-ld) was built and tested. This design g reatly 
reduced (or eliminated) the sulfur loss by the cathode and significantly 
extended the cell life . A cell of this design was operated for 803 cycles 
( 1100 hr) , but during this period the cell did not maintain the des ired per­
formance level (the typical capacity density was -0. l 7 A-hr / cm 2

). 

To minimize the volume and weight of the current collector, 

another cathode design w as used to explore the possibility of relying upon 
sulfur transport from a reservoir to the cathode-electrolyte interface in 
the current collector . The reservoir cathode (Fig . VI -l e) consisted of a 
thin , porous carbon current collector that confined liquid sulfur within a 
reservoir . As sulfur was consumed by the cell reaction at the current 
collector - electrolyte interface, additional sulfur was wicked through the 
current collector to the site of the reaction. This design, however, allowed 
significant sulfur losses, probably by the same mechanism as that in the 
laminated and comb designs (Figs. VI-lb and VI-le). This problem was 
eliminated by introducing a porous molybdenum layer , which is wet pref ­
erentially by the electrolyte (Fig. VI -l f), at the cathode - electrolyte inter­
face. Cells of this design performed well and produced capacity densities 
of up to 0 . 52 A - hr /cm2 and lives of 600 cycles (-750 hr) . Their main per­
formance failure was the gradual loss of capacity over the operating life . 

The enclosed disk cathode (Fig. VI-l g) consisted of a 
porous graphite current collector, which was impregnated with liquid sulfur, 
and a porous molybdenum layer to prevent sulfur loss . This design pro­
vtded more graphite matrix for conduction of electric current per unit 

volume of the cathode than was used in the reservoir cathode. The best 
performance in terms of energy density. W-hr/cm2 , was achieved with this 
type of cathode design . One of these cells has operated at high performance 
levels for more than 400 cycles (> 2000 hr). Another variation designed to 
substantially increase the sulfur-electrolyte interfacial area was the mixed 
cathode (Fig. VI-lh) . In this design, the cathode reactant (sulfur), electro­
lyte, and current conductor (graphite or metal) are brought into intimate 
cont~ct as a mixture of 100- to 200-~.~om -dia powders. In general, cathodes 
of thts type have performed poorly after the first few cycles. This poor 



performance is probably caused by inadequate cur rent collection (dis con ­
tinuities in the conductor) or by insufficient dispersion of the electrolyte 
in the reacting mixture. Promising results have recently been obtained by 
a new homogenization procedure, in which the sulfur is contained within 
porous graphite particles, and part of the electrolyte is contained within 

porous metal particles. A high proportion of electroly te in the mixture 
appears to be necessary for high sulfur utilization , at least if the depth of 
the cathode mixture is of the order of I em or more. 

b. Additives to the Cathode R e actants 

The addition of sulfur and thallium to a selenium cathode 
was shown to improve the performance of lithium/ selenium cells . 2 In the 
lithium/ sulfur cells , mixtures of selenium-thallium and selenium-lead 
have been tested as candidate additives to increase cell performance by 
decreasing the viscosity , increasing the diffusion rate o f cell reaction 
products, or increasing the conductivity of the cathode. Cells with these 
additiv es appear to outperform cells with pure sulfur cathodes and produce 

cell capacity densities above 0 . 4 A-
0 8 hr / cm2 fo r more than 100 hr and 

j,_- - -Mo ANOOE LEAD 30 CYCleS . 

Cell N o. 75 , with an enclosed -
disk cathode , w as t es ted using a 
sulfur- selenium- thallium cathode 
mixture (92 .0 at . % S - 5.7 at. % Se -
2 . 3 at. % Tl). A schematic drawing 
of the enclosed-disk cell is shown 
in Fig. VI-2. On the first dischar g e, 
the cell showed a high capacity den­
sity , 0.71 A-hr / cm2 (above a 1.0 - V 
cutoff) , at a current density of 
0. 10 A / cm2 with a sulfur utili zation 
of more than 48%. Its performance 
declined within a few cycles and 
stabilized at a capacity density of 
about 0 . 35 A-hr / cm2 at a current 
density of 0.40 A / cm2

. This per -
Fig . VJ-2 . Schematic Diagram of Ce ll No . 75 formance continued for about 300 hr 

and 50 cycles , at which time the 
capacity density improved by 30% to 0 . 50 A-hr / cm2 for the above dischar g e 
conditions . For the next 50 cycles and 300 hr, the cell maintained capacity 
densities above 0.4 A-hr / cm2 at 0 .4 A / cm2

, the 1-hr rate . During this ex ­
periment the charging current density w as kept constant at 0. 25 A / cm2

• 

2USAEC repon ANL-7777 , p. 19 (1971 ). 
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The cell performance deteriorated in the subsequent 
50 cycles or 400 hr b ecause of a high moisture content of the glovebox in 
which the cell was being operated. When this problem was corrected, the 
ce ll anode and electrolyte were r eplaced and the charge cutoff voltage was 
increased from 2.85 V (IR included) to 3.05 V (IR included) or 2.85 V 
(IR free). The cell improved in performance from that time, and after 
some variation reached a capacity density of 1 .0 A-hr / cm2 (above a 1. 0- V 
cutoff) at a current density of 0 . 4 A / cm2 o n the 280th cycle. Even at the 
high current density of 2 A / cm2

, a capacity density of 0 . 8 A-hr / cm
2 

was 
achieved . The capacity density of Cell No. 75 is shown in Fig. VI-3 as a 
function of cycle number and time . Selected voltage-capacity density 
curves for Cell No. 75, taken at various current densities, are shown in 
Fig. VI- 4. The cause of the improvement in cell performance is not known 
at this time. However, the improved performance of this cell suggests that 
studies on additives should be continued. 

Results similar to those for Cell No. 75 were obtained for 
a shorter period with Cell No. 78, w hich contained a small amount of lead 
in addition to selenium in its starting cathode material (92.0 at. o/o S-
5. 7 at. o/o Se-2.3 at. o/o Pb). 

Lith ium sulfide (Li2S) was used in place of sulfur as the 
starting cathode material in several cells. This material is the end product 
of the cell reaction; therefore, these ce lls w ere started i n the fully discharged 
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state. The Li2S has a very low vapor pressure at temperatures below 
400°C; therefore, its use as the starting cathode material prevents the 
escape of sulfur by vapori zation during startup. Cell No. 77, an enclosed­
disk cell, contained Li2S as the starting cathode material. The basic c on­
struction of the cell was similar t o that of Cell No . 75. The cathode was 
prepared as follows. A porous graphite disk was impregnated with a mix­
ture of Li2S and sulfur at 370 °C in a sealed quart z tube. After removal of 
the impregnated graphite disk from the tube , the sulfur w as removed from 
the disk by heating under vacuum . The porous graphite disk, impregnated 
with Li2S, was then placed in the cathode assembly. The performance of 
the cell was stable with capacity densities ranging from 0.2 to 0 . 4 A-hr / cm2 

(above a l.O-V cutoff) at a current density of 0.2 A / cm2 . No loss of sulfur 
from the cathode during the operation was observed . This result seems to 
indicate that the use of Li2S as a starting material should be investigated 
further. 

At present the effects o f v arious additives, including sele ­
nium, thallium , lead, and aluminum, in the starting cathode materials con­

tinue to be investigated. It appears that chemical and physical changes in 
the sulfur caused by the additives are significant and can result in signifi­
cantly improved cell performance. 

c. Scale-Up Studies 

Until a few months ago, the cells operating in this program 
were generally small (<20-cm2 electrode area) and unsealed. Recently, 
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some effort has been devoted to the scale-up of cells to larger sizes and to 
the developme nt of methods fo r hermetically sealing the larger cells so 
that they may be operated in air rather than 1n the mert-atmosphere glove-

boxes now being used. 

The scale -up investigation being conducted are as follows: 

a} On th e basis o f the small, sing l e - cell test results, 

larger-sized ce ll s (30- to 60-cm2 active electrode areas} are being de ­
signed for use in si ngle -c ell tests and for later use in a 1- to 2-kW batte r y . 
Electrical performance t es ts are being conducted to determine the voltage­
current density and vo ltage - c apacity density characteristics, cycle life, 

and lifetime of the cells. 

b) Hermetic seals, electrical insulators, and feedthroughs 
are being evaluated in sealed cells with respect to e ase of assembly, l ife ­

time, and performance. 

Six sca l ed -up ce lls have bee n o p e rat e d, one of which was 
a sealed cell. These cel l s co ntaine d a sulfur - selenium - thallium cathode 
mixtu r e (92.0 at. o/o S- 5. 7 at. o/o Se-2.3 at. o/o T l ) held in a ' porous-graphite 
current co ll ector. Ce ll No . S - 1 was operated for 800 hr and 250 cycles, 
at whi ch time operatio n was terminated fo r examination of its components. 
The highest capacity density delivere d by Ce 11 No . S- 1 was 0. 46 A- hr / cm 2 

(40o/o of t h e theoretical capacity d e n s ity) at a current density of 0.27 A /cm2 

to a 1. 0 - V c utoff. The maxim um s hort - time peak power d e nsity was 
1. 5 W/ cm2

. 

The first sealed lithium/s ulfur ce ll , Cell No. S - 7, was 
operated for 242 hr a nd 62 cycles. The hig hest capacity density delivered 
by this cell was 0.44 A-hr / cm 2 (58o/o of the theor e tical capacity density) at 
a current density of 0.20 A / cm2 to a 1.0-V cutoff. Typically, a capacity 
de nsity of 0.22 A - hr / cm2 (29o/o of the theoretical} was measured at a cur ­
rent de nsity of 0.21 A / cm2 t o a 1.0 - V cutoff. The A-hr efficiency w as 
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Fig . Vl-5. Cross Section of Sealed Ce!! No. S-7 

gene r ally greater than 0.9 unti l 
the cell failed as a result of elec ­
trical sho rting c au se d by lithium 
co ntact ing both the anode and the 
cathode. 

The configuration of 
Cell No. S - 7 is shown in Fi g. VI - 5. 
A graphite current collector con­
taining the sulfur - selenium­
thallium mixture (92.0 at. o/o S -
5 . 7 at. o/oSe-2.3 at. o/o Tl ) was 
bolted to a niobium-l o/o z irco nium 



crucible for good electrical contact, and Grafoil3 was used between the 
current collector and crucible to minimi z e the corrosion rate of the cru­
cible. A molybdenum foam disk was used to prevent free lithium contact 
with sulfur in the cathode. A Th02 tube contained any free lithium which 
floated to the electrolyte surface and was not absorbed by the anode current 
collector during charging. A BeO liner was used to prevent free lithium 
which escaped the Th02 tube from bridging to the niobium crucible. The 
cell was sealed with spring-loaded stainless steel clamping ring s. 

A summary of the capacity density data with continuous 
cycling for Cell No. S-7 is shown in Fig . Vl-6. The cell was initially dis­
charged at a current density of 0.12 A / cm2 to a 1.0-V cutoff and charged 
at a current density of 0 . 10 A / cm2 to a 2.9-V cutoff. The capacity density 
increased with cycling from 0 . 076 to 0.24 A-hr / cm2 as shown in Fig. VI-6. 
The discharge current density was then increased to 0. 20 A / cm2. As 
cycling was continued the capacity density reached a maximum of 0.44 A­
hr / cm2 (58% of the theoretical value) and the n decreased to 0.31 A-hr / cm2. 
The discharge and charge current densities were increased to 0.26 and 
0 . 18 A / cm2, respectively , and the charge cutoff voltage was increased to 
3.05 V . The capacity density d ec reased from 0.27 to 0 . 20 A-hr / cm2 be­
tween Cycles No . 17 and 27 . The discharge and charge current densities 
were then reduced t o 0.22 and 0.15 A /cm2, respectively . The charge cutoff 
voltage was gradually increased and was set at 3. 5 V (IR- included) for 
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3Product of the Union Carbide Corp. 
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Ch N 58 T he estimated IR-free voltage was slightly greater than 
arge o . . . 1 

3
.1 v. The discharge capacity density was nearly constant at approx.1mate Y 

0.22 A-hr / cmz for Cycles No . 28 to 62. The initial rise in the capac1ty den­
sity may have been caused by displacement of trapped gas from the cathode 
and subsequent improved wetting of the cathode current collector by the 
electrolyte . The cause of the later decrease in capacity density to the 
nearly constant value of 0.22 A-hr / cm2 has not been identified. 

Operation of Cell No . S-7 was terminated because of elec­

trical shorting. The Th02 tube cracked and lithium or some other e lec­
trically conductive material contacted the niobium crucible. Sealed-cell 
experiments are continuing with various cell designs in an attempt to de ­
velop sealed cells with a consistent capacity of 0.4 A-hr/cm

2 
at a current 

density of 0.4 A / cm2 to a 1.0-V cutoff for at least 100 cycles. 

Based on the above results, the following areas of investi­

gation require further work: 

1) The nickel Feltmetal anode cur r ent collector some­
times appears to provide inadequate absorption of the lithium during re­
charge, resulting in occasional electrical short circuits. 

2) An improved cathode current collector is required to 
reduce the internal resistance of the larger cells . 

3) Corrosion studies in the cell environment are needed 
to identify better lithium-resistant electrical insulators, and techniques 
should be developed to reduce the corrosion rates of metal leads attached 
to the cathode current collector. 

2. Supporting Laboratory Studies 

a. Phase Equilibria in Pseudo-Ternary Lithium Sulfide ­
Sulfur-Alkali Halide Systems 

The long-life requirement for lithium/ sulfur cells can best 
be met if the electrode reactants and cell reaction products hav e low solu­
bilities in the electrolyte . Therefore, some knowledge of the phase diagrams 
involving LizS, sulfur, and electrolyte is necessary for the selection of the 
best electrolyte . Emf measurements and phase-equilibration techniques 
were used to define the salient features of the phase diagrams of the pseudo­
ternary systems Li2S - S- (LiX-MX), where LiX-MX represents s everal alkali 
halide mixtures t · · 1· h " · con am1ng 1t 1um 10ns. The emf measurements were per-
formed with a quartz H- cell having a lithium-aluminum alloy anode and a 
cathode containing a l1"th1"u lf · t h · · · m-su ur m1x ure w ose compos1t10n was var1ed 
coul ometrically by cha · d " h · rgmg or 1sc argmg the cell. The reference elec-
trode was also a lithi _ 1 · . . . . urn a ummum alloy contam1ng 5 to 45 at . o/o hth1um. 
The half- ce ll potent · al f th 1. h" . . 1 o e 1t 1um-alum1num alloy 1s constant over this 
range . 



The phase equilibration experiments were performed as 
follows . A Li2S- sulfur- alkali halide mixture was prepared, and weighed 
amounts of this mixture were sealed in quartz capsules. The capsules 
were heated, agitated, equilibrated at 360 or 400°C, centrifuged at tern­
perature when necessary, quenched, and then sectioned for microscopic 
examination and/ or chemical analysis of the individual phases . 

Preliminary results from the emf measurements indicated 
that the phase diagram of the pseudo-ternary Li2S -S-(LiF-LiCl-Lil) system 
is very similar to that of the corresponding Li2Se-Se-(LiF-LiCl-Lil) system 
(ANL-77 50, p. 106 ). The results of the phase-equilibration experiments 
suggest that the general features of the diagram are the same for several 
different alkali-halide electrolytes , but the locations of the phase boundaries 
differ somewhat . A 400 °C isothermal section of the pseudo-ternary 

Fig. Vl-7. Phase Diagram of the Pseudo-Ternary 
System Li2S-S-(LiCl-KCl) at 400 °C . 
ANL Neg. No . 308-2814. 

Li2S-S- (LiCl - KCl) diagram which 
has been constructed from the phase­
equilibration results is shown in 
Fig. VI -7 . The binary Li2S -S system 
is characterized by the occurrence of 
one compound (Li2S) and a miscibility 
gap from <0.3 to 29 mol o/o Li2S. 4 

Three liquid phases , L 1 , L 2 , and L 3 , 

and one solid phase , Li2S, are found 
in the pseudo-ternary system at this 
temperature . The L 1 phase consists 
essentially of pure sulfur, which 
does not dissolve in any of the other 
phases to a significant extent; L 2 is 
composed of sulfur, Li2S , and a small 
amount of electrolyte; L 3 is an 
electrolyte -rich phase containing 
small amounts of Li2S and sulfur. 

To minimize chemical self-discharge of a lithium/s ulfur 
cell, the solubility of the cathode reactant in the electrolyte should be as 
low as possible. This solubility corresponds to the location of the phase 
boundary between L 3 and L 2 + L 3 . The phase-equilibration technique was 
used to locate this boundary for various electrolytes. The results shown 
in Table VI-3 indicate that those electrolyte systems hav ing only small 
anions (chloride and fluoride) have much less tendency to dissolve sulfur­
bearing species than do those having large anions (bromide and iodide). 
Thus, it appears that chlorides and fluorides are the best electrolytes for 
minimizing the self-discharge rate. 

4-t:. Cairns~!!·· Chemical Engineering Division, Physical Chemistry of Liquid Metals and Molten Salts 
Semiannual Report, January June 1971, USAEC report ANL-7823. p. 4 (1971). 
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TABLE VI-3. Extent of L 3 Phase in the Presence 
of 29 .3 mol "7o Li2S-70. 7 mol "7o S Mixture 

Electrolyte Composition, 
mol "7o 

3 . 5 LiF - 56.0 LiCl-40.5 KCl 
58.8 LiCl-41.2 KCl 
57.5 LiCl-13 . 3 KCl-29.2 CsCl 
11.7 LiF-29.1 LiCl-59.2 Lii 
59 LiBr-41 RbBr 
8.5 LiCl-59 .0 Lii-32.5 KI 

M.P., 
oc 

347 
3 52 
265 
340.9 
278 
264 

Mol "7o 
Electrolyte 
in Saturated 

Solution 

> 99 

92 
94 

> 99 
> 99 

98 
70 - 80 

70 
60 - 70 

Thermodynamic data derived from emf measurements of 
the pseudo - ternary Li2S - S - (LiF - LiCl-Lii ) and Li2Se - Se - (LiF - LiCl- L ii ) 
systems show that the activity coefficient of lithium in the L 1 phase is 
much lower in the sulfur system than in the analogous selenium system, 
where it has an estimated value of 6 x 10- 32 • Also, the free energy of 
formation of Li2S is about -100 kcal/mol, which is significan tly lower 
than the value of - 94 .0 kcal/mol for Li2Se . The solubility of the sulfur ­
bearing species in the electrolyte is much lower in the sulfur system than 
the solubility of the selenium-bearing species in the corresponding sele ­
nium system, which indicates that lithium/sulfur cells should be less sus­
ceptible to chemical self- discharge than lithium/selenium cells. 

b . Sulfur Species in Molten- Salt Solutions 5 

A study was undertaken to investigate the sulfur - bearin g 
species that are formed when sulfides and polysulfides are dissolved in 
molten alkali halide salts. Since complex e q uilibria undoubtedly occur 
between species such asSn, s2

- , and s~- , the initial effort was directed 
toward the preparation of S 2

-, free of excess sulfur in molten LiCl-KCl 
eutectic. An attempt to generate a known concentration of s 2 - coul omet­
rically by the reaction 

resulted in low yields of S 2
- . However, subsequent efforts employing the 

reaction 

NiS + 2 e- ~ Ni t s2 -

5
Work performed by D. M. Gruen, R. 

L. McBeth, and A. J. Zieten of the ANL Chemistry Division. 



gave good results with a Nernstian response corresponding to the expected 
two-electron reaction. The potential of the Ni/Ni2t e l ectrode vs . a Pt/Pt2+ 
reference e l ec trode at 400°C was -0 . 79 V , the solubility product of the Ni5 
was 2 . 1 x ro-t s (mol/liter}2, and the amount of 5 2- found by chemical analy­
sis was 94 . 2o/o of the t h eoretical valu e based on the coulometr i c meas ur eme nt. 

During the course of this work, an analytical method was 
needed to determine the 5 2- concentration in que nched samples of the salt. 
Potentiome tric tit rat ions with standard AgN03 solution in I M NH40 H plus 
O. IM NaOH with an Orion sulfide-selective electrode gave satisfactory re­
sults . An alternative procedure mvolving reaction of the sulfide with stand­
ard iodate , followed by back-titration with standard thiosulfate , proved 
difficult to execute , but wi th sufficient care accurate results were obtained. 
Chloride ion was shown not to interfere with th i s procedure . 

Absorption spectra were determined for molten LiCl-KCl 
eut ectic containing a known initial co n centration of 5 2- io n in equilibrium 
with various partial pressures of sulfur at temperatures of 500 to 800°C . 
The spectra responded reproducibly and rev e rsibly to changes in the part ial 
pressure of sulfur a nd the temperature . The spectra were resolved into two 
Gaussian absorption peaks at 390 and 585 nm. A mathematical analysis of 
the data indicated that they were in best accord with the following equilibria 
involving the super sulfide ions, 5 2- and 5 3- : 

2 5 2- + 3 5 2 .= 4 52-

2 5 2- + 5 5 2 .= 4 5 3-

K2 (52 _)4 /(52- )2 P3 

K3 (53 _ )4/(52-)2 Ps 

The 390- and 585-nm peaks were assigned to 5 2- and 5 3- , respectivel y. 
Although some interferenc e du e to other species (possibly 5 2 or some other 
form of zero-vale nt sulfur) appeared to occur at the l owest temperature 
(500°C), the data were reasonably consistent with the above equilibria . 
Preliminary estimates of the values of K 2 and K3 based on these data are 
as follows : 

T , oc K2 K3 

500 l. 51 X 10 5 4 , 59 X 10 2 

600 I . 74 X 10 3 I . 70 X 100 
700 9 . 07 x rot 2 , 64 X I 0- 2 

800 l.74xl0t 1. 18 X l 0- 3 

w h ere the concentrations are in moles per liter and the partial pressure of 
sulfur is in atmospheres . The molar absorptlvities for 5 2- and 5 3- are 
estimat e d to be in the general ranges of 10 2 and 10 4 , respective ly . 
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c . Cathode Material Studies 

Small - scale cell tests hav e show n that elemental sulfur 

alo n e can be used as t h e act ive cathode material i n lithium/ sulfur cells . 
It may be des 1rable , h owever , to us e certain additives to increase the e l ec­
tncal conduchv1ty and decrease the va po r pressure of the sulfur , w hich 
shoul d mcrease the electr ical pe rforman ce of the cell and poss ibly p erm i t 
the use of a s impler , lighter- weight cath o d e current collector . I ron was 

1nvestigated briefly as a potential addi tive, but , contrary to literature data,
6 

practically no i ro n was fo und i n solution (<0 .01 wt %) when FeS was equili ­
brated with liquid sulfur for several d ays a t 450 °C . The conductivity of th e 
soluti on was < 10 - 7 ohm- 1 cm - 1 , compar ed with a value of - 10-9 ohm- 1 cm- 1 

for high-pur ity s ulfur . 

Sulfur - thallium m ixtures are reported to have a high con­
duct ivity of - 1 ohm - 1 cm - 1 at 400 °C . 7 Th e se data , however , apply to rela­
tively h igh thallium co n centratio ns (> 3 7 . 5 at. %) , w hich would be uncles irable 
in a lith ium/ sulfur cell because of the h igh atomic we ight of thallium 
(204 . 37 g / g-atom) . The thallium- sulfur system was therefore investigated 
in the reg ion of lower thallium co nce ntrat io ns , w h e re a liquid-liquid mis­
c ibllity gap is reported to exi st. 8 The presence of a m i scibility gap was 
co nfirmed expenm e ntally by obs e rving t wo liquid phases in a nominally 
20 at . % thall i um-sulfur m1xture at - 350 °C . The boundaries of th e gap were 
redetermined by analy z ing quenched samples of the t wo liquids for thallium. 
The res ults were as follows : 

Equilibration t e mp., oc 3 10 3 44 3 50 
Thallium concentration , at . % 

U pper phase <0 . 08 0 .09 <0 . 02 
Lower phase 26 .0 26.9 26 . 5 

These r esults mdicate that the solu bility of thallium in sulfur is consider­
ably lower than the literatur e values , and that the thallium content of the 
higher-dens i ty phase is slightly less than that reported in the literature . 
Th e conductivity of the upper (s ulfur - rich) phas e was - 10-9 ohm- 1 cm- 1 at 
345oc and that of the lower (thall i um-rich ) phase was 4 x 10- 1 ohm- 1 cm- 1 

at 367"C . 

Conduct ivi t y measurements we r e also made on sulfur con­
tainmg 3 . 5 wt% Vul can SC-72R ca rbo n black,9 which was supplied by the 
Freeport Sulphur Co . , Belle Chasse , La. , and was clai m e d to have a con­
ductivity of - 10 - 1 ohm- 1 cm- 1 at 130 °C . 10 Pr e liminary t es ts with a 

6F A Shunk C · · · f · 
7 · · . • onsut unon o Bmar y Alloys . Second Supplement, p. 344, McGraw-Hill Book Co ., N.Y. (1969) . 
A A. Veltkanov and V. A. Tertykh, Electrica l Conductivity , Polarization, and Electrolysis ofThallium-

8 Sulfur Melts , Zh. Fiz . Khim . ,1;!, 2580 (1969). 

9 M. Hansen and K. Anderko, Constitution of Binary Alloys, p. 1168, McGraw-Hill Book Co., N.Y. (1958) . 
A product of the Cabot Corp 

10T · K. Wierioro wski Ele . . · · ' ctnc Conducnvay of Carbon Black Suspensions in MolTe n Snlfnr. L Elecrrochem 
Soc. ll8, 17ll (1971) . -~ 



volt-ohmmeter showed the material to be conductive both when molten and 
at room temperature after it had solidified. Subsequent measurements 
with an impedance bridge gave values of 1.23 x 10- 3 ohm- 1 cm- 1 at l 36°C 
and l. 43 x l 0- 3 ohm -l em -l at l58 °C. Higher-temperature measurements 
were not possible because of a tendency for the material to segregate and 
to form gas bubbles in the cell. 

The above results indicate that iron is unlikely to be a 
useful additive to the cathodes of lithium/ sulfur cells. Thallium shows 
some promise, and the sulfur-carbon black mixtures may be useful if their 
tendency to segregate and to release gases can be overcome. 
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Investigations were also conducted on various porous car­
bons and graphites that are under consideration as cathode current-collector 
materials. Two important characteristics of a cathode current collector are 
the amount of sulfur it can contain per unit volume or weight and its elec­
trical conductivity. Comparative data on the absorption of sulfur were ob­
tained by immersing preweighed specimens in liquid sulfur at l50 °C for l hr 
and weighing them again after they had been removed and cooled. It had been 
shown earlier that essentially all of the uptake of sulfur occurred within the 
first 5 min of exposure. Conductivity measurements were also made on 
selected porous graphites and carbons, using a four-probe de method. The 
results of the sulfur absorption and conductivity measurements are sum­
marized in Table VI-4. In general, the amount of sulfur absorbed per unit 
volume increased and the conductivity decreased with increasing porosity 
of the material. The pore size had no clearly defined effect on either prop­
erty. As expected, the graphites had considerably higher conductivities 
than did carbons of the same porosity. 

TABLE Vl-4. Sulfur Absorption and Conducti v ity Data for Porous Graphites and Carbonsa 

Mean Pore Sulfur 
Conductivity, 
ohm - 1 cm- 1 

Porosity, Diameter. Absorbed. 
Material % u.m g / cm 3 25 ' C 350 ' C 

PG-60b g raphit e 48 33 0 . 85 467 610 
PC-60b carbon 48 33 0.97 64 76 
PG-25b g raph ite 48 120 0.90 270 320 
PC- 25b carbon 48 120 0 . 82 79 89 
FC-l4c graphite 49 3 . 5 0 . 67 
Poco AXd graphite 65 1.4 0 .48 
FC- zoe ca rbon- graphite 77 20 1.04 
FPA- zob graphite 91 53 31 16 18 
FPB-3b carbon 98 100 l. 31 3 .0 
FRA-3b carbon 98 600 0. 38 2. 5e 

aAbsorption measurements were conducted for 1-hr exposu r es at 150 °C. 
bProduct of Union Carbide Corp. 
cProduct of Pure Carbon Co. 
dproduct of Poco Graphite Co. 
eLiterature value (Union Carbide Tech. Info. Bull. 463 -204 Al) . 

450'C 

600 
76 

325 
88 

19 
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d. Mass-Transport Studies 

Since the cycle life of lithium/ sulfur cells has been in­

creased markedly by improvements in the cathode design, a frequent cause 
of cell failure has been an inability to transport lithium back into the anode 
current collector structure after extensive charge-discharge cycling. Four 
special-purpose cells were built and operated to investigate this problem. 
These cells consisted of a conventional lithium anode, a molten- salt elec ­
trolyte, and an aluminum counter electrode. As the cells were discharged, 
lithium w as transferred from the Type 302 stainless steel Feltmetal anode 
(90o/o porosity , 67-~m mean pore diameter) to the aluminum electrode, 
creating a lithium-aluminum alloy. The aluminum counter electrode was 
used to eliminate possible effects resulting from the sulfur in a conven­
tional cathode, thereby permitting an evaluation of the lithium anode a l one. 

Three different electrolytes were used in the various cells: 
LiCl-KCl {58 . 5- 41.5 mol o/o ); LiCl - Lii-KI (8 . 5-59.0 - 32.5 mol o/o); LiF - LiCl ­
KCl (3 . 5-56 .0 - 40.5 mol o/o) . The operating temperatures ranged from 390 to 
425°C. The first cell , which used the LiCl-KCl electrolyte and an Al 20 3 in­
sulator, failed after l 0 cycles {-1 00 hr) when lithium could not be charged 
back into the Feltmetal anode because of poor wetting . The second and 
third cells, which used the LiCl-Lii - KI electrolyte and BeO insulators, 
failed for the same reason after less than five cycles. In the fourth cell, 
the LiF-LiCl-KCl salt was used as the electrolyte and BeO as the insulator . 
This cell performed well for 139 cycles {480 hr) at which point 10 g of the 
LiCl-Lii -KI salt was added to the electrolyte. Immediate bubb l ing of the 
electrolyte was observed upon the addition of this salt, and the cell per ­
formance deteriorated. Operation of this cell was terminated after 
202 cycles (675 hr) . 

The results of these tests suggest that the use of A l 2 0 3 as 
an insulator may result in contamination of the lithium anode, causing poor 
wetting of the stainless steel by the lithium . The use of iodide salts in the 
second and third cells and the addition of iodide in the fourth cell appeared 
to cause a similar dewetting of the anode structure by the lithium. It ap ­
pears that this effect may result in part from the very strong tendency of 
iodide salts to take up moisture, even from helium atmospheres containing 
only a few (<10) ppm of water vapor. It is also possib l e th at t h e presence 
of iodide increases the ability of the electrolyte to displace lithium from 
the stainless steel Feltmetal. Regardless of the exact mechanism involved 
in the dewetting of lithium from stainless steel, these results i ndicate that 
the p~oblem may be solved or at least greatly diminished by avoiding iodide­
contammg electrolytes and Al 20

3 
insulators . 



3. Materials and Components 

a . Corrosion Tests 

Lithium/ sulfur cells will probably require an electrical 
insulator resistant to lithium, electrolytes, and cathode mixtures . Pre­
viously BeO and BN were the only insulators which had demonstrated any 
appreciable lifetime in cell service, and BN is not thought to be useful in 
long-lived cells because of a corrosion mechanism which produces an e l ec ­
trically conducting film on the insulato r s urface . Although BeO has oper­
ated very well in cell service, alternative insulators were sought because 

BeOa 

Y3AI5012 
o HOT-PRESSED, HIGH-PURITY 

b. RECRYSTALLIZED GRADE 
Th02 c. COMMERCIAL GRADE 

Mg0 ·Aiz03 

AIN 

Yz03 

BN 
a-LIAI02 

MgO 

BeOb 

Li 20 ·MQ0 

y-LiAI02 
eeoc 

Llz0 ·5Aiz03 

AJ 20 3 

B1zOz 

0 0 .5 1.0 12.0 
CORROSION RATE , mm/yr 

CORROSION RATE , mtls/yr 

Fig . Vl-8. Corrosion Resistance o f Elec uic al 
Insulators to Molten Lithium 

of the cost and health hazard asso­
ciated with BeO. 

The results of 300 -hr tests 
conducted recently to determine the 
corrosion resistance of several 
potential electrical insulators to 
molten lithium at 375°C are shown 
in Fig. VI-8 and compared with ma­
terials previously tested. The tests 
indicated that y- LiAl0 2 , high- purity 
Al 20 3 , Li20 · 5 Al 20 3 , Li20 · MgO 
spinel structures, and B 120 2 are not 
resistant to molten lithium. These 
materials have been eliminated from 
further consideration as lithium / 
sulfur cell insulators. 

Three insulators, Y 20 3 , 

Y3Al50 12 , and the MgO · Al 20 3 spinel , 
were translucent before testing and 
darkened during testing but other -
wise resisted attack very well . The 

observed corrosion rates of less than 0.06 mm/yr compare favorably with 
those of BeO and other insulators tested to date. Yttria was further tested 
in sulfur, LiCl-KCl electrolyte, and a 20 at. o/o Li-S mixture for 327 hr at 
375°C. In all tests the observed cor rosion rate was l ess than 0.008 mm / yr. 
Yttria will undergo testing in operating ce lls because of its excellent cor­
rosion resistance and availability. The performance in these corrosion 
tests was strongly affected by the preparation method. In general , hot­
pressed oxides were superior in corrosion resistance to ceramics fab­
ricated by other techniques. 

Although the above results on corrosion rates are useful in 
screening candidate materials for cell components, it must be recognized 
that the observed rates are not necessarily those that would be found in an 
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o perating cell where electrochemical effects can result from potential dif ­
fer e nces w ithin the cell. A case worthy of note involved the loss of ins ulat­
ing properties of BeO during use and its subsequent structural degradation 
in cell operation. It was ascertained that these phenomena were typ1cal of 
the poorer grades of beryllia, and independent observations indicated that 
conductivity arose from surface contact with the e l ectrolyte whereas the 
structural degeneration was accelerated by contact with metallic components. 

b . Feedthroughs and Insulators 11 

Changes in cell design occur simultaneously with materials 

evaluation and specification and require a capability for making cell compo ­
nents . Little difficulty exists in the fabrication of metallic parts where 
pieces are either machined or purchased . In the case of insulators, how ­
ever, problems were encountered in obtaining corrosion-resistant ceramics 
in shapes that are useful in cell construction. A program was undertaken to 
develop the capability for producing ceramic shapes. 

Lithium aluminate (cr -LiAl02 ) and yttria (Y 20 3 ) were selected 
for study because of their excellent corrosio n re sistance, availability as 
high - purity powder, nontoxicity, and ease of fabrication. Generally, th e se 
powders are blended with organic binders, vib rated into rubber molds, 
pressed isostatically, degassed and then sintered at temperatures high 
enough to give the desired densities. In this processing it is the isostatic 
pressing that contributes to the flexibility in fabricating shapes . 

To date, LiAl0 2 rings and Y20 3 tubes have been produced. 
In processing, it is difficult to control all dimensions and at least one 
grinding step has been necessary. The rings were sintered to the required 
73.6-mm OD x 64 . 6-mm ID; the desired thickness was obtained by grinding. 
The tubes were sintered to produce the desired length a nd ID , and the OD 
was ground to size. Both components are now being u sed in cell develop ­
ment programs--the rings as insulators in cells and the tubes as feed ­
throughs. Feedthrough development is also being conducted. A feedthrough 
consists of a metallic current conductor electrically insulated from a hous ­
ing or sleeve . Current ideas on cell design require at least one feedthrough 
that is chemically inert and corrosion resistant to all cell reactants . These 
feedthroughs are not commercially available and are not likely to be devel ­
oped by commercial sources soon enough for present needs. 

On the basis of previous corrosion studies, molybdenum 
and _niobium were c)1.osen to be used as metallic components and Y 

2
0

3 
as 

the msulator . A bra ze selected on the basis of the same studies showed 
promise of being relatively inert to cell environments . Simple feedthroughs 
that were leak tight were fabricated and withstoo d failur e for 100 hr in static 
corrosion tests . In the progression to designs adaptable to use in cell 

llwork performed by D. E. Walker , EBR-II Project and T. L. Wilson, Resident Associate from Gould , Inc . 



development it was noted that stresses we re generated that caused cracking 
during the braze cycle. An analysis of the stress system indicated that 
niobium was to be preferred over molybdenum because of its better match 
{with Y 20 3 ) in the thermal- expansion coefficient. Heavie r ceramic sections 
are necessary for stress-bearing purposes and are presently being fab­
ricated into feedthroughs. 

4. Electric Automobile Performance Calculations 

Calculations were made to estimate the performance that might 
be expected of a family automobile powered by a lithium/ sulfur battery. 
These calculations differed from others of this type in that cognizance was 
taken of the fact that the deliverable energy of the battery is a function of 
operating power level of the battery. The effect of different operating 
power levels associated with different manners of operating an automobile 
(commonly termed the driving profile) is significant. For example, our 
calculations estimate a range of 530 km (329 miles) when a specified ve­
hicle is operated at a constant velocity of 45 km/hr {28 mph). The range 
of this same vehicle drops to about 158 km {98 miles) on a driving profile 
typical of urban driving conditions with frequent stops, starts, low - speed 
driving , and accelerations. The vehicle and battery characteristics used 
for this study are presented in Table VI- 5. 

TABLE Vl-5. Electric Automobile Characteristics 

Vehicle 
Curb weight of vehicle 
Vehicle test weight (W) 
Weight of power plant (i ncluded in cu rb weight) 

Motors 
Controls 
Transmission and drive train 
Air conditioner and heater 
Miscellaneous 
Batterya 

Total 

Accessory power 
None 
Lights, windshield wipers, blower. etc . 
Above plus air-conditioning 

Constants 
Air drag coefficient (Co) 
Frontal area of vehicle (A f) 
Efficiency (battery output t o wheels. Ern · Eel 
Total accel. /linear accel. 

19 50 kg 
2086 kg 

68.0 kg 
90. 7 kg 
3 1. 8 kg 
36.3 kg 
II. 3 kg 

487.6 kg 
- - --
725.7 kg 

0 kW 
0.250 kW 
2 . 983 kW 

0.5 

2 23 rn' 
0 .82 
1.1 

4300 lb 
4600 lb 

ISO lb 
200 lb 

70 lb 
80 lb 
25 lb 

1075 lb 

1600 lb 

0. 33 hp 
4 hp 

24 ft' 

Air density / g (pA) 9.6 X 10- 9 kg-hr '/ rn 4 

aBattery---Cell Type: l aminated cathode, Si ze: 350 crn'/cell. Numbe r : 
498 cells, and Weight : 0 .91 kg (2 !b)/cell. 
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The results of the calculatio ns fo r three of the profiles are 
· F. VI 9 Under urban driving conditions averaging around shown tn tg. - . ( ) . . 

3 2 km/hr (20 mph) and for an accesso r y load of 2.983 kW 4 ~p wtth atr 

d · t· · the vehicle range is 158 to 248 km (9 8 to 154 mtles), depend -con 1 tontng, 
· th t dr·1v·1ng conditions At the lowe r accessory load of mg upon e exac · . . . . 

0.250 kW (without atr condttlonmg), 
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Fig. Vl-9. Vehicle Range under Selected Driving 
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the range increases to around 322 km 
(200 miles). Urban driving requires 
peak power l eve ls of 99 to 150 W / kg 
(45 to 68 W / lb); the battery delivers 
120 to 195 W -hr / kg (54 to 89 W-hr/lb) 
w ith the greater energy capability and 
longer ranges 
power levels . 

obtained at the lower 

Suburban driv ing averages 
around 64 km/hr (40 mph) and re ­
quires higher peak power levels of 
up to 162 W /kg (73 W / lb) . The highe r 
power levels reduce the delivered 
specific energy of the battery (at the 
2.983 - kW accessory power level) to 
as low as 97 W -hr / k g (44 W -hr / lb), 
and the vehicle range drops to 142 
to 206 km (88 to 128 miles). 

Constant - speed driving, even 
at the higher velo cities of 96 to 
113 km/ hr (60 to 70 mph), is not as 

demanding o n the battery as some of the other profiles because the average 
power level is lower than the p e ak power demands of the other profiles. 
Once the initial power required to accelerate the vehicle to its ve l ocity 
has be e n satisfied, the power requirem e nt drops off so that , at a constant 
velocity of 11 3 km/ hr (70 mph) and an accessory load of 2.983 kW, the 
range of the vehicle increases to 277 km (172 miles). At l ower constant 
ve loc ities of 32 to 40 km/hr (20 t o 25 mph) , the vehicle 's range is ove r 
483 km (300 mil es). The range falls off rapidly at velocities above 88 km/ 
hr (55 mph), primarily because of the increased retarding effect of air drag. 

The conclusions that can be drawn from these ca lculations are 
that lithium/ sulfur cells possess the potential for powering an all-electric 
vehicle of good performance. Laboratory cells have been shown to have a 
sufficient power density to accomplish all driving profile s t es ted . Energy 
sto rage, however, s h o uld be improved to increase the range of the vehicle 
somewhat. 



B. Lithium/ Chalcogen Cells for Hybrid- Vehicle Propulsion 

Since May 1969, the U.S. Army Mobility Equipment Research and 
Development Center at Fort Belvoir, Virginia, has been supporting a pro­
gram in the Chemical Engineering Division for the development of a lithium/ 
chalcogen (sulfur, selenium) battery to be used in military vehicles. This 
application involves a hybrid propulsion system in which a gas turbine would 
provide power during normal operation, and a lithium/chalcogen battery 
would provide additional power in situations such as acceleration and hill 
climbing, where high power is required for a relatively short time. The 
hybrid system is expected to weigh less and cost less than either a battery 
or turbine designed to do the job alone. Existing batteries are incapable of 
meeting the requirements of high specific power (watts per pound of battery 
weight) and specific energy (watt - hours per pound of battery weight) for this 
application . 

The present effort is directed toward the development of light­
we ight sealed cells, approximately 7. 5 - em diameter, capab l e of deliver ­
ing (a) short-time peak power densities of 1 to 3 W/cm2 , (b) energy 
densities of 0.5 W-hr/cm2 at the l - hr discharge rate (0.27 A/cm2

) to a 
l.O- V cutoff and 40o/o utilization of the theoretical capacity, (c) lifetimes 
of 1000 to 2000 hr, and cycle lives of 500 to 1000 charge - discharge cycles. 
These cells will eventually be components of a 1-kW battery. 

The progress made in this program during the past year includes 
(a) the extension of the cell lifetime, through the use of sulfur and thallium 
additives to the selenium, from about 100 hr to more than 2500 hr, (b) the 
deve l opment of a liquid-electrolyte cell of i,.mproved capacity density and 
power density, and (c) the attainment of all of the cell performance goals 
(per unit electrode area) in unsealed 7 . 5-cm-dia cells. 

1 . Cell Studies 

a. Cathode Composition Studies 

The cause of the short cell life encountered in this program 
and the NHLI Program (see Section VI.C) was found to be related to the solu­
bility transport of selenium through the electrolyte to the lithium electrode . 
A series of paste - electrolyte cell tests was performed to study the effect of 
various additives to selenium on cell performance . The interest in additives 
to selenium was stimulated by early experiments which indicated that the 
transport rate of selenium- additive mixtures through the paste electrolyte 
had been considerably lower than that of pure selenium. Also, solubility 
tests conducted by other investigators at Argonne 12 indicated that additives 
such as phosphorus reduced the solubility of sulfur in lithium-halide elec­
trolytes. The available phase - diagram data for lithium-additive and 

12v. A. Maroni, private communication (1970). 

155 



156 

selenium-additive systems were studied in an attempt to identify those sys­
tems with low melting points over reasonable composition ranges (an appar­
ent requirement for high utilization of the cathode reactant). The additives 
selected for experimental testing included P, P 4S 10 , As, Te, and Tl. 

Table VI-6 shows the various cathode compositions tested 

in paste-electrolyte cells. Most of the cell tests were of brief duration 
since the available paste electrolytes were not capable of maintaining com­
plete physical separation of the anode and cathode phases for long periods. 
Phosphorus, tellurium, and thallium were found to be effective additives 
to selenium and sulfur for reducing the transfer rate of cathode material. 
Tellurium and thallium additives showed the most promise of meeting the 
short-time peak power density goal of l to 3 W / cm2

• Thallium , however, 
appeared to be more attractive than tellurium because of its much lower 
corrosion rates in cell tests using niobium current collectors. Since the 
electrical performance of the paste-electrolyte cells using thallium addi­
tive (Tl2Se3 and TlS2 compositions tested) was poor, it appeared that a 
major change in cell design or a reduction in thallium concentration would 
be r equired for this system. The use of thallium additive was recommended 
for testing in the NHLI cell lifetime study (Section VI. C.l ). It was shown in 
the NHLI work that Se-10 at. o/o Tl was effective in reducing selenium trans­
port, and long cell lifetimes were achieved at acceptable performance 
levels . It was concluded that the use of thallium additive represented an 
acceptab le solution to the solubility transport problem. 

TABLE VI-6. Cathode Compositions Tested in the Additive Investigation 

Cathode Composition, wt 'l'o 

Cell No. Se s P 4S 10 
p As Te Tl Li2Se Salt Additivea 

23 11. 9 29 .4 58 . 7 
24 56 . 7 43.3 
29 100 .0 

L-4 30.0 70.0 
30 55 .9 ll . 7 32.4 
31 52.2 8 .0 39.8 
34 87 . 7 8 .9 3.4 
36 100.0 
38 100.0 
43 36.6 63.4 
45 23 .9 76.1 
48 23 .9 76.1 

aThe LiCl-LiBr-Lil-Kl-Csl eute c tic. 

A significant decrease in the average voltage during dis­
charge (to a 1.0-V cutoff) was observed in early cell tests with Se - Tl alloys. 
Sulfur additions to the Se-Tl cathode were made in an attempt to increase 
the ave_rag~ voltage . All tests involving S 6Se7Tl3 (atom ratio) cathodes re ­
sulted m htgher average voltag es as we ll as in improved capacity densities. 



A subsequent cell test involving S-50 at.% Se with trace Tl (less than 
0. 1 at. %) was found to result in even better electrical performance than 
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the cells using S - Se-Tl cathodes. This cell (Army Cell No. 73) has achieved 
over 2500 hr of stable operation and is described in detail below. It has been 
tentatively concluded that the S- 50 at. % Se alloy is a better cathode material 
than either sulfur or selenium alone. Additional tests will be required to de­
termine the optimum S / Se ratio and whether the thallium addition can be 
eliminated complete! y. 

b . Cell Performance Studies 

A total of 73 single cells of approximately 7.5- cm diameter 
have been tested in this program . The first 53 cells used paste electrolytes 
and generally experienced either short cell lifetimes or poor electrical per­
formance characteristics. Paste - electrolyte cell studies we re dis conti nued 
after Cell No. 53 pending further progress in the preparation of high-quality 
pastes . Cells No. 54 to 73 were liquid - electrolyte cells in which the cathode 
material was immobilize d by either (l) containment within a porous g raphite 
current collector or (2) formation of a thick adherent coating on corrugated 
niobium expanded-mesh disks. Cell performance and lifetime generally im ­
proved as improvements in design and procedure we re incorporated into the 
later tests. Table VI-7 summarizes performance data for selected liquid­
electrolyte cells. The best sustained performance to date has been achieved 
with Cell No. 73, which is described below. 

TABLE Vl-7. Summary ol Performance Data for Selected liquid~Eiectrolyte Cells3 

!Temperature ><4IJOOCJ 

Curre nt Capacity Cutotf 
Cell DISCharge Density, Density, Voltage, Cycle 
No. No. A/cm2 A-hr/cm2 v Life 

56 5 0. 11 0.054 1.1 «! 
64 51 0.15 0.16 0.4 71 
68 7 0.15 0.15 0.6 63 
70 3 0.19 0.14 1.0 JlJ 
71 46 0.36 O.JO 1.05 150 
73 1389 O.JO 0.475 1.00 > 1401)1> 

3The cell performances are mall'imum values and do not represent average values . 
brest still continuing. 

c. Cell No. 73 

Cathode 
Lifetime. Composition. 

hr wt ~ 

140 30.7 5e-6l.3 Tt 
lBO 47.1 5e-51.8 Tt 
144 14.3 5-40.7 5e-45.0 Tt 
310 14.3 5-40.7 5H5.0 Tt 
450 14.3 S-40.7 Se-45.0 Tt 

>15iXJb JO 5-70 5e 

tnterelectrode 
Distance. 

em 

0.63 
0.64 
1.1 

0.63 to 1.11 
0.63 to 2.11 
0.63 to 1.11 

Cell No . 73, sho w n schematically in Fig. VI-10, contained 
3 .0 g of lithium and 66.8 g of S- 50 at. % Se alloy containing <0 . l % Tl. The 
anode consisted of nickel Feltm e tal (Huyck Metals Co., 80% porosity, 
60-IJ.m mean pore size) loaded w ith lithium at 550°C. The cathode current 
collector consisted of a comb - shaped structure (approximately 0.95-cm 
thick and 7 - cm diameter) made of PG-25 porous graphite (Union Carbide 
Corp. , 48% porosity , 120-IJ.m average p o re diameter) filled w ith the S-Se 
alloy . The cathode was assembled as follows: (l) about 10 g of the S-Se­
Tl alloy was loaded into the niobium cup; (2) the graphite current collector 
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was put in place; (3) the remaining S-Se alloy was loaded on the graphite 
structure; (4) 135.0 g molten LiF-LiCl-KCl eutectic was poured into the 
niobium cup; and (5) the cathode assembly was heated for approximately 
3 hr at 400 °C to allow th e cath ode alloy to infiltrate the graphite structure. 

BeO 
ELECTROLYTE 

POROUS GRAPHITE 
PLUS S-Se 

Fig . VI-10. Cross Section of Cell No. 73 

A summary of the capacity density data for the first 
2000 hr and 1400 cycles of ope ration of Cell No. 73 is shown in Fig. VI - 1 1 . 
Since the first 100 cycles and -250 hr, Cell No. 7 3 has consistently achieved 
a capacity density of 0.30 A-hr/cm 2 o r greater at the 1-hr rate. The cell is 
still in operation at this wri ting . 
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Fig. Vl-11 . Capac ity Density Data for Cell No. 73 
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The cell performance improved during the first two weeks 
of operation as a result of a gradual decrease in the internal resistance. 
After about 2 months of operation, a slight decline in electrical perfor­
mance and a corresponding increase in internal resistance was observed. 
The decreases in internal cell resistance may be due to an improvement 

in the wetting of the anode and cathode current collectors during the early 
cycles, resulting in a lower contact resistance. 

A major goal of the Army hybrid vehicle program has been 
the development of a battery which can operate at a peak power of about 
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CEll NO. 73--D ISCHARGE MODE 

Li/LiF-LiCI-KCIILi in S-Se 
ANODE AREA 11.4 cm2 
CATHODE AREA 38.4 cm2 
TEMPERATURE 400"C 
INTERELECTRODE DISTANCE 0.63 em 
CATHODE CURRENT COLLECTOR : 

POROUS GRAPHIT£, ~POROSITY, 120-IJm PORE SIZE 
ANODE CURRENT COLLECTOR : 

Nl FELTMETAL. ~POROSITY . 60-IJm PORE SIZE 
CATHODE ALLOY COMPOSITION 5-50 at .% Se 
FUllY CHARGED CELL !AFTER CYCLE 147! 

0 o~--~~~0----2~o~--~3o~--~.oL_ __ ~sLo __ ~GLo __ ~7~o~ 

PULSE DURATION (I 0 -V CUTOFF), 

Fig. Vl-12. High-Power Pulse Data for Army Cell 73 

50 kW (equivalent to 1- 3 W/cm2
) 

for periods of 1- 3 sec . Fig-
ure VI - 12 shows pulse duration 
vs. power level data taken after 
350 hr of operation of Cell No. 73 . 
Pulses of greater than 1. 5 W / cm2 

were maintained for periods ex ­
ceeding 60 sec with the pulse 
duration dropping sharply with 
increasing power level. The 
power density varied by about 
lO o/o during each pulse and aver­
age values are shown in Fig. VI-1 2 . 
It appears that the hybrid vehicle 
peak power requirements can be 
readily achieved with lithium/ 
chalcogen cells. 

Present emphasis in this program is being devoted to the 
construction and testing of high-performance, lightweight, sealed cells. 
The excellent performance and long lifetime of recent laboratory ce lls 
(not sealed) have provided confidence that the cells being developed will 
achieve the goals of the Army program. 

C. Lithium/Selenium Batteries for Implantation 

The program to develop a lithium/ selenium battery suitable for use 
as an implantable, rechargeable power source for an artificial heart or 
heart-assist device was continued. This effort has been supported by the 
National Heart and Lung Institute (NHLI) under the Medical Devices Appli ­
cations Program. For this application, the critical measures of perfor ­
mance are the specific energy (W-hr/kg), the energy density (W - hr/cm3

), 

and the cycle life (number of charge-discharge cycles before failure) . The 
specific power (W/kg) objective is l ess critical, with a total power of 10-
30 W required for an electrically driven heart-pump system. The specific 
energy goal is about 110 W-hr/kg, which would permit operation of an 
artificial heart for 10 hr with a battery weight of 1.1 kg if the average 
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pow er d e mand were 10 W. The battery is to be recharged by transmitting 
e l e ctromagnetic energy inductively through intact skin. 

In the first year's program, the major emphasis was on the devel­

opment and testing of full-si z ed (31.6-cm2 active area) cells and batte~ies 
employing paste electrolytes . These cells and battenes generally exhlb­
ited excellent performance during the first cycle; however, lifeti":e prob­
lems were experienced and a good second cycle was not ach1eved 1n any of 
the tests . The difficulty was traced to selenium transport through the paste 
electrolyte , forming Li2Se at the anode . Phase-diagram studies (see 
Section V.A.2) suggested the possibility of appreciabl e selenium transport 
via a solubility mechanism, enhanced by the presence of the reaction prod­
uct, Li2Se. Since the cell-testing program did not permit an evaluation of 
the mechanism or kinetics of selenium transport , laboratory cell studies 
were performed to yield this information. 

1 . Cell Lifetime Studies 

a. Exploratory Selenium Transport Experiment 

The first lifetime experiment, Cell No. 20, was explora ­
tory in nature and was designed to determine the magnitude of the 
solubility-transport problem . This was accomplished by use of a labora ­
tory cell design which eliminated or minimized other pass ib l e transfer 
mechanisms. In this test, an ingot of Se-22 wt o/o Li2Se contained in an 
alumina crucible was immersed in a bath of "viscous" LiCl-KCl e l ectro ­
lyte at 375°C . The viscous electrolyte consisted of a mixture of salt and a 
sufficient amount of inert LiAl02 powder to increase the viscosity of the 
electrolyte in order to eliminate convective mixing currents during the 
experiment. The viscous electrol yte provided a liquid seal, preventing 
vapori zation transport of selenium species as well as avoiding the wicking 
and other physical transport mechanisms associated with paste electrolytes . 
After the top surface of the salt was sampled, an anode consisting of a 
2 . 5- cm-dia stainless steel Feltmetal soaked with lithium was placed in 
contact with the electrolyte. The cathode area was 5.0 cm2 and the inter­
electrode distance was 3 em. After about 6 hr of operation at 375 °C and a 
discharge of 0 . 21 A-hr, the system was rapidly cooled to room tempera­
ture . The cell was sectioned and a very dark mushroom - shaped phase was 
observed to be emanating from the top of the inner alumina crucible. This 
phase , which also filled the inner crucible , had advanced more than 1.5 em 
tow ard the lithium electrode and had a somewhat homogeneous appearance . 
The upper portion of this dark phase was analyzed and found to be very rich 
in selenium. It was concluded that solubility transfer of selenium to the 
lithium electrode was very rapid and may have been responsible for the 
brief lifetimes experienced in the cells a nd batteries t ested previously in 
this program . 



b . Electrolyte Studies 

Three experiments (Cells No. 21 , 22, and 24) were per­
formed to test the effect of L iF-LiCl-Lil and LiBr-RbBr eutectic electro­
lytes on selenium transport rates . The experimental design and loading 
procedures were the same as those used i n Cell No . 20 . Cell No. 21 , which 
employed the LiF-LiCl-Lil electrolyte at 375°C , experienced rapid decrease 
of cell performance during the seventh cycle . A sample of the upper portion 
of the viscous electrolyte was found to contain 4 . 4 wt% selenium. It was 
concluded that the LiF-LiCl-Lil electrolyte was not effective in reducing 
the rate of selenium transport . Cells No. 22 and 24 used the LiBr-RbBr 
electrolyte . Although this electrolyte resulted in improved cell lifetimes, 
it was found that the selenium transfer rate was stlll too high . 

c . Selenium Transport Reversal Test 

An experiment was performed to determine whether sele­
nium transferred to the anode may be returned to the cathode electrochemi­
cally during the charging cycle . In this test , two identical small alumina 
crucibles with current collectors , one serving as a selenium-deposition 
electrode and the other serving as an analytical blank, were both immersed 
in an electrolyte at 325°C , A stainless steel Feltmetal , containing lithium, 
was coated with a layer of Li2Se and introduced into the salt bath , and a 
voltage was impressed across the electrodes as i n a normal charge . The 
blank crucible was posit ioned next to the cathode but was not introduced 
into the circuit . After 18 hr of charging , it was found that 4 mg of sele­
nium had been transported to the pos itive electrode despite an unfavorable 
geometry and an inter electrode distance of ,more than 5 em . An analysis of 
the blank electrode showed no selenium ; thus it was concluded that the sele­
nium had transported electrochemically . Th is result is conside red to be 
important relative to the development of long-lived cells since it indicates 
that a small but significant rate of selenium transport to the lithi um elec­
trode can be tolerated because this selenium can be returned to the sele­
nium electrode during recharge . 

d . Thallium Additive Experiments 

An experiment (Cell No . 26) t esti ng the effect of thallium 
as an additive to the selenium electrode was performed using a viscous 
LiBr-RbBr electrolyte . Previous work at Argonne (see Section VI.B.l) 
indicated that the addition of about 40 at. % thallium to the selenium had 
greatly reduced the rate of selenium transport in a paste-electrolyte cell. 
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An experiment was performe d in order to test the effect of a Se-10 at. % Tl 
cathode on cell lifetime us i ng the same procedures employed in Cells No . 20 , 
21, 22, and 24 . The presence of 10 at.% thallium in the s e lenium electrode 
was found to significantly reduce the rate of selenium transport and allowed 
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the attainment of " steady- state " cell operation with acceptable electrical 
performance . Cell No . 26 ach ieved 532 hr and 74 cycles of operation at a 

capacity density of 0 . 41 A-hr / cm2 at 0 . 061 A/cm
2

• 

A series of three experiments was performed using cathode 

alloy compositions of pure selenium , Se-2 at.% Tl , and Se-10 at.% Tl in an 
attempt to determine the minimum concentration of thallium necessary to 
reduce the rate of selenium transport and allow steady- state cell operation 
with high performance . The experimental design and procedure were the 
same as those used for Cell No . 26 except that the electrolyte consisted of 

the LiF- L iCl- KCl eutectic with no filler added . 

The results of these tests are as follows : (a) the use of 

10 at.% Tl resulted in satisfactory cell performance w ith the selenium 
well contained in the cathode cup ; (b) the use of 2 at. % Tl resulted in long ­
term cell operation , but resulted i n poor selenium utilization owing to in­

adequate contai nment of selenium within the cathode cup ; and (c) the cell 
with pure selenium experienced a selenium- utili zation l evel lower than 
that found for 2 at. % thallium. 

It is concluded that thallium addition to the selenium 
cathode provides an acceptable solution to the solubility-transport lifetime 
problem. It should be possible to operate high-performance lithium/ 
selenium cells with long lifetimes using a thallium concentration of l ess 
than 10 at. % but somewhat more than 2 at. % . 

2 . Studies of Full - Sized Cells 

The objective of this effort was to d eve lop and demonstrate a 
f ull -scale cell (7 . 5-cm-diameter) that had a long cycle life at a power 
density of 0 . 2 W/cm2 and an energy density of about 0.76 W-hr/cm2 • Most 
of the cell tests in this program have been conducted with 7 . 5-cm-dia cells 
with a lithium anode, a selenium cathode, and a molten- salt electrolyte . 
To assure no mixing of reactants , eith er the electrolyte or the reactants 
must be immobilized . In the early cell work , the electrolyte was immo­
bilized by combining it with a finely d ivided inert ceramic filler s uch as 

lithium aluminate to form a paste that remained rigid (because of surface 
forces) above the melting point of the salt . Subsequent studies have in­
volved cells containing liquid electrolytes and immobilized anode and 
cathode phases . 

a . Paste Electrolyte Cells 

A total of 32 full-scale paste-electrolyte cells were built 
and tested in the NHLI program. These cells generally exhibit ed excellent 
performance during the first discharge but experienced rapid loss of per­
formance (which prevented the attainment of a second cycle) . A program 



to develop improved paste electrolytes was conducted over a period of 
about two years . Significant progress was made in improving the physical 
properties of the pastes as evide nced by greatly reduced gas permeabilities 
at room temperature . Paste electrolyte fabrication using the infiltration 
technique was particularly effective in this regard . The use of the improved 
paste electrolytes in cell experiments did not result in improved cell life­
times ; consequently an effort to develop a liquid-electrolyte cell was 
initiated . 

b . L iquid Electrolyte Cells 

The advances made in related programs with high-power­
density and high- capacity-density cells using liquid electrolytes provided 
the motivation for an examination of the use of a liquid electrolyte in cells 
designed to meet the NHLI performance goals . 

The first NHLI liquid electrolyte cell design involved an 
immobilize d cathode alloy , an electrolyte of molten LiF-LiCl-KCl eutectic , 
and a solid anode consisting of a 45 at. o/o L i -Al alloy. A Li-Al alloy 13 was 
proposed for the anode because the reduced lithium activity in the molten 
salt would result i n lower self-discharge rates and corrosion rates and 
superior lithi um collection during the charging portion of the cycle . Four 
full-scale cell experiments (Cells No . 35-38) were performed to examine 
the feasibility of the design in meeting the NHLI goals . 

Each of the four cells yielded promising results with an 
improvement i n performance from cell to cell. The best performance was 
achieved i n the last cell (Cell No . 38) in which a lith ium-soaked Feltmetal 
was us e d to deposit lithium into the cathode during the first discharge, and 

an aluminum disk was substituted for the lithi um anode for the remainder 
of the cell test. The Li-Al alloy was formed by slow charge-discharge 
cycling . The cathode used was S 6Se 7Tl3 (atom ratio) developed in the U .S. 
Army program (Section VI.B) . Cell No . 38 ach ieved 169 hr of operation 
a nd 19 cycles . This cell showed excellent performance capabilities, reach­
ing a p eak cathode performance dur ing the 14th discharge when 0 . 25 A-hr/ 
cm2 was achieved at an average current density of 0 . 061 A/cm2 and an aver­
age voltage (IR-included) of 1.48 V . This corresponds to a specific energy 
of lll W-hr/kg . The cathode-alloy utilization was 79o/o . 

These early liquid-electrolyte cells have demonstrated the 
capability of achieving multiple cycles with high performance. The full­
scale paste-electrolyte cells tested prev io usly in the NHLI program tended 
to deteriorate in performance within a few cycles . In addition , the liquid­
electrolyte cell has met or exceeded the capacity , power, and weight 
specifications for a 30- W battery. 

13J. L. Benak, Method of Treating Lithium-Aluminum E!ecuode, U. S. Patent 3,501, 349, assigned to Standard 
Oil of Ohio (1970) . 
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VII. FLUIDIZED-BED COMBUSTION OF FOSSIL FUELS 

The Office of Air Programs of the Environmental Protection Agency 
is funding an investigation at Argonn e N ational Laboratory o f the effect s o f 
variables on the removal of atmospher ic po llutants (oxides of sulfur and 
nitroge n) generated during the combustion of fossil fuels in a fluidi ze d bed. 
The concept involves burning fue l (coal, o il , o r natural gas) in a fluidi zed 
bed of particula te s o lids (usually limestone ) that react with gaseous sulfur 
compounds (and possibly n itrogen compounds) r e l e ased during combustion. 
Subsequently, the sulfur -containing additive can be r egene rate d to CaO for 
r euse and the sulfur can be recove red . A fluidi zed bed is a highly efficient 
contacting medium for c arrying out gas -so lid reactio ns and for r emoving 

or adding he a t . 

A. Bench-Scal e Combustion Experiments 

The fluidi zed-bed combustion equipment at Argo nne consists of a 
6-in . -dia, 6-ft -long bench-scale combustor o p e rat e d in serie s w ith a 
3 -in . -di a , 7 -ft -lo ng pre h eate r for the fluidizing gas . Ancillary e quipment 
fo r operation of the combustor includes mechanical powd e r f eed ers for in­
tro ducing co al and additive into the combustor , a gas manifold for the air 
supply to the combusto r, t wo cyclone separators and a final filt e r for re­
moving particul ate s fr om the flue gas , and a flu e gas sampling and analyt­
ical system. 

Experiments to investigate the e ffect s of operating v ariab l es o n S0 2 

a nd NO l evels in the flue gas have been c ontinue d . Variables affecting the 
chemical composition and physical prope rtie s of the bed and e lutriate d par­
ticle s h ave been studied, and mate rial balances have been obtaine d fo r s ome 
exp eriments. Except in a few runs in which the fluidi zed bed w as particulate 
alumina or coal ash , the fluidized bed consisted of partially reacted lime ­
sto ne . The combusto r w as o p e rate d in the single -stage and two -stag e modes 
with coal as the fuel. 

In single - o r one -stage combustion, a quantity o f oxygen (as air ) in 
excess of the s to ichiometr ic quantity is added to the fluidized-b e d combus­
tion zone to burn the coal t o C0 2 and w ater . Typically , the flue gas from 
the bed contains -3% oxygen. In two-stage combustion, l e ss than the sto i­
chiometr ic vol ume of air is adde d to the fluidized-bed combustio n zone, 
which compr ises the first s t age . The oxygen concentration o f the gas leav­
ing this stage is approximate ly ze r o o r near zero, and b ecaus e r e latively 
large amo unts of CO and hydrocarbons are produce d , the atmo sphere in the 
bed is highly reducing . The CO and hydrocarbons from this stage are oxi­
dized in a s econd stage . The second stage could be physically separate 
from the first stage, but in the ANL c ombustor it consists of the freeboard 
volume above the fluidized bed . Enough air is inj ected into the s eco nd stag e 
s o that in most runs , the oxygen co ncentratio n in the flue gas is above zero 
p ercent. 



1. Results of Single-Stage Combustion Runs 

Major findings during the past year in the one-stage combustion 
experiments were that over the ranges tested, retention of sulfur in the bed 
is strongly influenced by operating variables, as described below. 

Fluidized-Bed Temperature . For a given coal, limestone, and 
set of operating conditions, sulfur retention is at a maximum at a particu­
lar temperature, decreasing at higher and l ower temperatures . For exam­
ple. with Illinois coal at a Ca/ S ratio of 2. 5, maximum sulfur retention 
occurs at 1550 °F; with Pittsburgh co al at a Ca/ S ratio of 4 .0, maximum sul ­
fur retention occurs at 1450 °F . 

Ca/S Mole Ratio (ratio of moles of calcium in the additive to 
moles of sulfur in the coal). Sulfur retention increases rapidly as the Ca/ S 
ratio is increased to 3 and then increases less rapidly as the Ca/S ratio is 
further increased. 
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Superficial Gas V e locity . Sulfur retention decreases as the gas 
velocity is increased. At a Ca/S ratio of ~4 , sulfur retention decreases ap­
proximately 5o/o for each l ft/sec increase in gas velocity in the range from 
2 .0 to 7 . 6 ft/sec . At lower Ca/S ratios, the sulfur retention decrease is 
greater than 5% for each 1 ft/ sec increase in gas velocity ; at higher ratios , 
sulfur retention may be essentially independent of gas velocity . 

Variables that have a lesser effect on sulfur retention over the 
ranges studied include ( l ) type of coal , (2) coal particle size, (3) limestone 
type , (4) limestone particle si ze, (5) fluidi"ed -b ed height , (6) moisture con­
centration, (7) solids feeding m ethod , and (8) temperature of the upper stage 
of the combustor. 

Levels of NO in these coal combustion runs ranged from - 250 to 
-550 ppm . No satisfactory correlations with operating conditions were found 
except for the case of water addition . When water was injected into the base 
of the bed at rates representing a range of moisture contents of different 
coals, the NO conce ntration in the flue gas decreased from 530 ppm, with no 
water addition, to 380 ppm, with water added at a rate corresponding to a 

coal m o isture content of 51% . 

2 . Results of Two-Stage Combustion Runs 

Two-stage experiments were conducted to determine whether the 

two-step procedure might have benefits over the single-stage fluidized-bed 
combustion conce pt , particularly with respect to decreased nitrogen oxide 
emissions . To simulate the conditions of combustion in the first stage only , 
some of the experiments were carried out with a substoichiometric addition 
of air to the first stage and no introduction of air to the second stage . In 
other experiments, secondary air was introduced above the fluidi ze d bed . 
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The experimental results included information on the concentrations of HzS,_ 
CO, and NO in the off-gases and on the chemical compositions of bed maten­
als and elutriated solids. Correlation of the effects of operating variables 
on the emission of sulfur and nitrogen compounds was attempted, and the 

following preliminary observations were made. 

l) In experiments in which a substoichiometric quantity of air 
was fed to the first stage only, the percent of sulfur in the flue gas as HzS 
as compared with the percent present as S02 was sensitive to the amount of 

air introduced into the fluidized bed, the H 2S increasing drastically whe n the 
air feed rate was reduced below a value corresponding to -?Oo/o of the calcu­
lated stoichiometric quantity of air necessary to react with the coal being 
fed . 1 At an air feed rate equivalent to -50% of the stoichiometric quantity, 
the concentration of H 2S (611 ppm) was nearly equivalent to the concentration 
of S02 (660 ppm). At air inputs of 70 to 80o/o of the stoichiometric quantity, 
the relative amount of H 2S fell to about 2% of the total sulfur contained in the 
gas. (These values refer to the sulfur compounds that were not removed 
from the flue gas by the lime bed.) 

In those experiments where secondary air was introduced above 
the fluidized bed, the H 2S level in the off- gas was low- - corresponding to 
less than l% of the total sulfur in the gas. This suggests that any H 2S in the 
gas leaving the first stage is oxidized to S02 by air fed to the second stage. 

2) For experiments in which air was added only to the first 
stage, the effect of air feed rate on CO concentration in the off- gas was 
similar to that on H 2S behavior, the CO level decreasing from 13,000 ppm to 
6000 ppm as the air rate to the fluidi zed bed was increased from 50% to 80% 
of stoichiometric. The CO level in the flue gas was, in general, significantly 
lower (<2000 ppm) for experiments in which secondary air was introduced 
ab ove the bed. 

3) The NO concentrations observed in the flue gas when air 
was added only to the first stage were generally <250 ppm, with an apparent 
dependence o n the temperature of the fluidi ze d bed--i.e., at equivalent air 
feed rates, higher NO levels were observed at lower bed temperatures. This 
could mean that NO is chemically reduced by CO, with the rate of reaction 
in c reasing with temperature. The NO levels in two-stage combustion were 
substantially lower than those observed in one-stage combustions. 

Introduction of secondary air above the fluidi zed bed caused 
somewhat erratic behavior of NO levels, but in general, NO levels were in­
creased. Plausible explanations for this behavior include the following: 

1The calculated stoichiometric quantity assumes that all of the ca rbon and hydrogen in the coal is oxidized 

completely to C02 + H20. Although the parameter, air feed rate as a percent of the sroichiometric quan­
tity, was based on feed rates of coal and air, it is recognized that the quantity of coa l actually oxidized 
varies with other parameters (i.e., temperature, etc.). The stoichiometric air feed rate based on the coal 
actually oxidized may well be more suitable for certain correlations. 



(1) introduction of secondary air would suppress any reduction of NO by CO 
in the zone above the bed or (2) a nitrogen compound such as ammonia might 
be pre sent in the gas, and this compound might be oxidized to NO by the sec­
ondary air. Further experimental work will be needed to resolve the cause 
of varying NO levels . 
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4) The data on sulfur retention with air added only t o the first 
stage exhibit a large amount of scatter , but better s ulfur retention appears to 
have occurred at 1450°F than at l550°F o r 1650 °F . The sulfur retentions at 
1450°F , in general , are better than those achieved during earlier experiments 
conducted under one-stage oxidizing conditio ns at the same Ca/ S mole ratio . 

5) No simple relationship between the amount of air introduced 
into the bed and sulfur retention was evident. At an air rate of 100% of the 
calculated stoichiometric requirement , sulfur retention was about 65%, de­
creasing as the air flow rate was decreased to 75% of the calculated stoichi­
ometric requirement , and then increasing very rapidly as the air flow rate 
was further decreased. This suggests that removal by lime of sulfur in the 
form of S0 2 is poor in an oxygen-deficient region (75-95% of the cal culated 
stoichiometric requirement) , but that sulfur in the form of H 2S is removed 
efficiently . This would be expected because retention of S0 2 by lime re­
quires oxidizing conditions to convert the cal cium sulfite intermediate to 
CaS04 , whereas retention of H 2S by lime requi res reducing conditions . 

6) The carbon content (unburned coal) of sampl es of the fluid­
ized bed ranged from 7 . l to 0 .4 1 wt %. No relationship between the carbon 
content and either the bed temperature or the air feed rate could be found . 
The lack of correlation may be due to the short durations of the runs . Long­
duration runs will be needed to establish the steady-state carbon content o f 
the bed . 

The carbo n content of samples of the elutriated solids co llected 
in the primary cyclone ranged from 43 . 9 to 20 .0 wt % and apparently de ­
creased as bed temperature increased . 

7) The bed material (partially reacted lime) contained sulfur 
in three forms, sulfate, sulfite, and sulfide. The sulfide content of bed ma­
terial decreased as air flow was increased to near -stoichiometric feed 
rates . At air inputs corresponding to 50% of the stoichiometric quantity , up 
to 100% of the bed sulfur was detected as sulfide . In most cases , the sulfide 
content dropped off rapidl y to l ess than 1% when the air feed rate exceeded 
65% of the stoichiometric quantity. 

The sulfite content of bed samples was erratic and ranged be­
tween 6 .2 and < 0 . 1 wt %. No corre l ation coul d be found with either bed tem­
perature or air feed rate. 
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The results of bench-scale combustion experiments have thus 

far led t o the following conclusions : 

l) The two-stage combustion concept appears to have good 
prospects for low sulfur emissions if the first-stage fluidized bed is oper­
ated under conditions that favor H 2S formation (i.e., highly substoichiometric 

air feed rates) . 

2) To avoid S02 production in the second stage, it may be de­

sirable to carry out second-stage combustion after particulate matter has 
been removed from the flue gas by cyclones. This is necessary to avoid 
c ombus tio n o f unburned, fine coal particles in the second stage. 

3) Prospects for reduced emissions of NO seem good, but 
tests are needed to determine whether a nitrogen compound is contained in 
the gas leaving the first stage and whether such a compound is oxidized to 
NO in the second stage. 

4) Measurements and calculations of combustion efficiency 
have not been completed. However, it has been observed that a large quan­
tity of carbon is contained in the solids elutriated from the first stage, indi­
cating that combustion efficiency may be lower than required. To achieve 
the required overall combustion efficiency, the use of a separate carbon 
burnup cell operating under oxidizing conditions will probably be necessary. 
Further evaluation of the overall potential advantages of the two- stage com­
bustion scheme is needed . 

B. Mechanism of Lime Sulfation Reaction 

Studies have been made on the mechanism of the lime-S02 reaction, 
specifically on the mode of S02 penetration into lime particles in fluidized 
beds. In this laboratory, it is believed that the mechanism is essentially the 
shell-formation model enhanced by localized reducing conditions in the dense 
phase2 of the fluid bed . Because of a large demand for oxygen by the carbon 
c ombustio n reaction near the bottom of the combustor, the dense phase of the 
fludi z ed bed in this location is depleted in oxygen in comparison to the bubble 
phase . As a result, at some locations in the dense phase where the SOz-lime 
reaction takes place, the CO concentration is relatively high. 

Re c ent ANL work on the mechanism of the lime-S02 reaction com ­
pr ises ( l) ele c tron-microprobe examination of sulfated lime particles taken 
fr o m elutriated s o lids and from combustor beds and (2) laboratory-scale ex ­
p e riments with sulfated lime to measure S02 evolution under reducing 
conditions. 

2The dense or e mulsion phase is the portion of the bed where gas flows in intimate contact with the solids. 
The remaind er of the gas passes through the bed in the form of bubbles. As a bubble rises through the bed, 
gas circulates from the bubble into the emulsion phase and back into the bubble. The gas in a bubble is 
avall able for reac tio n only as rapidly as it circulates into the emulsion phase . 



Microprobe examination of particles sampled during an experime nt 
in which calcined limestone was exposed to an S02 -air mixture with no com­
bustion occurring showed that their sulfur profile was radically different 
from the sulfur profile of particles from an experiment co nducted under 
similar operating conditions except that combustion of coal was occurring . 
Sulfur formed a ve ry thin shell on the surface of the particles from the for ­
mer experiment . Furthermore , the thickness of this layer did not change 
appre c iably w ith increasing reaction time and was considerably thinner than 
in lime particles from the coal- combustion experiment. 

The conclusion from these microprobe examinations is that sulfa­
tion reactions during the combustion of carbon differ from sulfation reac­
tions in the absence of combustion. Although it cannot be said that the 
mechanisms of the reactio n s are different, the extent of the sulfation reac­
tion is considerably greater for the combustion case. This lends support 
to the hypothe sis that local reducing conditions existing during combustion 
produce greater mobility of the S02 for penetratio n into the lime particles. 

Laboratory-scale experiments to determine the effect of CO on the 
sulfation reaction showed that S0 2 can be released readily from sulfated 
lime at about l 7 50 °F, when CO is used as the reductant . Hence , it is pos s i ­
ble for S02 to be released from CaS04 in the reducing phase of the fluidi ze d 
bed ; the released S02 could then penetrate deeper into the lime particle or 
it could escape into the gas phase . At lower temperatur es (-l650°F), the 
reduction reaction apparently produces CaS rather than CaO and S02 since 
it has been demonstrated that when air is passed through a b ed that has been 
treated with CO at the lower temperature , S02 is rel e ased in high co ncentra­
tions . In experiments in w hich the temperp.tur e of r eactio n w as 1500 °F , the 
rate of reaction to form CaS was nearly zero. H e n ce, it is believed that at 
some combustion temperatures cyclic reductio n and reoxidation of the sul ­
fated lime occurs during combustion. 

C . Regeneration of Calcium Sulfate with Carbon Monoxide / Carbon Dioxide 
Mixtures 

It is economically and ecologically desirable to regene rate used addi­
tive from fluidized-bed combustion to mitigate the problem of lime dispos al. 
Several processes to regenerate the additive for reuse and to recover its 
sulfur content in a marketable or storable form are under study. 

Equilibrium calculations have been made for the purpose of evalua­
ting several schemes for the regeneration of spent additive, which is con­
sidered to be present as CaS04 when coal is burned with excess oxyge n 
present. In one scheme, CaS04 would be converted directly to S02 and CaO 
with a CO/C02 mixture . In another scheme, CaS04 would be reduced to CaS, 
and CaS would be either (l) converted to H 2S and CaC03 with H 20 /C02 mix­
tures or (2) roasted in air or oxygen to give S02 and CaO . S02 or H 2S would 
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be converted to elemental sulfur in a Claus plant (a commercially available 
process for produc tion of sulfur from H 2S). When coal is burned in deficient 
oxygen, the spent additive contains CaS, which can be regenerated by either 
scheme described above. 

Equilibrium calculations have been performed for reduction of CaS04 

with CO / C02 mixtures to determine the maximum amounts of gaseous sulfur 
species that can be formed as a function of temperature and equilibrium 
CO / C02 ratio. They also show the conditions under which various sulfur ­
b e aring solids can exist. Calculations were made for temperatures of 
1700 to 2300 °F and CO/C02 ratios of 0 .005 to 0.040 to determine the amount 
of S02 in equilibrium with a solid phase of CaS04 (or its reduct ion products) 
as a function of temperature and equilibrium CO/C02 ratio. The S02 con­
centrations and solid phases present at equilibrium as a function of temper­
ature and CO/ C02 ratios are shown in Fig. VII-I. The calculations indicate 
that at 1900 °F, for example, the maximum attainable pressure of S02 is 
0.25 atm and that the S02 pressure increases with temperature. An S0 2 
pressure of 0.6 atm can be attained at 2025°F and a CO/C02 ratio of 0 .021. 
Similar calculations show that only small amounts (typically, 10- 3 atm) of 
COS and S 2 vapor are formed in this system. The S 2 and COS concentrations 
at equilibrium are shown in Fig. VII-2. 
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fig. V!l-1. Solid Phases and S02 Concentrations at 
Equilibrium as a Function of Tempera­
ture and CO /C02 Ratio 
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fig. VII-2 . S2 and COS Concentrations at 

Equilibrium as a Func tionofTem­
perature and CO/C02 Ratio 

An experimental program is under way to determine the accuracy of 
the equilibrium calculations. CaS04 is being reduced in a static reactor, 
and the gases are being analy zed for CO, C02 , and S0

2
. In another test pro­

gram, CaS04 has been reduced to CaS in a 2-in.-dia fluidized-bed reactor. 
The CaS will be treated with H 20 / C02 mixtures to evaluate the formation of 
HzS and CaC03 as a regeneration scheme. 

D. Modelling Studies 

Equations can be derived to predict S02 removal by lime in a fluid­
ized bed. Numerical study of these equations showed that the effects of gas 



bubbles bypassing the fluidized bed could be omitted. The e quation3 for S0 2 
removal, R , is reproduced her e for the case of no bubble flow. 

R 1 - (I) 
(1- e -a)[H(l- R/r)- a] 

If all SOz is generated at the entrance to the bed , a->"' and Eq . I reduces to 

R = 1 _ e-H(I-R/r) (2) 

And if the S0 2 is generated uniforml y throughout the bed , a 
reduces to 

0 and Eq . I 

R 
l _ I _ e -H(I -R/r) 

H(l- R/r) 

c 

F 

TABLE VII-I. Definitions of Symbols 

model fitting constants 

exi t concentratio n of 502 , mol/volume 

total gas flow, volume/time 

ratio of actual to ideal absorption capacity, Ye f Ys 

H bed inventory parameter 

K va lue of rea c tion velocity constant for fresh additive, vo lume/ 
(time)(weight of additive} 

M Ca/S mole ratio in feed to fluidized bed 

R fracti o nal removal of 502 , 1-Fc/S 

effective feed ratio of additiv~ to SOz, wye/S 

S total rat e of ge neration of SO z, mol/time 

T operati n g temperature of fluidi ze d bed, °F 

W total weight of r eacted a nd unreacted additive in fluidized bed 

feed rate o f fresh additive, mass / time; also equa l s remov al 
rate of exhausted additive 

Ye ultimate SOz absorption capability o f additive particles 

y 5 stoichiometric SOz abs o rption c apability of additi ve parti c les 

ex shape parameter describing SOz ge neration pattern; higher 
val ues of 0' co rr espond to r elatively more 502 ge n e rati on 
nea r the bed entrance 

(3) 

The parameters H and rare related to the physical parameters by 

H 
KW 

F 

3see Table Vll-1 for definitions of symbols used in this discussion. 

(4) 
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r (5) 

However, if M is the Ca/ S mo le ratio in the f eed to the column, r can also 

be exp r essed as 

r = Mf 

where the fractio n 

f = Ye 
Ys 

(6) 

is defined b y 

(7) 

and is the ultimate so2 absorption capability of additive particles relative 
to the ideal stoichiometric absorption capabi lity of the so2 particles . 

The r eac tion ve locity cons tant K and the fraction f may d e p e nd on 
the reactor o p e rating temperature T. Two forms of this dependence were 
chosen for investigation: 

(8) 

and 

(9) 

Four models we re investigated for fitting the exp e rimental data: 

Mode l 1--Eqs. 2 and 8} 
Mo d e l 2- - Eqs. 2 and 9 All S02 generated at bed entrance 

Mode l 3--Eqs. 3 and 8} 
Model 4--Eqs. 3 and 9 S02 generated uniformly throughout the bed 

A computer program was d evised to find va lues of the fitted constants b 1, 

b2, b3, b4, and b 5, such that b est agreement (in the l e ast-squares sense) was 
obtained between values of R calculated from the model and those observed 
exper imentally . Data from a total of 45 runs were fitted to the models . The 
ranges of expe rimental values covered were: 

T 1325to i 800°F 
w 18 lb 
F 458 to 141 2 cfh 
M 1.0 t o 5.5 



The results show that the standard error for each model is similar 
and i s in the range l 0-11 o/o. Thus , the r esults of the fitting calculations do 
not indicate which SOz gen e ration patte rn is more realis t ic; nevertheless , 
the agre e ment b e tween calculated and expe rime ntal r esults is reasonably 
good. 

17 3 
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VIII . NUCLEAR SAFEGUARDS STUDY 

To assure a capability for. the deterrence and the prompt detection 
of theft or diversion of special nuclear material (SNM), safeguards-related 
criteria are needed for those nuclear facilities using significant quantities 
of SNM . At the request of the AEC's Office of Safeguards and Materials 
Management (now Office of Safeguards- -OSG ), a program study was initiated 
in June 1970 directed at developing general design criteria important to 
safeguarding SNM in certain nuclear facilities . Argonne 1 s initial efforts 
were directed toward future, privately owned facilities engaged in nuclear 
fuel conversion, preparation, and fabrication operations. To provide grad­
uated safeguards- -that is, an intensity of safeguards dependent upon the 
relative strategic value of SNM involved- -primary concern was directed 
toward facilities using plutonium, ZBu, and high- enriched uranium, with 
secondary concern toward l ow -enriched uranium facilities. 

The three techniques generally conce ded to be applicable to safe­
guards are material accountability, physical protection (containment), and 
surveillance. All of these techniques were conside red in evolving the sug­
gested comprehensive safeguards-related general design criteria for fuel­
manufacturing facilities. These criteria have been submitted to OSG . They 
will be used by OSG and the AEC's Division of Nuclear Material Safeguards 
(DNMS) in developing overall criteria and performance requirements in ap­
plications for construction and operating licenses for fuel manufacturing 
facilities in the U . S. They will also be used by OSG in international safe ­
guards considerations and discussion. 

Recently, following submission of the criteria for fuel manufacturing 
facilities, Argonne was requested to undertake the responsibility of com­
pleting safeguards-related general design criteria for spent fuel chemical 
processing facilities and then similar criteria covering nuclear power reac­
tors. Previously, the responsibility for preparation of such criteria for 
chemical processing and nuclear power plants had been assigned to other 
contractor groups. 

Discussions are now under way with both the OSG and DNMS for 
continued and expanded studies related to the implementation and enhance­
ment of nuclear safeguards . 
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