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I. COMPACT PYROCHEMICAL PROCESSES 

A. Continuous Salt Transport Process Flowsheet 

Research and development work has continued on compact pyro-
chemical processes for the recovery and purification of ceramic (oxide or 
carbid e) fast breeder r eac tor fuels. The studies have been concentrated 
on the development of a process employing salt transport separations. 
Salt transport separations are based on the selective transfer of a solute 
(p lutonium or uranium) from one liquid metal solution (donor alloy) to 
another metal solution (acceptor alloy) by cycling a molten chloride salt 
between the two metal solutions. 

Although th e development work on pyrochemical processes has 
generally been oriented toward batch-processing methods, continuous or 
semi-continuous processes employing high temperature countercurrent 
contacting equipment are also being investigated. Continuous operations 
offer the possibility of higher capacities and more efficient separations 
which may be advantageous in future processes. A conceptual flowsheet 
(Fig. I-l) incorporating countercurrent extraction columns has been pre-
pared as an alternative to the previous batch-processing flowsheet (see 
Research Highlights Report ANL-7350, May 1967, p. 6). The chemical 
separations in this flowsheet (Fig. I-l) are similar to those used in the 
batch version of the process. The stream quantities shown on the flow-
sheet are illustrative only and do not n ece ssarily represent optimum 
conditions . 

The follow ing is a summary of the steps in the new flow sheet. The 
stainless steel cladding is removed from the oxide fuel by dissolution m 
molten zinc in the decladding step (l ). The fuel is reduced by liquid 
Cu - 33 w / o Mg alloy with the aid of a molten halide flux at 800°C in the 
reduction step (2). In this step, the volatile fission products are released, 
t he alkali and alkaline earth fission products distribute to the salt phase, 
and the reduced uranium metal precipitates from the Cu-Mg alloy. The 
uranium is subsequently charged to a salt transport separation step 
(3) to r e move residual fission products. A Zn-14 w/o Mg acceptor 
a ll oy is specified, but if the plutonium content of the uranium is high, a 
magnesium - rich acceptor alloy with low uranium solubility and high plu-
tonium so lubilit y would b e us e d for furth e r plutonium recovery. The 
purified uranium metal is recovered by vacuum retorting (4). The 
d ec ant e d Cu-Mg-Pu metal phas e from the reduction st e p is processed 
at 600°C in a multistage, r a re ea rth extraction column (5 ), where the rare 
earth fission products are extracted into a salt containing -15 m/o MgCl2 • 

The sa lt is reused a ft er the rar e ea rths are removed through contact 
wi th a Bi-Mg a ll oy in a mixer-settler (6) . The Cu-Mg-Pu alloy leaves the 
rare e arth e xtraction co lumn (7 ), w h e r e the plutonium is extracted into a 
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salt phase containing 50 or 60 m / o MgC12 at 600°C. A single-stage mixer-
settler (8) is used to remove any copper that may be entrained in the 
plutonium-bearing salt. The plutonium is then extracted into a Cd-Mg 
metal phase at 600 °C in a small extraction column (9). The solvent Cd-Mg 
alloy is separated from the metallic plutonium product by vacuum 
distillation (10). 

Quantities In kg/day 

1000 Zn 

50 Cu-

FUEL 

237U 
19 Pu 
B FP 

360 
200 ss 

25,00l SALT 

50 Cu-Mg 

l50 Cu- 100 Cu-M 

90 Ca 

VOLATILE 
1.1 FP 

217 U 426 SALT 
1.65 FP 1.75 FP 

(51 
RAR E 
EARTH 

EXTRAC TI ON 

l50 Cu-Mg 
19 Pu 

12.5 FP 

450 Cu-ll w/o Mg 
9 FP !Recycled! 

1500 Zn-14 w/o Mg 

1500 Zn-Mg 
217 

217 u 
? Pu 

Bi-Mg 

(71 
NOBLE 
METAL 

SEPARAT ION 

Fig_ 1-L Conceptual Pyrochemical Flowsheet. 

19 Pu 

(91 
Pu 

RECOVERY 

Further tests of the various steps in this flowsheet are being 
carried out in batch operations employing the equipment used for the 
plutonium salt transport experiment (see ANL-7350, p. 19, and S e ction I-D 
of this report). 

B. Supporting Laboratory Studies 

Most of the laboratory studies during the past year have centered 
around the oxide reduction and rare earth removal steps of the proposed 
p y rochemical process for fast breeder reac t o r fuels. These steps 



(see Fig . I - 1 , ANL- 73 50 , p . 6) involve a reduction of the uranium-plutonium 
oxide fuel to metallic uranium and plutonium and extraction of the alkali, 
alkaline earth , and rare earth fission products into salts which are dis-
carded as waste. The reduction step consists of suspending the oxide mix-
ture in a molten salt w hich is contacted with a liquid alloy. The alkali, 
alkaline earth, and rare earth fission products partition preferentially into 
the salt mixture w hile the metallic uranium and plutonium partition into 
the liquid metal phase. 

In the earliest version of the process flowsheet , the same salt 
mixture was employed for the reduction and partition steps. This re-
quired that the compositions of the salt mixture and the alloy be chosen 
for the maximum fission product separation consistent with a high 
(99 . 5% ) plutonium (and uranium) recovery in the partition step. Studies 
of the distribution behavior of plutonium, uranium, and selected fission 
product elements indicated that a Cu-33 wlo Mg alloy and a salt containing 
about 15 m l o MgCl2 w ould provide the maximum fission product removal 
consistent wi th the desired plutonium recovery. 

1 . Reduction of Uranium Oxide 

The system that was selected initially for the reduction and 
partition steps consisted of a Cu-33 wlo Mg liquid metal phase and a 
15 m l o MgClz-37.5 m lo CaClz-42.5 m lo NaCl-5.0 mlo CaF 2 salt mix-
ture . Howeve r, laboratory studies indicated that U02 reductions of only 
90% could be achieved with this metal- salt system. Modifications of 
the salt composition, such as increasing the MgC12 concentration to 
50 m l o , increased the reduction yield to only about 95%. The unsatis-
factory reduction yields were attributed to the formation of a protective 
layer of MgO (a product of the reaction) on the U02 particles. On the 
basis of this hypothesis, U0 2 reduction studies were conducted with a 
salt composed of 80 mlo CaClz-20 mlo CaF2 and an alloy consisting of 
5 wl o Ca-31 wlo Mg-64 wlo Cu. In this system the reaction product is 
CaO which i s soluble (- 20 w I o) in the molten salt and would, therefore, 
not be expected to form a protective coating on the U0 2 particles. 
Ess entially complete reductions of high-fired U02 pellets were achieved 
readily with this salt-metal system. The reduction of U0 2 was 99% com-
plete in 60 min, compared with only 85% reduction of the U0 2 in the 
same period by Cu-Mg alloy and a salt containing MgClz. 

2 . Distribution between Molten Salts and Liquid Alloys 

The decision to use the CaClz-CaF2 salt and the Ca-Mg-Cu 
alloy for the reduction step re~uired the redeterminati~n of distribution. 
coefficients (Kd = w I o in saltjw I o in metal) for plutomum and the alkah, 
alkaline ear th , and rare earth fission product elements in this system. 
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The distribution coefficient for plutonium was needed to determine whether 
the reduction salt would require a treatment for additional plutonium re-
cove r y before it was discarded. 

The distribution coefficients of plutonium for the 80 m / o 
CaClz-20 m / o CaF 2 salt mixture and liquid Cu-33 w / o Mg alloy containing 
varying amounts of calcium were determined at 700 and 800°C. Calcium 
metal was added incrementally to the alloy to produce calcium concen-
trations of 0.1, 0.2, and 3.4 w / o. Salt and metal samples were taken at 
700 and 800°C at each calcium concentration. The resulting distribution 
coefficients of plutonium are presented in Table I-1. The results indicate 
that at 800°C about O.Olo/o of the plutonium would be lost with the salt if it 
were discarded after the reduction step (assuming that equal weights of 
salt and metal alloy are used in the reduction). 

TABLE I-1 . Distribution of Plutonium between 
80 m / o CaClz-20 m / o CaF2 and Cu-33 w / o Mg 

Alloy Containing Calcium 

(Nominal Concentration of Pu in Alloy -3 w / o) 

w / o Ca in Alloy 7oooc 800°C 

0.1 2.4xl0-4 7.6 X 1 o- 5 

0.2 8.1 X 10-5 3.6 X 1 o- 5 

3.4 2.6 X 10- 5 2.9 X 10-5 

(a)(w / o Pu 1n salt)/ (w/ o Pu in alloy). 

The distribution coefficients of rubidium, barium, and cerium 
between a molten 80 m / o CaC12 - 20 m / o CaF2 salt and a liquid 5 w /o 
Ca-31 w / o Mg-64 w / o Cu alloy at 800°C are -500, 700, and 1 x 10- 2 , respec-
tively. These values indicate that about 98.8% of the rubidium and barium 
(probably also cesium and strontium) would be extracted into the reduction 
salt and would, therefore, be removed from the plutonium and uranium in 
the reduction step. Nearly all of the cerium (and presumably the other rare 
earth fission products) would remain with the plutonium and uranium. The 
rare earth fission products are extracted from the alloy by a salt containing 
MgC12 in a subsequent partition step. 

The effectiv eness of the separation of rare earth fission products 
from plutonium b y preferential extraction into a salt phase depends upon the 
separation factor, i.e., the ratio of distribution coefficients for the rare 
earth element and plutonium. The separation factor w as evaluated for a 
Cu-33 w / o Mg metal phase and a 50 m / o MgClz-30 m / o .NaCl-20 m/o KCl 
salt phase by determining the distribution coefficients of plutonium 



and cerium , a typical rare earth fission producL No difficulty was en-
countered in measuring the distribution coefficient of plutonium. Because 
the distribution coefficient of cerium has a high value (about l 02 -l 03 ),. 

slight contamination of the metal alloy samples by the salt during the 
san1pling operation causes a large error in the measured distribution 
coefficient. Therefor e, a new sampling method was used in the cerium 
measurements. A small standpipe was inserted through the salt into 
the liquid metal. After an equilibration period, the thin layer of salt 
was removed from the liquid metal surface in the standpipe by means of 
a Fiberfrax1 w i ck, and the liquid metal samples could thus be withdrawn 
w ithout expos ure to the salt. The results of these studies are summarized 
in Table I-2 . The data show that the cerium-plutonium separation factor 
va ried from 1150 at 600°C to 610 at 800°C. These values indicate that 
high decontamination of plutonium from rare earth fission products is 
possible in this sy stern. 

TABLE I-2. Cerium-Plutonium Separation Factor. 
Salt : 50 m /o MgClz-30 m/o NaCl-20 m/o KCl; 

Alloy: 33 w / o Mg-Cu 

600 
700 
800 

577 
476 
249 

C . Supporting Engineering Studies 

0.50 
0.44 
0.41 

Separation Factor 

1150 
1080 

610 

A small program was maintained during the past year to develop 
high capac ity equipment components for semi-continuous or continuous 
pyrochemical processes. The principal effort was applied to the develop-
ment of a mixer-settler and a packed column for liquid metal-molten 
salt contacting . 

A s y stem has been constructed that can provide a continuous flow 
of molten salt for testing liquid metal-molten salt contacting equipment. 
Fig . I-2 shows the system as it appeared during recent modifications. 
The tank at the lower right serves as a surge tank and as the pump sump. 
The pump is normally mounted on the leftmost flange of the tank, but it 
w as raised out of the tank to facilitate the modifications to the sytem. The 
uppermost vesse l is a constant-head tank that is kept full of molten salt 
by the pump. Excess salt returns from the constant-head tank to the pump 
sump through an overflow line. Salt from the constant-head tank is fed 
through a control valve to the metal-salt contactors to be tested (two mixer-
settlers in this case), into a weigh tank, and back to the pump sump. 

1 Trade name for a fibro us form of aluminum silica te . 
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Fig . I-2. T est Facility for Metal-Salt Contacting Equipme nt. 

Shakedown runs were made in which molten salt was circulated through 
the equipment with liquid metal present in the mixer-settlers. These runs 
suggested minor equipment modifications w hich have now been completed. 
The next experiments w ill evaluate phase separation and reaction charac-
teristics for a MgClz-30 m / o NaCl-20 m / o KCl/cadmium alloy system. 
The performance of the mixer-settlers in salt transporting uranium from 
one cadmium alloy to another will be determined. 

A few experiments have been performed to study the phase 
dis engagement properties of various agitated metal-salt systems. The 
initial objective of this study is to prov ide an index of the relative ease 
of phase disengag e ment for the various metal-salt systems of current 
process interest. 

In the procedure used, the metal alloy and salt mixture are stirred 
together to attain a steady-state dispersion of metal droplets in the salt 
phase. The melt is then allowed to settle for a fixed period of time (about 
one minute) and the bulk of the salt phase (-70%) is quickly poured into a 
receiver . The amount of metal remaining in the salt phase is then deter-
mined and compared w ith the amounts left in the salts in other tests with 



different salt compositions and alloys. The vessel geometry, mixing 
conditions, and salt-to-metal volume ratio (2 to 1) are the same in all 
tests. The salt and alloy compositions and the temperature are the 
variables. 

A few results of these experiments are presented in Table I-3. 
The entrainment levels are not those which would be expected in pyre-
chemical processes, since the expe rimental procedure was deliberately 
designed to produce measurable entrainment levels in the poured salt 
phases. The values given indicate the relative ease of achieving phase 
disengagement for the systems tested. 

TABLE 1- 3 . Partial Results of Phase Disengagement Experiments 

System 

Wood's metal/water, 85°C 

Cu-33 w / o Mgjternary salt a + 
5 w / o MgF 2 , 600°C 

Cd - 18 w / o Mgjternary salta, 600 °C 

Zn-4 w / o Mgjternary salta, 600°C 

Cu - 33 w / o Mg/CaClz-15 m/o CaF2 

(CaO level of lZ w/o aft er a U02 

reduction), 800°C 

Cu-33 w/o Mgjte rnary salta, 600°C 

Application 

for r eference only 

candidate Pu transport donor system 

candidate Pu transpo rt acceptor system 

candidate Pu transport acceptor system 

current referenc e flowsheet 
reduction system 

candidate Pu transpor t donor sys tem 
without 5 w/o MgF 2 (see second system 
abov e ) 

Entrainment 
Level 
{w/ o) 

0.0003 

0.01 

0.032 

0.1 1 

0.37 

0.87 

aTernary salt = 50 m / o MgClz-30 m/o NaCl-ZO m / o KCl. 

A high-temperature extraction facility has been designed and 
constructed to study mass-transfer rates between liquid metal and molten 

METAL 
SUPPLY 

TANK 

" 

METAL 
RECEIVER 

TANK 

t><3 BELLOWS -SEALED VALVES 

Fig. I-3. Schematic Diagram of High-Temperature 
Extraction Facility. 

salt solvents in packed, counter-
current extraction columns. In 
addition, information on the design 
and operation of such equipment 
will be derived, limiting flow 
rates for columns of this type will 
be determined, and the entrain-
ment of metal in the effluent salt 
stream will be studied. 

A schematic diagram of 
the equipment is presented in 
Fig. I-3. The equipment consists 
of a column, a jack leg to control 
the position of the metal- salt 
interface in the column, supply 
and receiver tanks for the metal 
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and salt solvents , a column drain tank, and bellows-sealed valves to con-
trol the flow of the fluids. The entire facility is constructed of type 304 
stai nless steel. Fig. I-4 is a photograph of the equipment. 

Fig. I-4. High-Temperature Extraction Facility. 

The present column is a l-in. pipe, 3 ft long, packed with 1/4-in. 
Raschig rings. Liquid metal (the discontinuous phase) is sprayed into 
the top of the column through several small holes in a horizontal tube in 
the top disengaging section (see Fig. I-5). The disengaging section is 
a 3-in. pipe containing a system of we irs to maintain the salt level in the 
column and to separate the metal feed from the salt effluent. Liquid salt 
(the continuous phase) enters the bottom of the column beneath the packed 
section. The position of the metal- salt interface below the packed section 
is determined b y a mutual-inductance probe which surrounds the l/2-in. 
tube where the interface is maintained. 

The salt and metal supply and receiver tanks are equipped with 
agitators, thermocouple wells, sample ports, and movable resistance 
probes for liquid-level detection. In addition, the metal tanks have 
mutual-inductance probes and the salt tanks have time-delay reflectometry 
probes for liquid-level determination. Each tank has connections to the 
pressure-vacuum manifold to provide for movement of the solvents by 
pressure siphoning from tank to tank and to and from the column. 



RETA INER 
HOLDER "-----17-t------1 1 

METAL IN 

SALT OUT 

Fig. I- 5. Top Disengagem ent Section of Metal-Salt 

A single extraction experi-
ment lasts from 20 to 120 min, 
depending on the flow rates, and 
is terminated when the supply of 
metal or salt is exhausted. Prior 
to a subsequent experiment, the 
solute which was extracted from 
the metal into the salt is removed 
from the salt by contacting it with 
a Bi-6 w/o Mg alloy in the salt-
receiver tank. Additional solute is 
then dissolved in the alloy in the 
metal- receiver tank for the next 
run. The entire apparatus is kept 
at operating temperature between 
experiments, and is only shut down 
completely at the end of a series 
of experiments. 

In an experiment to study 
Extraction Column. the extraction of cerium from a 

Cd-6.9 w/o Mg-2.2 w/o Zn-0.65 w/o 
Ce alloy into a 52.4 m / o MgClz-28.6 m/o NaCl-19 m/o KCl salt mixture 
at 600°C, 40 kg of metal was contacted with about 7 kg of salt over a 
32-min period. The 33 in . of packed column length provided about 2.4 
theoretical extraction stages, which is in good agreement with the value 
predicted from preliminary studies (see ANL-7175, p. 35). An extraction 
rate of 1. 2 g Ce/ min was realized with a metal flow rate of 1080 g/min and 
a salt flow rate of 181 to 276 g / min. During this run only 0.1 g of cadmium 
from the alloy was carried into the effluent salt. In future runs the effects 
of flow rates , flow ratios, temperature, and packing size will be studied. 

D. E x perimental Flowsheet Investigations 

An experiment was conducted in which the steps of the batch flow-
sheet (Fig. I-6) for the plutonium salt transport process were carried out 
in sequence in bench-scale engineering equipment. The purpose of the 
experiment w as to verify the chemistry of the proposed process and to 
identify potential engineering problems. All of the process steps except 
plutonium and uranium retorting were performed in equipment that was 
located in a w alk-in-hood . Therefore, it was necessary to restrict the 
wo rk to a narrowe r range of operations than those that are permissible 
in a normal alpha-glovebox facility. 

Alumina crucibles ( 5 1/2 - in. dia.) equipped with tantalum baffles 
and Mo-30 w/o W agitators we r e used in the experiment. Phas e separa-
ti ons we re accomplished ei ther by pres sure- siphoning one liquid phase 
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through a heated transfer line or by allowing a salt-metal system to 
freeze , breaking away the crucible , and physically separating the solidified 
salt and metal ingots. 

Cu -rv'<j-U-Pu 
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@) 
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Fig. I-6. Flowsheet for Plutonium Salt Transport Experiment. 

The starting material for the experiment was simulated fast 
breeder reactor core fuel consisting of 199 g of plutonium as Pu02 , 400 g 
of uranium as U02 , and oxides of 24 inactive fission product elements. 
The fission product elements were present in amounts corresponding to 
a burnup of l Oo/o, a specific power of 150 kW j kg(U + Pu), and a cooling 
period of 15 days. 2 About half of the plutonium that was charged to the 
experiment represented in-process inventory. 

Oxide Reduction (Step l ). The simulated oxide fuel was introduced 
to the reduction step in which plutonium, uranium, and most of the fission 
product elements were reduced to the metallic state by a liquid Cu-33 w/o 
Mg alloy in the presence of a 47.5 m/o MgClz-47.5 m/o CaClz-5.0 m/o CaF2 
salt phase. The reduction was carried out at 800°C for 4 hr at a mixing 
speed of 600 rpm. At the completion of the reduction step, the uranium 
was present as precipitated metal in the bottom of the vessel, while the 
plutonium and most of the fission products were distributed between the 
liquid metal and molten salt phases. The reduction yields were -99% and 
-99. 9o/o, respectiv ely , for uranium and plutonium. The loading of 

2L. Burris and I. G. Dillon , "Estimation of Fission Product Specua in Discharged Fuel from Fast Reactors," 
AN L-57-±2 (July 1957) . 



MgO by-product in the salt was about 12 w jo , A plutonium material 
balance of -I OOo/o was obtained for this step and the plutonium distribution 
coefficient was 0 , 33, which is consistent with previously determined values, 

Scrub (Steps 4 and 5) , The rare earths and the other more electro-
positive fission product metals were separate d from the plutonium and 
uranium b y a five-stage , countercurrent, batch extraction (1-5, there-
duction step providing one stage) in which the fission products were ex-
tracted into a w aste salt stream (3) and the plutonium was collected in 
the liquid Cu-Mg alloy (5) , Two of the five extraction stages were scrub 
steps (4 , 5) in which the Cu-Mg alloy from the reduction step was contacted 
with fresh reduction salt to provide additional fission product removal 
from the plutonium, Each of these two steps w as conducted at 800°C for 
2 . 5 hr with a mixing speed of -450 rpm , In the scrub steps , the plutonium 
distributed as expected , with a distribution coefficient of 0 , 37. Although 
97-99% of the major rare earth elements (Pr, La , Nd and Ce) were re-
move d , remov als exceeding 99 . 9o/o should be attainable by this process. 
The rar e earth remov al may have been limited by carry-over of small 
amounts of salt from the reduction and scrub steps to the succeeding steps 
of the process . It is believed that this phenomenon can be minimized in 
futur e experiments through changes in operating procedures. 

Strip (Steps 2 and 3 ). T wo plutonium strip steps were employed to 
recov er residual plutonium from the waste reduction salt. Prior to the 
first step , calcium and lithium metal were added to the salt to change its 
composition and thereby enhance the recovery of plutonium by decreasing 
i ts distribution coefficient (0. 04 vs. -0 . 35). In each step the salt was then 
contacted with fresh Cu-Mg alloy at 700°C for 5 hr with a mixing speed 
of 250 rpm. Plutonium distribution coefficients of 0 . 045 and 0.036 were 
observed for the first and second strips, respectively, based on analysis of 
filtered samples of the salt and metal. However, chemical analysis of 
the salt phases from both steps showed that the plutonium content was 
much higher than that indicated by the filtered samples . Apparently, a.n 
insoluble plutonium phase w as present which resulted in a. l oss of 0. 75o/o 
of the plutonium to the waste salt stream in addition to the 0.02o/o which 
w as soluble i n the salt phase . Thenature of this insoluble phase and the 
reason for its formation are being investigated. 

Salt Transport (Step 6) . In the salt transport step, plutonium was 
transporte d at 600°C from the Cu-33 w/o Mg donor alloy to a Zn-2 w/o Mg 
acceptor alloy using a 50 m/o MgClz-30 m/o NaCl-20 m/o KCl salt mix-
ture as the transport salt. The donor and acceptor alloys were located 
in adjacent ve ssels connected by a heat e d transfer line . The bulk of the 
refractor y and noble metals remained in the Cu-Mg alloy. The process 
operation consisted of (a) extraction of plutonium into the salt phase in 
the donor vessel, (b) transfe r of plutonium-be aring salt to the acceptor 
vesse l , (c ) stripping of the plutonium into the acceptor alloy, (d) transfer 
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of the salt back to the donor v essel , and (e) repetition of the above steps 
until a satisfactory plutonium recove ry was attained. In this experiment 
1.4 cycles we re conducted and 99.3o/o of the plutonium was transported. 
The rate of the plutonium transport is shown in Fig. I- 7. The transport 
rate w as limited by the size of the Al20 3 ves sels. In an optimized plant 
operation, it is expected that ove r 99.9% of the plutonium could be trans-
ported in about six c y cles. About one gram of copper (or O.OSo/o of the 
copper in the donor alloy ) w as found in the acceptor alloy. Operation of 
the salt transport step proved to be highly satisfactory. 
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Fig 1-7. Rate of Plutonium Transport. (Donor Alloy, 
Cu - 33 w/ o Mg ; Acceptor Alloy, Zn-2 w/o 
Mg; Salt, MgC l2-30 m/o NaCl-20 m/o KCl.) 

Copper Removal (Step 9). In the plutonium-copper separation 
step, ZnCl2 was added to the transport salt (in contact with the Zn-Mg-Pu 
acceptor alloy) to oxidize the magnesium and plutonium in the alloy to 
MgC12 and PuCl3 w hich distribute to the salt phase. This oxidation was 
carried out at 600°C for a period of 1.5 hr at a mixing speed of 570 rpm. 
Analytical results indicated that the removal of plutonium and magnesium 
from the metal alloy was essentially complete. After the oxidation pro-
cedure, six salt-transfer cycles were performed, using a new transfer 
line and a Zn-4 w / o Mg ace eptor alloy. (Only about two cycles would be 
required in plant- scale equipment.) At the completion of the process 
step, the w aste zinc stream contained only -0.003 g of plutonium. Spark-
source mass- spectrometric analyses showed the copper level in the prod-
uct solution to be about 0 . 01 g, which corresponds to the level of copper 
impurity in the zinc and magnesium reagents used in the Zn-Mg acceptor 
alloy. This process step appears to be highly satisfactory. 



Uranium Wash (Step 7) . The supernatant Cu-Mg solution in the 
donor vessel of the salt transport step was poured away from the pre-
cipitated uranium, which contained residual copper and magnesium. 
The precipitate was then given a series of three washes at 700-750°C 
with liquid magnesium to remove copper and the soluble fission products. 
A filtered sample of the Cu-Mg alloy prior to the washes indicated the 
presence of 0.67 g of plutonium . However , analysis of the combined 
Mg-Cu wash solutions showed that 2 . 2 g of Pu was present in this waste 
stream. Possible explanations for this loss include (1) slight copre-
cipitation of plutonium with uranium during the reduction step, (2) en-
trapment of some of the Cu-Mg-Pu solution in either the precipitated 
uranium matrix or in metal- salt agglomerates formed on the baffles 
dur ing the reduction, and (3) entrapment of unreduced Pu02 in the pre-
cipitated uranium or in the agglomerates . Any unreduced Pu02 would 
be reduced to soluble plutonium metal upon exposure to the magnesium 
in the w ash step . This phenomenon is being investigated in additional 
experiments . 

Plutonium and Uranium Recovery (Steps 8 and 10). The plutonium 
and uranium product solutions were retorted to remove the solvent metals. 
Samples of the products from the retorting step were submitted for spark-
source mass-spectrometric analysis. 

Process and Equipment Performance 

The results of the first plutonium salt-transport experiment are 
summarized in Table I-4 . In general, the separation of fission product 

TABLE I-4. Summary of Results of Plutonium Salt 
Transport Experiment 

Plutonium Recov e rya: 
( 199.3 g Charg e d) 

Plutonium Purity: 

51 o/o (of Pu charged) in product solution 
4 7o/o (of Pu charged) in process inventory 
2o/o (of Pu charged) in waste streams 
l OOo/o material balance 

) 99o/0 removal for noble and refractory metal 
fission products 

97-99% removals for rare earth fission 
products 

< 0 . 1 o/o uranium in product 
~so ppm copper expected in retorted product 

aSince there was no plutonium present in reagents recycled from a 
previous run , the level of plutonium recycle (in-process inventory) 
w as estimated and compensated for by having sufficient original charge 
to provide a reasonable throughput of plutonium. 
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eleme nts from plutonium was satisfactory, but the recovery of plutonium 
w as slightly low er than expected. Alumina crucibles were used for con-
venien c e in the experiment, and recent e v idence suggests that a portion 
of the plutonium loss resulted from interactions with these crucibles. All 
equipment components such as agitators, furnaces, and transfer tubes per-
form e d satisfactorily. A total of 28 salt transfers were made in the salt 
transport step and 12 salt transfers were made in the copper separation 
step. The trouble-free operation of the transfer tubes in this experiment 
further demonstrates the reliability of the present transfer tube designs. 
Careful techniques and radiation monitoring during charging, unloading, 
and sampling for all steps of the process limited the alpha activity almost 
entirely to the interior of the furnace vessels. 

Future experiments of this type will be directed primarily to 
evaluations of chemical flowsheets that incorporate semicontinuous or 
continuous extraction steps, although the experiments themse lves will 
be conducted on a batch basis. Meanwhile, an inert-atmosphere glovebox 
facility is being installed for larger-scale engineering demonstrations of 
the plutonium salt transport process. 



II. VOLATILITY AND FLUIDIZATION PROCESSES 

The reaction of fluorinating agents with nuclear reactor fuel mate-
rials in fluid-bed systems to produce volatile UF6 and PuF6 is the basis of 
fluid-bed fluoride volatility processing of spent nuclear fuels. Major atten-
tion in the development program has been directed toward development and 
demonstration of a flowsheet for light water reactor fuels. After the fuel 
is declad , this flowsheet provides for the pulverization of (U ,Pu)02 fuel to 
fines by reaction w ith oxygen at 450°C, followed by volatilization of uranium 
(as UF6) by reaction with BrF5 at 300°C, and then volatilization of plutonium 
(as PuF 6) by reaction with fluorine at 300 to 550 °C. The volatile fluorides 
of certain fission product elements accompany the hexafluorides of uranium 
and plutonium, nee es sitating additional separation procedures to produce 
purified products. 

A major effort during the past reporting period consisted of 
engineering- scale runs to determine for scale-up purposes the effects of 
process variables during the BrF5 step on UF6 production rate and BrF5 
utilization efficiency . U02 charges in these runs ranged up to 4.4 kg. In 
othe r wo rk , a series of experiments was performed to provide information 
on the rate o f fluorination of PuF 4 in an alumina fluid bed and to demonstrate 
the feasibility of producing and transporting PuF6 in engineering-scale 
equipment and collecting it quantitatively . In nine experiments, a total of 
-2 kg of plutonium (as PuF4 ) was successfully fluorinated and transferred 
in a gas stream to cold traps . 

To determine the effects of a radiation field and a fission product 
content representative of high- burnup reactor fuels, five bench-scale 
experiments were completed with declad fuel that had been irradiated to 
-40 , 000 MWd/metric ton and cooled 1 to 1 1/2 yr. 

In other backup work, the purification problem of separation of 
PuF6 from volatile fluorides of the fission product elements was investi-
gated . Ruthenium fluoride (which is considered the most difficult to separate 
of the fis sian product fluorides) was mixed with plutonium hexafluoride, and 
a va riety of separation procedures were teste d . 

At the request of the AEC, the program is b e ing reoriented toward 
an evaluation of th e potential of the process for fast breeder reactor fuel 
application. Since most of the work reported was done prior to reorientation 
of the program, the wo rk was directed toward developing reprocessing 
methods for light wat er reactor fuels . Nevertheless, much of it is appli-
cable t o recovery processes for fast breeder reactor fuels as well. 
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A. Recovery of Uranium and Plutonium from Spent Nuclear Fuels 

l . Enginee ring Development of Fluorination of Uranium Oxide 
with BrF5 

A fractional factorial experiment has been completed in which 
the effects of process va riabl e s on the fluorination of U 3 0s with BrFs were 
studi e d in an enginee ring-scale 3 -in . dia. fluid-bed facility. BrFs can be 
used for separating uranium , as volatile UF6 , from plutonium since plu-
t oniu m is not fluorinated to a volatile compound by BrFs. 

The objec tive s we r e (l) to determine the effects of process 
va riabl es on the ox1dation of U02 to U 3 0 8 , the UF6 fluorination rate, BrFs 
utilizati o n efficiency, and ope rating characteristics of the system and 
(2) to d emonstrat e th e feasibility and reliability of fluorinating large 
quantities of U 3 0 8 fines wi th BrF5 . During fluorination, the effects of 
six independent va riabl e s we re studied : bed temperature (300 oc or 225 oc ), 
inlet partial pressure o f BrF5 (- 0 . 16 or -0 . 29 atm) , fluidizing gas velocity 
(0 . 5 3 or 0 .89 ft / s ec), quantity of U02 charged (2.2 or 4.4 kg), particle size 
of alumina b e d material (- 100 o r 48-100 mesh) , and the presence or ab-
s ence of inactive fission product compounds. This work complements the 
b e nch-s cal e study d e s c rib e d e ls ewhere in this report on the separation 
o f ur a nium from plutonium using BrF5 , fo llowed by recovery of the plu-
t onium by flu orinatio n to volatile PuF6 using elemental fluorine . 

Th e major e quipm ent items used in this study were (l) a pre-
h eat er to h eat the reagent gases t o operating temperatures , (2) a reaction 
s ection of the fluid-b ed reactor t o contain th e fluidized bed and fuel charge , 
(3) a filt er section of the fluid-b e d r eac tor to prevent e ntraine d solids 
from e ntering th e off-gas pipes , (4) s o d i um fluoride traps to sorb UF6 
from the off -gase s , and (5) a scrubbing system to remove interhalogens 
and r e sidual U F 6 fr om the off- gases that pass through the sodium fluoride 
traps . A s c h ematic of this e quipment is shown in Fig . Il-l . 

At the start o f each run , the alumina bed was prefluorinated 
wi th flu orin e to simulat e the e ffect of a plutonium fluorination conducted 
in th e bed in a prior run. Crushed U02 pellets (and in some cases a mix-
ture o f fission product compounds) were then added to the bed and oxidized 
in an oxygen-nitr oge n gas stream at 450 °C to form U 3 0 8 fines . The amount 
of U02 charged in the oxidation step was such that the bed contained 
40 w / o U 3 0 8 at the end of th e step . In the next step, U 3 0 8 was fluorinated 
with BrF5 , using o n e o f the spec ifi e d sets of process conditions . 

a. Results and Discussion 

In gene ral , operation of the reactor w as very smooth . In all 
case s the beds we r e we ll fluidized and free-flow ing at the end of the pro-
cessing cycle . 



CHARGING PORT 

SCRUB TOWER 

REA CTION 
SE CT ION 

TO VENTILATION SCRUBBER 

t 

SCRUB SOLUTION 
COLLECTION TANK 
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Oxidation Step. The rate of oxidation of U0 2 to U 3 0 8 varied 
from about 3 to 9 lb/hr over the period when the first half of the U0 2 

charge was being reacted. The utilization of oxygen was as high as 1 Oo/o 
over the same period. The larger U0 2 charge (4.4 kg) and smaller fluidized 
particle size ( -100 mesh) gave higher reaction rates and oxygen utilizations. 
The particle size of U30 8 fines produced by the oxidation of U0 2 in four 
runs was analyzed employing a Coulter counter. The results showed that 
a majority of the U3 0 8 particles were in the range 0.3 to 5 microns diameter 
and that the average particle diameter was about 3 microns. 

BrF5 Fluorination of U 30 8 . In some of the runs in which 
the charge contained fission products, small (3/8 in.) agglomerates were 
found in the alumina beds. Their formation was related to the presence 
of barium, cesium, molybdenum, and rubidium. The agglomerates did 
not appear to affect operation during the runs or to hinder the removal 
of the beds at the end of a run. 

Data were obtained for the average UF6 production rate 
and the average BrF5 utilization efficiency from the time of startup to 
the tim e s w hen the fraction of uranium reacted, F, reached 0.50, 0.667, 
and 0. 75. The average UF6 production rate ranged from 3.0 lb/hr 
[58 lb/(hr)(ft2

)] to 9.0 lb/hr [176 lb/(hr)(ft2
)]. The average BrF5 utilization 

efficiency ranged from 31 to 78o/o. 
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The UF6 production rates at the two levels of each vari-
able give n earlier we re compared, and the following le ve ls were found to 
give the higher production rates: a temperature of 300°C, a BrF5 inlet 
partial pressure of 0.29 atm, a fluidization gas ve locity of 0.89 ft/ sec, 
and a U0 2 charge of 4.4 kg. Similarly, a temperature of 300°C, a BrF5 

inlet partial pressure of 0.29 atm, and a fluidization gas velocity of 
0.89 ft / sec gave the higher diminishing-sphere rate constants; and a 
temperature of 300°C and a U0 2 charge of 4.4 kg gave the higher BrF5 
utilization efficiencies. Quantitative data on these results and on other 
results (U0 2 oxidation rates, corrosion data , and the use of on-line gas 
analyzers, etc.) are reported in a topical report, ANL-7370 (in press). 

Within the ranges studied, the conditions that would give 
the best UF6 production rate and BrF5 utilization efficiency are those 
shown in Table II-1. No runs were performed using the "best" conditions, 
but it has been estimated that they would give the UF6 production rates 
and BrF5 utilization efficiencies shown in Table II-1. These production 
rates and utilization efficiencies are considered highly acceptable for 
process application. 

TABLE II-1. Average UF 6 Production Rate and BrF5 Utilization 
Efficiency Predicted at "B es t" L eve l s of Independent Variables 

T e mpe ratur e, °C 

Concen trati on 

Superficial veloci t y, f t / sec 

U0 2 cha rg e, kg 

Alumina particle s i ze, mes h 

Fiss i on products 

Oxidation Step 

450a 

19.2 v / oa (0 2 in N 2 ) 

l. -l a 

-l.<± 

-1 00 

Presentb or Absent 

BrF5 Fluorination Step 

300 

0.29 atm (BrF5 in N 2 ) 

0.89 

4.4 

-100 or 48-100 

Presentb or Absent 

F, Fraction of 
Uranium React e d 

0 . 50 0.667 0. 75 

Estimate d Average UF6 P rodu ction Rat e, lb/ hr 9.5 9.1 8.4 

lb/ (hr )(ft 2
) 185 177 164 

Estimat e d Average BrF5 Utilization Effi ciency, o/o 75 67 60 

aNot va ri ed in this wo rk. 
bThe relative quantities of fission p roduc t compounds added represent the amounts 

wh i c h would be present in five batches of spent U0 2 of t ypi c al burnups. The fission 
products were SeOz, SrF2 , RbF, Y20 3 , Z r0 2 , Mo0 3 , Ru0 2 , RhO, PdO, Ag 20, CdO, 
InzO, SnOz, SbzOs, I, CsF, B a O , L a 20 3 , C e0 2 , Pr02 , Nd20 3 , Sm 20 3 , Eu20 3 , and Gd 20 3 . 



2. Engineering-Scale Alpha Facility Operations 

Development work on the fluid- bed fluoride volatility process 
for the recovery of uranium and plutonium from spent uranium dioxide 
fuels is being carried out in the engineering- scale alpha facility. The 
major objectives of this work are to demonstrate PuF6 handling in 
engineering-scale equipment and to determine the feasibility of fluoride 
volatility flowsheets. 

The facility comprises two large alpha boxes, one containing 
process equipment and the other containing equipment for scrubbing and 
filtering process exhaust gases and ventilation air. Housed in the process 
equipment alpha box are two fluid-bed reactors, primary and backup 
filters, and two in-series cold traps. One of the fluid-bed reactors is a 
fluorinator for carrying out head- end steps on synthetic fuel materials, 
and the other is a converter that was used in a successful exploratory 
fluid-bed study on separating plutonium as PuF4 from uranium-plutonium 
hexafluoride mixtures by thermal decomposition (see ANL-7350, p. 27, 1967). 
The converter may be used in the future for studies of the conversion of 
uranium and plutonium hexafluorides to oxides. A recent addition, to pro-
v ide flexibility in flowsheet development work, was equipment for handling 
BrF5 • A shakedown test of the BrF5 feed and off-gas treatment system 
was successfully completed during the current report period. 

a. Plutonium Fluorination Campaigns 

Three campaigns were performed to provide information 
on the rates of fluorination of PuF4 from an alumina fluid bed for scale-up 
purposes and to demonstrate the feasibility of producing and transporting 
PuF6 in engineering-scale equipment and collecting it quantitatively. 

A campaign consisted of three successive experiments 1n 
which PuF4 was fluorinated to PuF6 with fluorine, followed by a cleanup-
fluorination experiment, which included fluorination of the primary filter 
region and a separate cleanup of the lines and other equipment (secondary 
filter section and cold traps) to recover PuF4 deposited as a result of 
alpha decomposition of PuF6 (or other interaction mechanisms). A single 
bed consisting of about 6500 g of 48-100 mesh prefluorinated alumina was 
used in each campaign. 

The effect of the starting temperature of the fluorination 
on plutonium behavior, i.e., retention by alumina and overall recovery, 
w as investigated. Starting temperatures were 300, 375, and 450°C in the 
three successive campaigns. This series of experiments may be con-
sidered (l) a demonstration of the plutonium recovery step of the inter-
halogen flowsheet for light water reactor fuels (see ANL-7350, p. 21) or 
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(2) representative of a step that may be required in a plutonium purification 
scheme for fast breeder fuels . The results of this work are , thus , applicable 
to fuel f o r both thermal power reactors and fast breeder reactors . 

Each individual fluorination experiment involved the fluo -
rination of 200 g of plutonium (charged as -325 mesh PuF4) . Thus , almost 
2 kg of plutonium was involved in the nine campaign-type experiments, 
compared w ith a total of about 600 g of plutonium used in some 15 experi-
ments up to this time . 

The bed was brought to the starting temperature while 
fluidized with nitrogen; the gas stream was then put on total recycle and 
fluorine flow was started at a rate equivalent to about 20o/o of the total gas 
flow rate while the gas mixture w as bled off at the same rate . The ratio 
of fluorine flow rate to nitrogen (purge and filter blowback gas) flow rate 
was such that a steady- state fluorine concentration of about 85% was attained. 
In each experiment the temperature was increased incrementally, 25°C 
every 15 min, until the final temperature of 550°C was reached . The total 
time for fluorination was 5 hr for each experiment in Campaigns l and 2 . 
The fluorination time was reduced to 3 hr in each experiment of Campaign 3 : 

The PuF 6 was collected in two in-series cold traps operated 
at about -65°C and was subsequently transferred with an inert-gas purge 
to NaF sorption traps . In two instances during high PuF6 production periods, 
the PuF6 was trapped directly on NaF to obtain information on fluorine 
utilization and to determine how close to equilibrium the system was 
operating. 

Samples from these traps and from the alumina beds 
provided the basis for analy sis of the experiments . Separate cleanup 
fluorinations (2 hr of fluorination with fluorine at 300°C) were conducted 
on the primary fluorinator filters and remaining process equipment (cold 
traps, lines, secondary filter) , and the amount and location of plutonium 
deposits in the equipment w as determined . This information was useful 
not only for material balance purposes but also for studying the basic 
question of plutonium holdup as a function of plutonium throughput. If the 
plutonium is recoverable , this interim holdup does not represent a pro-
cess loss , but merely reflects the need for an additional operating periodo 
As shown in the summary of results below , recovery of PuF4 deposits is 
feasible . 

Ver y encouraging results were obtained , as may be seen 
1n the summary of data presented in Table II-2 . The low residual con-
centrations of plutonium in the three final alumina beds, 0 . 010, 0 . 029, and 
0.022 wj o, represent a total loss of only about 0 . 25% of the plutonium 
charged. The reduction in run time from 5 hr in Campaigns 1 and 2 to 
3 hr in Campaign 3 had no adve rse effect on plutonium retention by alumina. . 



Campaign 

TABLE 11-2. Summary ol Fluorination Campa ign Experiments 

Opera ti ng Condit ions: 
Campaign 1: 592 g Pu, 300-550°C, 5-hr exper iments 
Campa ign 2: 587 g Pu, 375-550°C , 5-h r experiments 
Campaign 3: 578 g Pu, 450-550°C, 3-hr experiments 

Re sidua l Average 
Plutonium Fluorine 

Concentrat ion PuF6 Production Utilization 
in Alumina Rate Efficiencya 

lw/ol [1b/lhr llft2J] (%) 

0.010 2.4 22 

0.029 2.4 17 

0.022 4.1 28 

Plutonium 
Material 
Balance 

(%) 

97 

101 

99 

acalcu lated as the amount of PuF6 produced during th e total run time compared wi th the 
amount of Pu F6 that could be produced at equilibrium IPuF4 + F2., PuF61; the change in 
fluorine requirement with temperature was considered in this calculat ion . 

Both the a ve rag e PuF6 production rate and the fluorine 
utilization e fficienc y 1 were higher in the third campaign than in the earlier 
campaigns . The improvement was directly related to the amount of p luto-
nium in the fluidi ze d bed at a given time as shown in Table II-3 . For 
example , during the first half-hour of Run l of Campaign 3, the average 
quantity of plutonium in the bed was 204 g and a fluorine efficiency of 
98% was achie ve d . During the next half-hour, the average plutonium 
content was only 154 g and the efficiency dropped to 51%. As the p l utonium 
content diminished during the final two hours, a further significant drop 
in efficiency occurred. It is likely that similar characteristics prevailed 
during the final period of the earlier 5 - hr runs and led to reduced 
fluorine efficiencies. 

nme 
Period 

Fir st 
half- hour 

Second 
half-hour 

Final 
two hours 

TABLE 11-3. Fluor ine Efficiencies and Pu F6 Product ion Rates du ring 
First and Second Run s of Campaign 3 

Operating Cond ition s 
Run 1 Run 2 

in Period 

Fluorine 
Amount of Plutonium Amount of Plutonium 

Cone. in Fluidized 
in Fluorinator lgl Fluorine in Fluorinator lgl 

Fluorinator Bed Temp. Beginning End of Efficiency Beginning End of 
(%) (OCJ of Period Period (%) of Period Period 

Increasing Increasing 194.3 145.1 77 228.0 180.0 
6- 91 450 - 525 

91 - 95 525 - 550 145.1 108.1 42 180.0 129.4 

95 550 108.3 33.7 17 129.4 35.7 

Average PuF6 

Fluor in e Production Rate 

Efficiency 
[lb PuF6flhr)(ft2J] 

(%) Run 1 Run 2 

98 5.20 6.53 

51 4.70 6.41 

20 2.25 2.97 

Comparison of fluorine efficiencies and PuF6 production 
rate s for the first two runs of Campaign 3 revealed that fluorine efficiency 
and production rate were higher in the s econd run , reflecting the higher 
plutonium content of the bed in the second run. Only five- sixths of the 

!Calcu lated as the amount o f PuF6 produced during the tota l run time compared with the amount of PuF6 
that could be produced at e quilibrium (PuF4 + F2 '1. PuF6); the change in fluorine requirement with 
temperature was considered in this calculation. 
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char ged plutonium was fluorinated during the first run of Campaign 3, 
possibly as a result of the short fluorination period . This l / 6th heel plus 
the second char ge th en g a v e th e improved results in the second run . 

Fluorine efficiencies near 100% and production rates up 
to 6.5 lb PuFj(hr)( ft 2) we re obtained in the initial period of the second 
run. The high production rate is not limiting and further improvement 
in production rate could have been realized by starting with a high concen-
tration of fluorine in the fluidizing gas; in the current procedure, the 
fluorine concentration is gradually increased from 0 to 95% in the course 
of gas recycl e. Higher rates could also probably have been achieved by 
operating at a higher initial fluorination temperature, and by passing more 
fluorin e through the bed b y incr e asing the gas velocity and the fluorinator 
pressure. 

The range of material balance values, 97-101% (Table Il-2), 
lies within the range expected on the basis of a statistical sampling experi-
ment conducted recently. Sample treatment includes milling (coarse 
grinding in a disk mill), sample splitting by riffling, and fine grinding 
steps, followed b y c hemic al analysis. Gross sampling error proved to be 
about ±4%. 

A complete plutonium material balance for one of the 
campaigns (Campaign 2) is presented in Table II-4. These data show 

TABLE II-4 . Plutonium Material Balance - Campaign 2 

Plutonium 

(g) o/o of Charge 

Charge 

Processed to PuF6 

Recovered from cold trap 1 
R ec o ve red from cold trap 2 
Recovered from cold traps and lines 

during cleanup fluorination 
Loss through cold traps 
Subtotal 

Recovered from Primary Sintered Metal 
Filters during Cleanup Fluorination 

Unprocessed and Lost 

Grab samples and reactor cleanout 
Final bed (loss) 

T otal Accounted fo r 

587 . 1 

566.4 
7.6 

8.0 
4.0 

4. 1 

0.7 
1.9 

592 . 7 

aAssumed to be recove rable b y using a lower cold trap temperature . 

100.0 

96.5 
1.3 

1.4 
0 . 7a 

99.9 

0.7 

0.1 
0.3 

10 l. 0 



that about 99o/o of the PuF 4 charge was fluorinated to PuF6 and collected in 
the two cold traps during the main fluorination period. The cold traps were 
quite efficient at the current operating t e mperature of about -65°C. Increased 
efficiency can probably be achieved by operating at lower temperatures 
since the small loss (0. 7o/o) sustained is about equivalent to the quantity rep-
resented by vapor-pressure considerations alone. 

The problem of holdup of plutonium on the primary filters 
appears to diminish with increased plutonium throughput. The fraction 
retained on the filters during Campaign 2, 0. 7o/o of the charge, was rather 
insignificant in terms of the quantity of material processed. In earlier 
studies with plutonium charges ranging from 20 to 100 g, filter holdup rep-
resented as much as 15o/o of the charge. Holdup, of course, is a function 
of total available filter area and is responsive to the filter blowback system. 

The recovery of material retained on filters is dependent 
on the ability to expose the filters to concentrated fluorine at 300°C 
(c onditions required for cleanup). Examination of the filters after a total 
exposure at 300°C of about 30 hr disclosed no obvious deterioration. Much 
more testing will be needed, howev e r, before conclusions about filter life 
can be made. 

The only nonrecoverable loss is probably represented by 
the quantity of plutonium retained by the alumina bed, about 2 g or 0. 3o/o 
of the charged plutonium. This value represents the loss sustained when 
the bed is used in only one campaign. Losses may be further reduced by 
using the same bed for sev eral campaigns, if this technique is feasible 
in practice. 

b. Experience with Neutron Counters as Plutonium Monitors 

The use of neutron counting equipment was exploited rather 
widely in plutonium monitoring applications in the current program. Stan-
dard neutron survey instruments with either 2. 5- in. long or 1 0-in. long 
BF3 probes were mounted at strategic locations (cold traps and NaF traps) 
and coupled to scalers and recording instruments to record the movement 
of PuF6 from the reactor to the cold traps during fluorination and from 
the cold traps to the NaF traps during PuF6 transfer. Operating procedures, 
such as the time -temperature program used in the fluorination experiments, 
we re selected on th e basis of the response of the instruments to PuF6 col-
lection in the cold traps. Similarly, the decision to reduce the fluorination 
p eriod from 5 hr to 3 hr was bas e d on these data. Transfer of the PuF6 
from the cold traps to the NaF sorption traps was also followed closely 
with this monitoring t echnique . 

Neutron respons e curves obtaine d during the first fluorina-
tion experiment of Campaign 3, which were typcial of th e curves obtained in 
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all three campaigns, are shown in F ig. II- 2. Figure II- 2a shows PuF 6 

sorption on N aF (tr ap l) during the first 3 hr of this experiment. The 
observed change in activ ity l evel during the first hour w as in response 
to the collection of 86 g of plutonium. During the second and third hours , 
the PuF6 w as fed directly to the cold traps. As seen by the plateauing 
in Fig. II-2b , fluorination w as essentially complete after the second hour. 
The transfer of PuF6 out of the cold trap and the corresponding sorption 
of this material onto NaF (trap 2) is shown in Fig . II-2c . Approximately 
74 g of plutonium w as transferred in about l hr . Curves similar to those 
in Fig . II- 2b and II- 2c were obtained in the other two campaigns. 
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Fig. II-2. Neutron Activity in NaF Traps and Cold Trap during First Fluorination of Campaign 3. 
a . PuF6 Sorption on NaF (Trap 1) during Fluorination; b. PuF6 Collection in Cold 
Trap 1 during Fluorin ation; and c. PuF6 Transfer from Cold Trap to NaF (Trap 2). 
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Us e of these instruments for more quantitative measure-
ments is limited, in large part , by equipment geometry , i .e . , the capability 
of bringing the source close to the detector, becaus e of the inverse square 
law. In addition , above about 40°C, these detectors are sensitive totem-
perature. Nevertheless, their v alue has been proved, and further efforts 
to extend their use to more quantitative applications appear to be warranted. 

3. Bench-Scale Fluid-Bed Studies with Irradiated Fuels 

A program demonstrating the fluid- bed volatility processing 
of irradiated fuel materials is in progress. Experiments are being con-
ducted in a l 1/ 2-in. dia . fluid-bed reactor installed in the senior cave 
facility of the Chemical Engineering Division. Present work is directed 
to determining the distribution of the actinides and fission products in each 
of the process streams for the interhalogen process and to test several 
simple schemes for plutonium decontamination. The fuel charge used was 
highly irradiated U02 pellets , and the bed material was alumina powder. 

A series of five bench- scale experiments was completed in 
which the interhalogen reference flowsheet 2 was tested with declad U02 

2Power Reactor Technology and Reactor Fuel Processing , 10(1), 73 -75 (Winter 1966 -1967). 



irradiated to - 40,000 MWd/metric ton and cooled 1 to 1 1/2 yr. Results 
for the first two experiments are reported in ANL-7350, pp. 29-31, and 
the results of all five e xperiments are summarized here . 

The process consists of the oxidation of U0 2 to U 30 8 , uranium 
volatilization with BrF 5 , and plutonium volatilization with fluorine. The 
equipment, which was previously used for the processing of irradiated 
uranium alloy fuels, was modified by the installation of a sintered nickel 
filter (which replaced a packed-bed filter) and the addition of other traps . 
A schematic of the modified experimental unit is shown in Fig. II-3, and 
a photograph of the equipment is shown in Fig. II-4. 

In each experiment, -100 g of irradiated U0 2 (containing -1 g 
plutonium) was added to a bed of 350 g refractory alumina (T -61, Alcoa) 
in the fluid -bed reactor . The U0 2 pellets were converted to U 30 8 -Pu0 2 

fines at 450°C by reaction with 20 v /o oxygen in nitrogen. The sintered 
nickel filter prevented elutriation of uranium oxides and bed material 
from the reactor. In this step, the process off-gas passed through two 
traps containing activated charcoal to remove any volatile products prior 
to discharge of the gas stream to the cave exhaust . 

In the uranium volatilization step, the uranium was separated 
as UF6 from plutonium and from most of the fission products by fluorinating 
with 10 v/o BrF 5 at 300 or 360°C. The process off-gas leaving the sintered 
nickel filter contained UF 6 , Br 2 , BrF 5 , and volatile fission product fluorides 
in nitrogen diluent. It was pas sed through four traps containing various 
sorbents to remove these volatile species. 

SINTERED NICKEL FILTER------\----11/ 

FILTER HOUSING -----~ 

DISENGAGING SECTION-----+-

FORMERLY CONNECTED TO--t=:!--+--' 
PACKED- BED FILTER 

KEY 

0 BALL VALVES 
l><l DIAPHRAGM VALVES 

FLUIDIZED-BED 

REACTOR 

NICKEL 

URANIUM 
TRAP 

PRODUCT 
COLO TRAP 

OXIDATION STEP 

...___ ___ TO CAVE STACK 

OFF -GAS CLEANUP 
TRAPS 

TO CAVE STACK 

URANIUM VOLATILIZATION 

STEP 

PLUTONIUM VOLATILIZATION 

STEP 

TO 
CAVE 

STACK 

FLUORINE REMOVAL OFF-GAS 

TRAPS CLEANUP TRAP 

Fig. II-3 . Fluidize d-Bed Fluoride Vola tili ty Process ing Unit Used for Bench-Sca le Studies with 
Irra dia ted U02. 
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Fig. li-e+. The T op Fl ang e of a 1 1/2 -in. Fluidi zed-B e d Reac to r Be ing Re moved in 
Pre pa ra tion for Equipment Sha ke down T es ting. 

In the plutonium remov al step, plutonium was volatilized from the 
fluidized bed, using 10-90 v/o fluorine at 300-550°C. The off-gas from the 
fluid-bed reactor first passed through a precooler at 0°C where high-
boiling fission product fluorides were collected, and then through the 
product cold trap where PuF 6 was collected along with some undesired 
fission products. A backup trap containing NaF pellets at 350°C removed 
trace quantities of PuF6 passing through the cold trap. The fluorine in 
the off-gas was removed by four traps in parallel containing activated 
alumina. The off -gas cleanup trap downstream from the fluorine -removal 
traps was filled with NaF pellets at about 400°C for the removal of trace 
amounts of v olatile fission products. 

a. Distribution of Actinides and Fission Products m the 
Process Streams 

The ranges of values for the volatile products collected 
m the traps during the five runs are shown in Table II-5. Examination 
of these results shows: 

l. The principal activities that volatilized during the 
oxidation step (for fuel cooled 1 y r or more) were krypton (see following 
discussion ) and ruthenium . Up to 3. 3 o/o of the ruthenium charged was 
v olatiliz e d. 



2. Up to about l3o/o of the total beta and gamma activity 
was volatilized with the uranium during the BrF 5 step. The principal 
gamma activity that accompanied the uranium was ruthenium. In addition, 
up to 76o/o of the molybdenum, 2. 7o/o of the antimony, 0.24% of the zirconium, 
and l. 9% of the niobium were a ls o volatilized with the uranium. More than 
99. 5o/o of the uranium and up to 0. 9 5o/o of the plutonium volatilized during 
the BrF 5 step. 

3. During volatilization of plutonium with fluorine, up 
to about 2o/o of the gross beta-gamma activity was transported concurrently . 
The principal gamma activity transported was ruthenium (3 -l4o/o); up to 
38 o/o of the molybdenum and small amounts of zirconium (.:s 0. 21 o/o), niobium 
(.:s5 . 8o/o), and antimony (.:s l.2o/o) were also volatilized. 

Activity 

u 

Pu 

Zr 

Nb 

Ru 

Sb 

Mo 

Te 

TABLE II-5. Volatile Products Collected in Traps during 
Processing of Irradiated U0 2 

(All Fiv e Runs) 

Percent of Charge 

Oxidation U Volatilization Pu Volatilization 
Step Step Step 

NAa 71-112 0 . 05-0 . 33 

NAa 0. 025-0.95 31-63 

< O. 000 l-0 . 05 7 . 7-13.7 0 . 7-0.84 

< O.OOOl-0.5 6 . 9-11.7 0. 5-2.3 

0 0-0.24 0-0.21 

0- < 0.0001 0-l. 9 0-5 . 8 

< O. 000 l-3 . 3 44-71 3.2-14 

NAa < 0.001- < 2. 7 < 0.12-1.2 

NAa < 51-76 < 6-38 

0-0 . 08 NAa NAa 

aNA = Not analyzed. 

The off-gases that passed through the traps and entered 
the stack were sampled and analyzed for ruthenium, tellurium, and 
krypton . The krypton values are given as percent of the total krypton 
released during all processing steps . The amount of krypton, if any, 
released during decladding is unknown. During the oxidation step, 
( 0.00004% of the ruthenium charged and ( 0 . 15% of the tellurium charged 
were found in the process off -gas discharged to the atmosphere. From 
13 to 27o/o of the krypton was given off during this step, and its discharge 
to the atmosphere was safely a cc omplished by dilution with 2000 cfm of 
cell ventilation air. 
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Up to 87o/o of the krypton accounted for was released to the 
process off-gas during the BrF 5 step. Less than O.OOlo/o of the ruthenium 
and tellurium charged was found in the stack gas. 

Up to 9. 6 o/o of the krypton was found m the off -gas during 
the plutonium v olatilization step of three of the five runs, suggesting that 
a small residue of uranium oxide remained in the reactor after the BrFs 
ste p . In addition to a small amount of ruthenium (::oO.Olo/o), up to 40o/o of 
the tellurium charged w as found in the process off-gas that passed through 
the traps and into the stack. The concentration of volatile activities in the 
process off-gas discharged to the atmosphere was in all cases within the 
recommended limiting concentration as defined by AEC standards. 

b. Uranium and Plutonium in Final Reactor Beds 

The quantitative removal of uranium and plutonium from 
the fluid bed of the reactor is essential for economic operation of this 
process. An important part of the work with irradiated fuels is to de-
termine whether or not the presence of fission products and a radiation 
field significantly affects removal of uranium and plutonium from the 
fluid -bed material. The results of the fi v e experiments show uranium 
concentrations in the final alumina beds of 0 . 0007 to 0.0072 w/o; the mean 
uranium content was 0 . 0042 w /o. 

Conve rsion of these data to percentages of the uranium 
charged show that greater than 99.9% of the uranium was removed from 
the reactor bed . This r es ult indicates that the presence of fission products 
and a radiation fi e ld does not have an inhibiting effect upon uranium 
recove ry. 

The values for plutonium retention (0 . 003 to 0 . 036 w/o 
plutonium in the final alumina beds) were slightly higher than those ob-
tained in thr ee runs in a 2 -in. dia . reactor with simulated reactor fuel. 
The latter three runs 3 were performed in a single alumina bed with non-
irradiated U0z-Pu0 2 containing fission product elements equivalent to a 
burnup of about 10,000 MWd/metric ton U; the plutonium concentration 
in the final reactor b e d wa s 0 . 009 w /o (equivalent to removal of 99 o/o of 
the plutonium). The mean value (0.016 w/o plutonium) for the five runs 
with highly irradiated U0 2 was obtained by using a new bed for each run 
and a low charge -to -bed ratio . Extrapolating these results to conditions 
of larger charge -to -bed ratio and reuse of the alumina bed, greater than 
98% plutonium removal from the reactor would be expected. It should be 
noted that the tests w ith the irradiated fuel were conducted in apparatus 
originally designed for alloy fuels and that this equipment is not optimized 
for work w ith oxides. 

3 Argonne Na ti onal Laboratory, "Chemic al Eng ineering Division Semiannual Report, July -December 1966," 
ANL-7325, pp . 55 - 56 (Apri l, 1967). 



While not conclusive, the experiments with irradiated fuel 
tend to support the view that fission products and a radiation field associated 
with irradiated fuels do not significantly affect the removal of plutonium 
from the fluidized bed. 

c. Purification of Plutonium 

Certain operations for the purification of plutonium, which 
might be easily incorporated into a process scheme, were examined in a 
preliminary fashion. In addition to the decontamination from nonvolatile 
fission products accomplished in the plutonium fluorination step, a step 
was added at the end of Experiments 3, 4, and 5 to further decontaminate 
the plutonium . Either PuF6 was sublimed from a cold trap at 0°C using 
a nitrogen gas carrier and collected on NaF pellets at 350°C or the PuF6 
was sublimed at 0°C as above but was thermally decomposed to PuF 4 on a 
bed of refractory alumina at 300°C . 

The primary separation of plutonium from the nonvolatile 
fission products, which occurs during the production of PuF6, resulted in 
a decontamination factor 4 from gamma activities of about 120 for a fuel 
cooled about one year. When the PuF6 was collected in a cold trap, sub-
limed at 0°C, and collected on NaF pellets at 350°C (Experiment 3), the 
decontamination factor from gamma activities was 1400. In Experiments 4 
and 5, which combined sublimation at 0°C with product collection on an 
alumina bed at 300°C (where thermal decomposition of PuF6 to PuF4 
occurred), the gamma decontamination achieved was 3200. In each puri-
fication process, ruthenium was the predominant gamma-active contaminant 5 

accompanying the plutonium. 

Experiments 4 and 5 provided an opportunity to examine 
the movement of ruthenium in terms of the vapor pressures of the com-
pounds of ruthenium likely to be present. The results of this analysis 6 

suggested that the ruthenium contaminant was a mixture of RuF 5 with one 
or more other compounds, possibly Ru0F4 and RuF6. 

B. Supporting Investigations 

1. Ruthenium Fluoride Separation Chemistry 

The fluorination of oxidized nuclear fuel produces the hexa-
fluorides of uranium and plutonium. When these are volatilized from the 

4 . . ac tivity per gram Pu in the charge 
Decontammanon factor = . . . . acnvny per gram Pu 1n the product 

5The antimony activity, which was present in a very small amount, appears to have been masked by the 
ruthenium activity. Analyses were not obtained for other possible contaminants such as tellurium, 
technetium, and neptunium. 

6Argonne National Laboratory, "Chemical Engineering Division Semiannual Report, January-June 1967," 
ANL-7 375. 
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fuel residue and nonv olatile fluorides of the fission elements, a partial 
purification of uranium and plutonium is achieved . Since the volatile 
fluorides of the fission product elements ruthenium , niobium, technetium, 
tellurium, antimony, and molybdenum accompany the hexafluorides of 
uranium and plutonium, additional separation procedures are needed to 
produce products of acceptable purity . 

The decontamination factors required of these separation 
procedures will depend on fuel burnups and the particular demands of 
fuel refabrication techniques. Therefore, decontamination factors cannot 
be specified, but it is likely that decontamination factors of the order of 
106 to 10 7 may be necessary . Decontamination factors of this magnitude 
need not be the result of a single operation, but may be achieved by sue-
ce s sive applications of an operation. 

Previous demonstrations have shown that an acceptable separa-
tion of UF6 from fission product fluorides can be achieved by fractional 
distillation . Thus the remaining purification problem is the development 
of a procedure for separating PuF6 from volatile fluorides of the fission 
product elements. The use of fractional distillation to separate PuF 6 
from fission product fluorides has not been pursued because of the antici-
pated difficulty of operating a distillation column containing solid PuF4 
formed by partial decomposition of PuF 6. 

Since previous experience has shown that the fission product 
element most difficult to control in a separations operation may be 
ruthenium, experimental testing of procedures for the purification of 
plutonium have been carried out with particular attention to the behavior 
of ruthenium. Experiments are reviewed here on several potential pro-
cedures for the separation of ruthenium from plutonium. The experiments 
were made on a laboratory scale except for one experiment (item 3 below), 
which was carried out in the engineering-scale alpha facility. 

1) Selective Sorption with Alkaline Earth Fluorides. Gaseous 
mixtures of ruthenium fluoride and UF 6 (a substitute for PuF 6) were pas sed 
through beds containing BaF 2 , CaF 2 , or MgF 2 in granular form at l00-l50°C. 
The results showed that ruthenium is preferentially retained by alkaline 
earth fluorides, yielding decontamination factors of 374, 55, and 9 for the 
use of BaF 2 , CaF 2 , and MgF 2 , respectively. 

2) Transpiration Sublimation. In these experiments, uranium 
was used as a substitute for plutonium since the vapor pressures of PuF6 
and UF6 are similar. Mixtures of UF4 and ruthenium metal spiked with 
106Ru tracer were fluorinated to produce mixtures of UF 6 and ruthenium 
fluoride, and a stream of dry nitrogen (carrier gas) was passed over the 
mixture contained in a vessel at 0°C. Analyses of the residue and the 
sublimate for uranium and ruthenium yielded decontamination factors 



ranging from 146 to 388. These values, however, are smaller by a factor 
of about 10 5 than the theoretical value s calculated from the vapor pressures 
of PuF 6 and RuF 5 indicating that other, undefined factors are important in 
the sublimation . 

In experiments in which samples of irradiated fuels were 
fluorinated, transpiration sublimation was tested as a procedure for 
separating mixtures of PuF6 and fission product fluorides. The bench-
scale experiments we re performed on U0 2 fuel pellets that had been irra-
diated in the Yankee reactor to burnups of 33,200 and 41,600 MWd/metric 
ton U and cooled for 1 to 1 1/2 yr . Transpiration sublimation at 0°C yielded 
decontamination factors in the range of 100-250. 

3) The rmal De c omposition. Information on thermal decom-
position as a means of separating PuF 6 from ruthenium fluoride was also 
obtained in experiments performed in the engineering - scale alpha facility" 
The fluorination of pellets containing Pu0 2 , U0 2 , and fission element oxides 
produced a mixture of PuF 6, UF6, and fission element fluorides that was 
passed through a fluidized bed of granular alumina at 300°C . The plutonium, 
deposited in the form of solid PuF 4 on the surface of the alumina granules, 
was retained by the alumina bed . Analyses showed that the initial mixture 
contained 3 1 g of plutonium and 5 . 2 ± 2 . 6 g of ruthenium, whereas the alumina 
bed containe d all of the plutonium , but only 8 x 10- 4 g of ruthenium. These 
results indicate a decontamination factor of 10 3 to 104 • 

4) Preferential Reduction of PuF6 with BrF3 • The use of BrF3 

to selectively reduce PuF 6 to PuF 4 and thereby separate plutonium from 
uranium and fission elements was investigated . Mixtures containing 
PuF 6 (2- 5 g) with UF 6• NpF 6• SbF 5, and RuF 5 were heated to 80 -90°C with 
liquid BrF 3 , and then all volatile materials were removed from the mixture 
b y v acuum distillation . The nonvolatile residue was then treated with BrF 5 
v apor at 300 -400°C . Analyses were performed to determine the quantity of 
each constituent of the original mixture present in the final, nonvolatile 
residue . The results showed that PuF 6 was preferential! y reduced by BrF 3 , 

as expected, and that decontamination factors up to about 500 were obtained 
for separation of plutonium from ruthenium. 

5) Gas -Phase Transport of Ru04 . The formation and gas-
phase transport of the volatil e oxide Ru0 4 was tested as a means of removing 
rutheninm from PuF 4 • A sample of PuF 4 spiked with 106Ru was subjected to 
pyrohydrolysis by steam-air mixtures at 500°C for 1 hr followed by ignition 
in air at 900°C for 2 hr . A similar sample of PuF 4 spiked with 106Ru and 
ruthenium carrier wa s subjected to pyrohydrolysis at 700°C for 2 hr . The 
decontamination factors obtained in these procedur e s ranged from l. 3 to 1. 6. 

6) Solvolysis . The solvolysis by anhydrous HF of the solid 
complexes formed in the reactions of plutonium and ruthenium fluoride with 

37 



38 

NaF was tested as a basis for separating mixtures of PuF6 and ruthenium 
fluoride . Pure PuF 6 reacts with NaF at 1 00°C to produce a solid complex, 
tentative l y identified as 3NaF · PuF 4 by X-ray analysis and analogy of the 
diffraction pattern to the corresponding uranium compound . The solv olysis 
b y anhydrous HF of the solid formed in the reaction of PuF6-ruthenium 
fluorid e mixtures wi th NaF produces a slurry that can be filtered to yield 
a solution of sodium and ruthenium fluoride in HF and a partially purified 
sample of solid PuF 4. In laboratory experiments, mixtures of PuF 4 
(- 250 mg) and ruthenium metal spiked with 106Ru were fluorinated with 
fluorine at 3 50 -450°C , and the resulting gaseous mixture of PuF 6• ruthenium 
fluorid e, and excess fluorine was pas sed through a vessel containing a bed 
of NaF p e llets. Following the fluorination step, anhydrous liquid HF was 
added at 2 5°C to the bed of NaF, and the resulting slurry was filtered on a 
sint e r e d nicke l filt e r built into the vessel. In some experiments the PuF4 
filter cake was was hed w ith BrF 3 or BrF 5. The highest decontamination 
factor was obtained whe n the PuF 4 was washed with BrF 5. Determinations 
of the 106Ru activity in the PuF 4 and in the filtrate yielded decontamination 
factors ranging from about 40 to about 200. 

7) Selec tive Sorption with LiF. The reaction of solid LiF 
with gaseous PuF 6-ruthe nium fluoride mixtures at 300°C resulted in pref-
e r e ntial rete ntion of the ruthenium by the solid phase . In each of a series 
of experiments, a gaseous mix ture of PuF 6, ruthenium fluoride, and fluorine, 
generated by fluorination of mixtures of PuF 4 and ruthenium metal spiked 
with 106Ru , wa s pass e d through a series of two beds of solids . The first 
b e d contained granulated LiF at - 3 00°C to test the separation effect, and 
the second b e d contained NaF pellets to collect the plutonium product and 
any ruthenium that p enet rate d the LiF bed. Each experiment was terminated 
afte r 7 or 10 hr and the e ntire LiF bed and the entire NaF bed were removed 
from their containers and analyzed for plutonium and ruthenium . Decon-
tamination factors, bas e d on the ratio of ruthenium to plutonium in the gas 
stream ent e ring the LiF b e ds and the ratio of ruthenium to plutonium in the 
produc t collected in the NaF b e ds, v aried from 100 to 2000 . 

Although a c ombination of various procedures may yield a high 
decontamination of plutonium, additonal experiments are needed to develop 
a simple and effective purification method; such work is in progress. 



III. MATERIALS CHEMISTRY AND THERMODYNAMICS 

A. High Temperature Materials Development 

1 . Plutonium- Bearing Fuel Materials 

The objective of the high-temperature materials development 
program 1s to obtain phase-diagram and thermodynamic data that can be 
used to interpret and evaluate the performance of candidate fast- breeder 
reactor fuels. This information will aid in understanding and predicting 
(1) interactions among fuel, fission product, and cladding materials and 
(2) migration by diffusion or vapor transport of fissile atoms, anion atoms, 
and fission products. In addition, these data will help to identify phases 
formed in fuel under operating conditions and to choose cation additives 
for controlling the chemical potentials of the fuel anions. 

Current investigations are concerned with two possible fuel 
systems, U-Pu-0 and U-Pu-C, with the binary systems Pu-0 and Pu-C 
being studied initially. The uranium-oxygen system has been thoroughly 
studied in this laboratory1 and elsewhere. The U -C system has also been 
studied, and carbon activities have been obtained mass spectrometrically. 2 

To check these results, as well as to gain experience with another tech-
nique before applying it to plutonium carbides, the vaporization behavior 
of the U -C system is being investigated by transpiration. 

The experimental program consists of phase-diagram, mass 
spectrometic, effusion, and, as already indicated, transpiration studies. 
Together, these studies yield complementary data to meet the objectives 
of the program. The status of each is discussed below. 

a. Phase-Diagram Studies 

The initial objective of the phase-diagram studies on the 
U -Pu-0 system is to define the phase boundaries of the fluorite phase, 
(U,Pu)Oz±x, up to incipient melting. Experimentation will be carried out 
in a recently acquired three-module, 1 1/2-tier glove box. The glove box is 
to be connected to a recirculating-helium system designed to maintain 
water vapor and air contamination levels below 5 ppm each. 

The phase-diagram data will be obtained from metallo-
graphic and chemical analysis of quenched samples, from cooling curves 
and differential thermal analysis, dilatometric measurements, and high-
temperature X-ray analysis . Equipment for the dilatometric and X-ray 
studies will be obtained in the coming year. The samples will be treated 

1 ANL-7175, pp. 119-126. 
2 E. K. Storms, in Thermodynamics, Vol. I, p. 309, IAEA, Vienna (1966) . 
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in one of the three furnaces now being installed in the glovebox. The first 
furnace (see F igure III-1 ) is a front-opening, tungsten-mesh, resistance 
furnace equipped w ith a que nching attachment; it can be operated in vacuum 
or inert atmospheres up to 3000°C. The second is a small, 4-in.-dia.-
hearth arc furnace designed by the ANL Metallurgy Division, in which fused 
samples w ill be prepared for further experimentation or for phase identifi-
cation and composition analysis . The third is a platinum-resistance furnace 
for the preparation and equilibration of oxygen-rich samples; it also will be 
equipped w ith a quenching attachment. After the equipment has been installed 
and tested within the g lovebox, the glovebox will be closed and experimenta-
tion on the U -Pu-0 syst e m wi ll commence . 

Fig. III-1 

Front-Opening, Tungsten-Mesh, Resistance Furnace. 
The quenching chamber is being swung into pos ition 
to receive the suspended tungsten crucible. The 
chamber can be heate d, which enables molten metals 
(e .g ., tin) to be used for quenching. 

Many of the experimental procedures to be used for the 
U-Pu-0 system have b een tested w ith the U-0 system. Recently completed 
tests have shown that U02 t x must be quench e d extremely rapidly to retain 
the high-temp e ratur e phas e. New m etallographic equipment for examining 
ternary U -Pu-0 phases is being set up i n an existing plutonium glove box 
facility. 

b. Mass Spectrometric Studies 

On e of the aims of the mass spectrometric studies is to 
establish thermodynamic values for the gaseous species Pu02 , PuO, and 
PuC 2 • This w ill be accomplished by measuring vapor pressures as a 
fun c tion of temp e ratur e over we ll-defined two-phase regions such as 
Pu2 0 3 -Pu01 .61 andPu2CrC or PuCz-C. 

The princ ipal regions of interest in the ternary systems 
(U,Pu)02±x and (U ,Pu)C 1±x wi ll be investigated to determine partial vapor 
pressures and constituent activities. The oxygen-rich fluorite phase, 
(U,Pu)02 tx ' is expected to yield high U03 pressures . The mixed "mono-
carbide 11 phase should vapori ze mostly as uranium and plutonium atoms, 
w ith plutonium the more abundant. In fact, the uranium pressures over 



(U,Pu)C are expected to be so low r e lative to plutonium that mass spectrom-
etry may be the only method for establishing the uranium activity . Complex 
vapor species in the ternary systems (e.g., UPu02 ), although unlikely, will 
also be sought . 

The initial mass spectrometric studies on the Pu-0 sys-
tem we re carried out to determine the compatibility of rhenium and tungsten 
Knudsen cells with PuOz-x· Both cell materials were found to be reducing 
with respect to Pu02 , as indicated by high pressures of rhenium and tungsten 
oxide vapor. The oxyg e n content of the samples decreased to Pu0l.s3±0 •02 at 
1900°C as a result of reaction with the cell and preferential loss of oxygen-
rich gas . 

The plutonium species detected over Pu0l.s3±0 , 02 were Pu, 
PuO, and Pu02 • From its second-law slope and appearance potential, 
Pu was found to result from fragmentation of PuO. Partial molar heats of 
vaporization (1700 to 2000°C) of 124 and 136 kcal/mole, respectively , were 
calculated for PuO and Pu02 , in good agreement with the total-pressure 
data of Ackermann et al3 and Mulford and Lamar. 4 Further work is re-
quired to determine the heats of formation of PuO(g) and Pu02 (g). 

The evidence for reaction between Pu02 and the tungsten 
and rhenium cells was the formation of a metallic coating on the inside of 
the cell lids . With the tungsten cells, the coating was shown to be tungsten 
metal. In one experiment at l 770°C , the lid was found to be - l5°C hotter 
than the bottom of the cell. Since large pressures of W03 and W02 are 
produced by reaction of the cell with oxygen- rich plutonia , it may be that 
a portion of the tungsten oxide vapor dissociated at the hotter lid to form 
tungsten metal and oxygen . Recycle of the oxygen, to form more tungsten 
oxide vapor , could have occurred until the oxygen disappeared through the 
cell orifice. 

c. Effusion Studies 

The obj ec tives of the effusion studies are (1) the measure-
m e nt of total pressures , w hich will enable us to calibrat e mass- spectrometric 
ion-intensity data and to c he ck total pr e ssures found by transpiration, and 
(2) the d e termination of c ongrue ntly vaporizing compositions in binary 
systems . The determination of congru e ntly vaporizing compositions in the 
U -0 sys tern prove d to be a powerful tool for checking the self- consistency 
of our vapor pressure data on urania . 5 

The e ffusion m eas ur e m e nts will b e carried out in a glove-
box in the same ultrahigh-vacuum furnace system6 pr eviously us e d for 

3R. J. Ackermann, R. L. Faircloth, M. H. Rand, J. Phys. Chem . 70 , 3698 (1966). 
~- N. R. Mulford, L. E. Lamar, in Plutonium 1960, p. 411 , E. Grison, W. G. H. Lord , R. D. Fowler (eds. ), 
C leaver-Hume Press , Ltd ., London (1 961). 

SANL-7350, pp . 38 - 42. 
6, ,;JL-712 5, pp . 122 -123. 
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c on g ru e n cy exp e rim e nts w ith urania . Th e stainless steel vac uum chamber 
can b e evacua t e d w ith sputter ion and sublimation pumps to pre ssures as 
low as 1 o-10 torr in the p r esence of sampl e s h eated to 2 000°C . A residual 
gas analyz e r measures background gases up to mass 2 50 at pressures as 
low as 10- 10 torr. E x treme l y l o w background pr es sur es are required to 
prev ent contamination of cond ens ates co llected on targets; for example, 
oxygen background pressures exceeding 1 o-s torr can produce significant 
changes in the oxygen c onte nt of cond e ns a tes. 

The effusion rate from a Knudsen cell c an be determined 
from the weight c hang e of the ce ll or from the weight c hange of a target. 
Whe n targets a r e u se d, the vap or c omposition is d e termined by analysis 
of the condensate. In the con g ru e ncy experim e nts, the congruently 
vaporizing composition is determined by analysis of the residue after 
e nough sampl e h as vapori zed to bring th e residu e to the congruent 
composition. 

d. Transpiration Studi e s 

The objective of the transpiration studies is to measure 
total pr e ssures a nd constituent ac ti v ities of th e U-Pu-C and U-Pu-0 
systems as functions of t emp er atur e and c omposition. 

The initial study on ca rbides is b e ing made with the 
U-C system in e quipment (see Figur e III-2) formerly us e d to study the 

Fig. III-2 . High Te mp erature Transpiration Appara tus. Previously used with H20-H2 mix-
tures at temperatures up to 26 00°C to study the vaporization behavior of urania, 
the equipm en t is now be ing us e d with CH4 -H2 mixtures to study the vapo rization 
be havio r of uranium carbi des. 



U -0 sys tern . 7 The carrier gas, a mixtur e of methane in hydrogen, is 
pass ed over the sample on a once-through basis ; a hydrocarbon analyzer 
(flame ionization) monitors the m e thane concentration in the exit gas. 

The equipment h as b een modified to permit recycling 
of the carri er gas , although this feature is not being used in the current 
uranium carbid e exp eriments . By recycling, the composition of the 
gas adjusts to that of the sample ; in the once -through process , the compo-
sition of the sample chang es until equilibrium with the gas is reached. 
The r ecycling proce dur e was found to be satisfactory in tests with the 
U-U02 system (see Part 2) . 

A second transpiration system with gas-recycling capa-
bility is being built w ithin a glove box to handle plutonium samples . The 
sample weight w ill be monitored continuously by a recording vacuum 
microbalance during transpiration . For study of the oxide systems, Pu-0 
and U -Pu-0, iridium transpiration tubes will be used to minimize sample 
reduction . 

2. O xygen and Uranium Activities in Oxygen-Saturated Liquid 
Uranium 

Our previous investigations of the uranium-oxygen system 
included phase studies and measurements of oxygen partial pressure and 
total pressure over UOz-x · Critical evaluation of these results and com-
parison w ith existing literature revealed the need for further investigation . 

Disagreement exists concerning the thermodynamic activity 
of uranium in liquid uranium saturated with oxygen . Thorn and coworkers 8

•
9 

have suggested that the activity of uranium decreases to - 0.1 when the 
liquid is saturated w ith oxygen at high temperatures. This decrease would 
then explain the much lowe r vapor pressures of uranium they observed 
for U- U02 mixtures as compared with those observed for pure uranium . 
Drowart a nd cowo rke rs, 10 - 12 however, reported nearly equal uranium pres-
sures for pure uranium and for U- U02 mixtures, the latter being about the 
same as thos e measured by Thorn and coworkers for U- U02 • If the results 
of Drow art are corre ct, the ur a nium activity is near unity for oxygen-
saturated urania . 

The question was first tentatively answered by examination of 
the oxygen partial pressures m eas ured by Tetenbaum a nd Hunt7 for 

7 AN L-722 5, pp . 137 -1 39. 
8 E. G. Rauh, R. J. Thorn, J. Chern . Phys. 22, 1414 (1 954). 
9 R. J. Ackermann , E. G. Rauh, R. J. Thorn, J. Chern. Phys . E· 2693 (1 962); 42, 2630 (196 5). 

l OG. DeMaria, R. P. Burns, J. Drowart, M. G. Inghram, J. Chern. Phys . 32 , 137 3 (1 960). 

11 J. Drowart, A. Pa ttoret, S. Smoes, J. Chern. Phys. 42 , 2629 (1 965). 
12 A. Pa ttoret, S. Smoes, J. Drowart, in Thermodynamics, Vol. I, p . 377, IAEA , Vienna (1 965). 
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h y postoichiometric urania (U0 2 - x) . E xt rapolation of their dat a to the 
hypostoichiometric boundary gave oxygen partial pressures over oxygen-
saturated uranium that are consistent w ith a uranium activity of about 
unity. Although t h e extrapolations are r e latively long and the shape of 
t h e cu rves un ce rta in , it is difficult to extrapolate to oxygen pressures 
much higher than those that w ould b e in equilibrium with a phas e having 
a uranium activity n ea r unity . Indee d , some measurements well w ithin 
the singl e - phase ur a nia r egion indicate that the activity of ur a nium must 
be g r eate r than 0.4 . The purpose of the pr e sent resear c h wa s to measure 
by more direct m eans oxyge n and uranium activities in liquid uranium 
satur ated w ith oxygen . To this end , the partial pressure of water in 
equilibrium w ith the c onde nsed t w o - phase system and hydrogen was mea -
sured. Partial pr ess ures of oxygen were calculated from H 2 0 / H 2 ratios 
w ith the aid of the rmodynamic tables, and uranium activities were calcu-
lated from the partial pr es sures by the Duhem-Margules equation, as 
d esc rib e d below. 

The partial pr e ssure of oxygen (p'Q
2

) and activity of uranium 
(au) for stoichiometric U02 may be related to the free energy of formation 
of U02 [ 6 Gf'(U02 )] by 

6 Gf'(U02 ) = R T ln au + RT ln p'Q
2 

( l ) 

From Tentenbaum a nd Hunt's measureme nts on hypostoichiometric urania, 
we may deduce that the partial pressure of oxygen over U02 -x varies in-
versely as the square of the concentration of oxygen vacancies ; the con-
centration of oxygen vacancies may be taken equal to x, except when x is 
ve ry small. If pr ess ures and activities for the single - phase urania field 
a r e d e noted by p(x ) and a(x), and the c orresponding terms for ur anium-
saturated urania compositions by p(xs) and a(xs), then 

( 2) 

B y application of the Duhe m-Margules equation in the form 

( 3) 

to single-phase urania, one obtains 

( 4) 

Substitution of Eqs. 2 a nd 4 in Eq. l and r ea rrangement yields the relation 

(5) 



where 6Gu(xs) = -RT ln au(xs) and 6Go 2 (xs) = -RT ln po
2
(xs)· Thus, by 

measuring Po
2
(xs) and using known values of Xs, one hopes to calculate 

au(xs) , the activity of uranium in urania saturated with liquid uranium, or 
conversely, in liquid uranium saturated with oxygen. 

Experime ntal Procedur e and Results. Th e transpiration appa-
ratus us e d for thes e measurements has been described. 13 The l e ak tight-
ness and d egassing procedures were improve d to allow water contents as 
low as 0.5 ppm to b e measured. In addition, the gas-handling system was 
rebuilt for continuous r ec irculation of moist hydrogen. 

The sample was a pressed and sintered pellet weighing 1.4 g 
and having an initial o / u ratio of 1. 7. This composition was well within 
the U-U02 -x two-phase field in the temperature range (1964-226l°K) of 
the experiments. The pellet was h e ld in a tungsten crucible that rested on 
a tungsten plate at the bottom of a 5/ 8-in.-dia. tube of molybdenum-tungsten 
alloy. A 1/ 4-in.-dia. tungsten condenser tube was positioned 1/ 16 in. above 
the crucible. Moist hydr oge n passed through the larger tube, out the con-
denser tube , and was then recirculated. The moisture content of the hydro -
gen was continuously monitored with a Beckman hygrometer. 

Special techniques were adopted to improve the precision of 
the hygrometry . First, the water contents were measured at both 1 and 
2 atm total pressure. The diffe renc e between the two m e asurements was 
taken as the measured value for a total pressure of 1 atm; this procedure 
w as intended to minimize s ys tematic errors due to water desorption from 
equipment surfaces, minute air leaks, and drifts in the hygrometer zero. 
Secondly, the output of the hygrometer was read with a potentiometer to 
eliminate the mechanical hysteresis of the meter provided with the 
instrument. 

The results are presented in Table III-1 in the order of in-
creasing t e mp e rature although they were obtained in the order indicated. 

TABLE 111-1. Partial Molar Free Energies of Oxygen and 
Liquid Uranium in the U-U02-x System 

Temp. Order H20 xsRT 6Go2lxsl -6Gf0 (U021 6Gulxsl 
(OK) Obtained lppml Xs lkcal/molel lkcal/molel lkcal/molel lkcal/molel 

1964 7 0.33 0.060 0.2 182.3 178.1 -4.0 
1969 5 0.65 0.061 0.2 177.1 177.9 +1.0 
1974 I 0.50 0.062 0.2 179.3 177.7 -1.4 
2051 8 1. 2 0.080 0.3 174.5 174.4 +0.2 
2052 6 0.66 0.080 0.3 179.4 174.4 -4.7 
2053 2 1.6 0.080 0.3 172.2 174.3 +2.4 
2156 9 3.8 0.108 0.5 167.4 170.0 +3.1 
2163 3 4.7 0.110 0.5 !65.7 169.7 +4.5 
2261 4 4.4 0.143 0.6 168.4 165.6 -2.2 
2261 10 9.8 0.143 0.6 161.2 165.6 +5.0 
2261 II 7.0 0.143 0.6 164. 2 165.6 +2.0 

Mean 6Gulxsl • +0.5 ± 3.3 (std. dev.l kcal/mole 

13 ANL-6 900 , p. 214. 
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The water concentrations, given in parts per million, were converted to the 
corresponding partial molar free energies of oxygen with the aid of the 
JANAF tables. The partial molar free energy of uranium, L.Gu(xs), was 
calculated from Eq. 5 w ith the data of Schick et al 14 for L.Gf"(UOz.) and our 
previously determined values 15 for xs. L.Gu(xs) exhibits no significant 
trend with temperature and is nearly as often negative (implying an activity 
greater than one, w hich has no physical significance) as positive. Since 
the variations from run to run are larger than can reasonably be expected 
to arise from small changes in liquid phase composition over the tempera-
ture range or from systematic errors in the literature values for L.Gf0 (UOz.), 
we have chosen to ascribe the scatter in the results to experimental vari-
ability and have calculated an average value of L.Gu(xs). This value, +0.5 ± 
3.3 kcal/ mole, corresponds to a physically realizable uranium activity of 
0.9~~:! at -2110°K. 16 The corresponding pressure of U(g) over oxygen-
saturated liquid uranium should be not less than one-half of the pressure 
over the pure metal, consonant with the observations by Drowart and 
coworkers . 11 The difference between the heats of vaporization of uranium 
obtained by Rauh and Thorn, 8 L. H298 = 11 7 kcal/mole, and by Drowart and 
coworkers, 11 L.H298 = 126 kcal/ mole, must arise from some cause other 
than a low activity of uranium in the oxygen- saturated metal. 

3. Mass Spectrometric Effusion Study of the Uranium- Uranium 
Phosphide System 

A mass spectrometric, Knudsen effusion investigation of uranium 
monophosphide, UP, has been carried out in the range 2073-2425°K. An 
earlier mass spectrometric study by Gingerich and Lee 19 yielded data that 
disagreed in two respects with the literature: (1) The heat of the dissociation 
P 2 :;:: 2P from these data was about 15 kcal/ mole higher than that calculated 
from spectroscopic data, which suggests an error of about 1 Oo/o in the heats 
of vaporization. The relative phosphorus pressures were also at variance 
with the spectroscopic data. (2) UP was found to vaporize congruently, 
whereas Baskin20 and Allbutt et al21 have since found that uranium phosphide 
moves into the two-phase region U(l) +UP( c) during vaporization. 

The objective of this study was to measure the equilibrium 
partial pressures of uranium and phosphorus species over UP and to derive 

14 1-l. L. Schick et a!, "Thermodynamics of Certain Refractory Compounds, Fourth Quarterly Progress Report," 
A VCO RAD-SR-6 3-1 05 , p. 193 (June 1 5, 1963). 

15ANL-7125, p. 119. 
16 Such a high value of uranium activity in oxygen-saturated uranium is entirely compatible with reported 

values of its oxygen content, which vary from 0.6 a/o15•17 to 26 a/o18 at 2000oc. 
17H. E. Cleaves, M. M. Cron, J . T. Sterling, Nat!. Bur. Std. report CT-2618 (February 1945). 
18 P. Guinet, H. Vaugoyeau, P. L. Blum, Compt. Rend. 263, 17 (1966); CEA -R-3060 (1966). 
19 K. A. Gingerich, P. K. Lee , J. Chern. Phys. 40 , 3520 (1 964). 
z.oy. Bas kin, J. A mer. Ceram. Soc. 49, 541 (1 966 ). 
21M. Allbutt , A. R. Jun kison , R. G. Carney, UK Atomic Ene rgy Authority report AERE-R-4903 (1965). 



their partial molar heats of vaporization. The experimental technique in-
volved vaporization of UP within a tungsten effusion cell and analysis of 
the effusing species with a Bendix time-of-flight mass spectrometer. In 
addition, the residues left after vaporization were examined metallograph-
ically. Both types of analysis showed that UP loses phosphorus preferen-
tially and converts to the two-phase system U( l )- UP 1_x( c). Further 
confirmation of this shift was obtained by heating a mixture of U and UP 
and finding that the partial pressures of U(g), P(g), and P 2 (g) over the 
mixture were the same as those over UP that had been evaporated to a 
constant pressure. 

The partial molar enthalpies of vaporization for U(g), P(g), 
and P 2 (g) over the two-phase system were obtained by combining the re-
sults of four series of measurements on the temperature dependence of 
the u+, p+, and Pi ion currents. The partial pressures were evaluated22 

by combining measurements at constant temperature of the effusion rate 
of samples with the ion intensity of each species integrated as a function 
of time. Corrections for the relative ionization cross sections were made 
with literature values. 23 Multiplier efficiencies were estimated on the 
assumption24 that ions of equal velocity have equal multiplier efficiencies, 
i.e., 'Y 1/'Y 2 = (M2/Md112 , where M is the molecular weight. 
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Fig. III- 3. Partial Pressures of U, P, and 
P2 over the U -UP System. 

The partial-pressure equations 
derived for the two-phase U ( 1 )- UP(c) 
system between 2073 and 2425°K are: 

log Pu (5.6 77 ± 0.273) - (25,898 ± 192)/T (6) 

log Pp (8 .062 ± 0.240)- (31,831 ± 340)/T (7) 

l og Pp
2 

(10.319 ± 1.20 3) - (38,454 ± 1480)/T (8) 

Figure III-3 shows a plot of these equa-
tions as well as the partial pressures 
reported by Gingerich and Lee .19 There 
is considerable disagreement between 
the two sets of data. Their partial pres-
sures are approximately an order of 
magnitude greater than ours. Also, the 
partial molar enth a lpi es of vaporiza-
tion (in kcal/mole) they reported, 

22 J. L. Margrave , in Physico-Chemical Measurements at High Tempe rature, Chap. 10, J. O'M. Bockris, 
J. L. White, J. D. MacKenzie (eds. ) Butterwo rth Scientific Pub lications, Ltd . , London (1959). 

23 J. W. Otvos, D.P . Stevenson, J. A mer. Chern. Soc. 78, 546 (1956). 
24w . Ploch, W. Walcher , Rev. Sci. Instrum. 22, 1028 (1 951 ). 
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6 H (U ) = 1 3 1. 2, 6 H (P ) = 120.0 , and L:- H (P 2 ) = 105 . 5 , differ considerably 
f rom t he va lu e s de r ive d from Eqs . 6 , 7 , and 8, namely , 6 H(U) = 118.5, 
6 H(P ) = 145 . 7 , and 6 H (P 2 ) = 1 76.0. The internal consistency of our re-
sults, as jud ged b y the e quilibrium p 2 ~ 2P, is very satisfactory : the heat 
calculated for this dissociation is 115.4 kcal/ mole, as compared with the 
spectros c opic v alue 25 of 11 9 .2 kcal/ mole. 
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Fig . III -4. P /U Ra tio of Effusiog Vapor ove r 
U -U P Sys te m vs. T empera tur e. 

The c ompositional changes that 
are observed during effusion of stoichio-
metric UP , namely, the transition to 
liquid uranium and hypostoichiometric 
UP and the relative growth of uranium 
in the two-phase system, require that the 
effusing vapor be phosphorus- rich. The 
partial pressures expressed by Eqs. 6, 7 , 
and 8 are consistent with these observa -
tions as shown by Fig. III-4, in which the 
P / U atom ratio of the vapor effusing from 
the tw o-phase system is plotted as a 
function of temperature . 

A value for the enthalpy of forma-
t i on of uranium monophosphide [6Hf'(UP,c)J 
can be estimated from the results of this 

investigation. From Eqs. 6 a nd 7 a nd enthalpy-of-formation data25 for U(g) 
and P(g), the e nthalpy 6 Hf22 50 = -264 .2 ± 2 . 5 kcal/ mole was derived for 
the r e action 

U(g) + P(g) = UP(c) 

By extrapolation of the recently reported mean heat capacity for uranium 
monophosphide, 13.8 cal/ (deg)(mole)26 in the range 1073-1473°K , the value 
6 Hf2 98 (UP , c) = -76 . 1 ± 4.8 kcal/ mole was obtained for the reaction 

U( a) + P(a - whit e ) = UP(c) 

This entha lpy of formation agrees w ith the recent calorimetric data of 
0 'Hare et al27 on the combustion of uranium monophosphide in fluorine, 
w hich indicated that 6 H~98 (UP,c) = -75.5 ± 0.7 kcal/ mole. 

25D. R. St ull. G. C. Sioke . Adv ao. Che rn. Ser. 18 (1 956). 
26 ANL-7175, p . 142. -
27 p _ A. G. O ' Hare e t a l , "The T hermochemistry of Some Uraoium Compouods, " preseoted at IAEA 

Symposium oo Thermodyoamics of Nuclear Materia ls with Emphas is oo So lutioo Syste ms, Vieooa , 
Aus tria (Sep tember <± -8, 1 967) . 



B. Chemistry of Irradiate d Fast Reactor Fuels 

An understanding of the chemical behavior of fast reactor fuels 
during irradiation is n ecessa ry for the development of n ew fuels with in-
creased integ rity and burnup capability. The analysis of fuel microstructure 
is expected to contribute significantly to this understanding. For this reason, 
considerable emphasis is being place d on techniques of microsampling and 
on direct microanalysis. 

l . Electron Microprobe Studies 

The electron probe mi c roanalyzer (Fig. III- 5) accomplishes 
microsampling and analysis directly. The electron beam can be focused 
on an area as small as l f1 in dia. The e nergy and intensity of the char-
acteristic X-rays emitted provide both qualitative and quantitative analysis 
of the composition of the area. 

Fig. III- 5. Electron Probe Microanalyzer. 

Cross sections of a group of irradiated U02 fuel pins have 
been analyzed with an unshielded microprobe to determine the behavior 
of fission products during irradiation. The fuel pins , w hi c h were l3o/o 
enriched U02 (0/U, 2.019) clad with type 3 04 stainless steel, were irra-
diated in a thermal flux in the Materials Test Reactor (MTR) to burnups 
ranging from about l to 7 a / o . 
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Electron probe analyses of cross sections of these fuel pins 
r evealed seve r a l different types of metallic inclusions dispersed through-
out the oxide ma t rix . Inclusions in the peripheral areas of the fuel were 
eithe r stainless steel 1 or stainless steel containing the transition metal 
fissio n products, molybdenum, technetium, ruthenium, rhodium and 
p a lladium . The stainless steel-containing inclusions had apparently 
migrated to the outer (cooler) edges of the fuel during irradiation ; none 
we re found in the c olumnar grain- growth reg1ons . 

Inclusions (< 1 to -2 f1 in dia . ) in the columnar grain- growth 
r eg ions contain e d the transition metal fission products molybdenum, 
t echnetium , ruthe nium , and rhodium in ratios that varied as a function of 
r a dial position . These inclusions were free of uranium, indicating that 
no inte rme tallics or solid solutions of uranium-transition metal fission 
products we re formed by reduction of the U02 matrix. 

In this group of fuel pins, a portion of the molybdenum 
(approximately half) was also found in the fuel matrix (oxide phase). 
This behavior is attributed to the fact that the U02 fuel material was 
hyperstoichiometric (oj u, 2 .019) . The presence of molybdenum in the 
fu e l matrix has not been observed in stoichiometric oxide fuels . 

The discovery of the mobility of the transition metal fission 
products suggests that they should not be used indiscriminately as burnup 
monitors in o x ide fuels . (For a further discussion of the suitability of 
burnup monitors, see Section VIIB.) 

The fission product elements strontium, yttrium, zirconium, 
cesium, barium, lanthanum, cerium, praseodymium, neodymium, prome-
thium, samarium, europium, and gadolinium were found in the oxide phase . 
Although most of these elements were evenly distributed throughout the 
fuel ox ide matrix, large amounts of the fission products cesium and 
barium had migrated during irradiation to the relatively cool fuel-cladding 
interfac e. 

A cross section of a vibratorily compacted UOz-20 w/o Pu02 

fuel pin, clad w ith type 304 stainless steel, was also examined . This pin 
was irr a diated in EBR-II to a burnup of 2 .9 a / o . The oxygen-to-metal 
ratio of the mix ed oxide w as 2 . 00 . The distribution of fission products 
was, in general, similar to that in the U02 fuel pins , but some differences 
we r e observed . 

Inclusions containing the transition metal fission produc ts , 
simil a r to tho se in the U02 fu e l , we re found in the mixed-oxide fuel. 
Howeve r , moly bd e num was found only in the inclusions and not in the 

1Micron -size particles of stainless steel were introduced into the U02 from b lending equipment during 
preparation of the fuel. 



oxide matrix. This finding is consistent with the hypothesis, discussed 
above, that the behavior of molybdenum is related to the stoichiometry of 
the fuel (the mixed-oxide fuel was stoichiometric) . 

Stainless steel was not present in the U02 -Pu02 fuel because 
a different method of fuel preparation had been used. Instead, the mixed-
oxide fuel contained an aluminum oxide impurity that was introduced 
during ball milling . The aluminum oxide was found to associate selectively 
with fis sian product barium, forming inclusions of a barium oxide-
aluminum oxide compound that approximates the composition BaQ.6Al20 3 • 

In both the U02 and UOrPu0 2 fuels, cesium had migrated to 
the fuel-cladding interface . However , in the mixed-oxide fuel, cesium 
was involved in a mechanism which caused intergranular attack of the 
cladding . Sixteen different areas of the fuel-cladding interface were ana-
lyzed with the electron probe microanalyzer . All the analyses showed a 
depletion of iron and chromium , and an enhancement of nickel in the 
cladding grain boundaries. Cesium was found in the grain boundaries, 
associated with chromium on the fuel side of the fuel-cladding interface 
and unassociated with uranium, plutonium, or fission products in voids 
and fissures near the cladding . 

Electron microprobe scanning images of one of these areas 
is shown in Fig. III-6 . The brightness in the specimen current image 
(Fig. III-6a) is inversely proportional to the mean atomic number of the 
elements present, i.e ., U02 appears black. The iron, nickel and chromium 
X-ray images are biased to show the enhancement of nickel and the de-
pletion of chromium and iron at the grain boundaries. The depletion of 
iron and chromium in the grain boundaries can be seen in Figs. III-6b 
and c . The enhanced concentration of chromium at the fuel side of the 
cladding was found in each of the areas analyzed and was always associ-
ated with cesium (Fig . III- 6d) . 

Samples of the fuel-cladding interface of the U02 fuels 
showed no such interaction between cesium and the stainless steel clad-
ding. It is believed that this difference may have resulted from tempera-
ture differences during irradiation . The inner cladding temperature of 
the UOz-Pu0 2 fuel irradiated in EBR-II was about 600°C, whereas that of 
the U0 2 fuel irradiated in MTR was only about 180°C. 

The first complete radial distribution of uranium and plu-
tonium on a micron scale has been obtained in the studies of mixed oxide 
fuels. The distribution of plutonium as a function of radial position is 
shown in Fig. III- 7. The most significant finding was that the concen-
tration of plutonium dioxide, which was originally 20 w / o, was found to 
be higher ( ~ 27 w/o) in the center (hottest) portion of the fuel after irra-
diation . (A corresponding decrease in uranium dioxide concentration 
was measured in this area. ) The center of the fuel attained a temperature 
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Fig. III-6 
Electron Microprobe Scanning Images of Fuel-
Cladding Interface of Irradiated UOz-20 w/o 
PuOz Fuel Pin. (a) Specimen Current; (b) Chro -
mium Ka X-ray Image; (c) Iron Ka X-ray 
Image; (d) Cesium La X-ray Image; and 
(e) Nickel Ka X-ray Image. (Each image 
corresponds to an area that is 50 \J square .) 
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Fig. Ill-7. Complete Radial Distribution of Plutonium 
in U02-20 w/o Pu02. (2 .9 a/o burnup.) 

3.0 

hot enough to form a solid solution of the separate particles of U02 and 
Pu02 in the original fuel material. However, near the periphery of the 
fuel pin, which was at a lower temperature, discrete particles of Pu02 

and U02 remained after irradiation. The extreme variations in plutonium 
concentration in this area are the result of analyses of these particles 
(either U02 or Pu02 ). Such information on the distribution of fuel constitu-
ents during irradiation will be of value in predicting the operating charac-
teristics of a reactor. 

Future plans include the study of the microstructure of carbide 
fuels. In addition, the acquisition of a shielded electron probe will decrease 
the restrictions on sample activity levels imposed by the use of an un-
shielded instrument. 

2. Laser-Beam Microsampling 

Laser- beam vaporization is being used as a technique for 
microsampling of irradiated fuels. A small ruby laser that is fired through 
the optical system of a microscope vaporizes a specimen of the fuel (see 
ANL-7350, p. 47). Depending on the selection of optical components and 
the input power to the laser, samples 10 to 100 fJ. in dia. can be vaporized 
in uranium dioxide. A microscope cover glass is mounted about 0.2 mm 
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Fig . III-8 . Laser-Beam Sampling System. 

above the surface of the specimen, 
and the material that is vapor-
ized condenses on the cover glass 
(Fig. III-8 ). Such samples are 
suitable for either alpha or gam-
rna spectrometry without further 
treatment. 

Laser- beam vaporization 
has been used to examine the be-
havior of radioactive fission prod-
ucts and fuel constituents in a 
uranium dioxide fuel pin. The pin 
examined had a burnup of about 
7 a / o and was one of a group of 
13% enriched U02 fuel pins (see 
preceding subsection) that were 
irradiated in MTR. 

Twenty-five samples were 
taken across the radius of a cross 

section of the pin. Craters approximately 50 j1 india. (Fig. III-9) were 
formed at each location, a size that corresponds to a sample weight 
of - 0 . 5 jlg. 

Information on the distribution of radioactive fission products 
was obtained by gamma spectrometry. The isotopes that were identified 
from the scans were 144Ce, 144Pr, 
I06Ru, 95zr, 95Nb, 134Cs, 137Cs , and 
125Sb. Although equipment is not 
yet set up for precise quantitative 
analysis, r e l a tive concentrations of 
these isotopes across the radius of 
the pin we re established. Few 
major differences in fission prod-
uct r a tios we r e not e d; howeve r, 
the con centrations of ces ium and, 
in some places, antimony, we re 
hig h e r a t the fuel- cladding int e r-
face than in the body of the fu e l pin. 
The increased con cent ration of an-
timony in this r egion was not ex-
p ected, nor was it found b y elec tron 
mi croprobe ana lysis of the same 
fuel pin. Th e r eason fo r this dif-
ference in r esults i s not known at 

Fig. Ill- 9. Crater Produced in U02 by Laser-Beam 
Vaporization. (Diameter, 50 ~.) 

this time. In the examination of future fuel samples, an effort wi ll be 
made to gai n an understanding of the behavior of antimony . 



Some of the specimens were also examined by alpha spectrom-
etry. Energy peaks obtained at 5.14, 5.48 and 6.1 MeV corresponded to the 

k f 239 240 23s 241A d 242c . . pea ·s or Pu- Pu, Pu- m, an m, respect1vely; relatlve con-
centrations as a function of radial position were established for the three 
energy peaks. 

Other potential methods of analysis in which laser-vaporized 
samples might be utilized include mass spectrometry and neutron 
activation. Although these techniques are only in the preliminary stages 
of development, results thus far have been encouraging. 

C. Preparation of Reactor Materials - Ceramic Fuels 

The preparation of ceramic fuels for nuclear reactors is being 
studied to develop processes that economically fit into appropriate fuel 
cycles, and to make well-defined fuels for further experimental studies, 
particularly irradiation studies. Processes for the preparation of ura-
nium carbide and uranium-plutonium carbide fuels are under current 
investigation. 

The fluidized- bed technique is especially attractive for preparation 
of carbide fuels; it affords efficient gas-solids contacting and the product 
1s a powder which can be fabricated into fuel pellets or densified into 
particles suitable for vibratory compaction. Two fluidized- bed processes 
are being used in this program for preparing the carbide fuels: (1) carbu-
rization of hydrided metal or alloy at 750 to 850°C with methane- hydrogen 
gas mixtures; and (2) conversion of oxides to carbides at 1600 to l800°C, 
either by reaction with admixed carbon or with a fluidizing gas containing 
methane. 

The first of the above processes, the metal-methane reaction, has 
been successfully demonstrated . This process is now being used to 
prepare high purity powder of controlled stoichiometry. The powder is 
pressed and sintered into pellets for use in irradiation testing by the 
Metallurgy Division. The second process, the conversion of oxides to 
carbides, is still in the equipment preparation stage . However, tests 
have begun on the preparation and fluidization of the feed materials. 

1 . Synthesis of Carbides by Metal-Methane Reaction 

a. Preparation of Powder 

The fluidized- b e d process for the preparation of carbide 
fuel powd e rs from a metallic starting material consists of hydriding and 
dehydriding uranium or uranium-plutonium alloy rods, and then car biding 
the product by reaction with a methane-hydrogen fluidizing-gas mixture. 
This process, including thermodynamic considerations and scale-up 
potential, was discussed in detail in previous reports in this series 
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(ANL-7175, p . 126 and ANL-7350, p. 47). Carbide fuel for irradiation 
testing is now being routinely prepared by this technique. 

Fuel for irradiation testing is required with carbon con-
tents in two ranges : 4.80 to 4.90 w/ o and 5.00 to 5.20 w/ o. Since carbide 
fuel with a low oxygen content is expected to be more stable under irra-
diation than fuel with a high oxygen content, and to avoid extraneous 
va riables in the testing, a specification for the oxygen content of the test 
fuel has been set at ( 500 ppm. 

In recent runs to prepare (U, 15 w/ o Pu)C for use in pre-
paring pellets for the above testing program, 400- g batches of U -Pu alloy 
(3/ 8-in. dia. rods) were hydrided at 250°C and dehydrided by heating at 
about 500°C. This procedure was repeated once to produce a fine powder 
which was then reacted at 800°C with methane- hydrogen fluidizing gas at 
2 atm pressure to produce the carbide . These runs were carried out 
using once-through gas flow in a 1 5/ 8-in. ID reactor. This reactor is 
operated in a high purity helium-atmosphere glovebox and can be manipu-
lated by hand (e. g., for product removal). 

In these experiments, the rate of methane consumption 
(and hence the rate of reaction) was determined from the gas flow rate 

and the inlet and outlet methane 

r 
<.) 

4 0 ----------, -----------------
METHANE CONSUMPTI ON 
FOR STOICHIOMET RIC 
MONOC ARBIDE 
PRODUCT ION 

TIME , m1n 

-- ---- -- --- -- ~ -

PURE H2 
TREATMENT 

BEGUN 

540 

Fig. III-1 0. Preparation of (U, 15 w/o Pu)C in a 
Fluidized Bed (Run 23). (Conditions : 
t emp eratur e , 800°C ; pressure, 2 atm ; 
gas ve locity, 12 em/sec; gas compo-
sition, 6.2 v/o CH4 - 93.8 v/o H2.) 

concentrations as determined by an 
infrared analyzer. The carbon 
content of the product leveled off at 
slightly above the stoichiometric 
value as illustrated in Figure III-1 0. 
The virtual cessation of reaction 
at this level despite a methane con-
centration high enough to cause 
formation of the sesquicarbide at 
equilibrium is probably due to the 
formation of a thin layer of (U ,Pu)zC 3 
around the powder particles; this 
restricts further diffusion of carbon 
to ·the interior of the particle. The 
thin (U,Pu)zC 3 layer can be removed 
by reacting the powder with pure 

hydrogen at 800°C after carbiding has been completed. This results in 
reduction of the carbon content from about 5.0 w/ o to the stoichiometric 
monocarbide level of 4.8 w/o. 

It has been established that the excess carbon is not present 
a s adsorbed methane. This was done by contacting a batch of newly pre-
pared c arbide pow der , first with helium at 800°C and then with hydrogen at 
the same temperature, w hile noting the presence of methane in the off-gas. 



No methane was released by the helium treatment, whereas during the 
hydrogen treatment a significant amount of methane was released, indi-
cating removal of the excess carbon that must have been present as 
sesquicarbide. 

Both the carbon and oxygen contents of the products of 
recent runs have been controlled to within acceptable tolerances 
(Table III-2). The nitrogen analyses for these runs indicate a higher 
nitrogen content than the 200 ppm that has normally been obtained in the 
past. Temporary operating or analytical difficulties are believed to be 
responsible for this increase. 

TABLE III- 2. Preparation of (U, 15 w/ o Pu) C 
by the Metal- Methane 

Fluidized-Bed Process 

Process conditions: Temperature: 800°C 
2 atm Pressure: 

Gas Composition: Hz-6. 2 v/ o CH4 

Charge Product Composition 

Experiment Weight Carbon Oxygen Nitrogen 
Numbera (g) (w/o) (ppm) (ppm) 

20 300 4.92 340 1700 

21 300 5.00 260 800 

22 400 4.93b 190 500 

23 400 4.76b 320 300 

24 400 4. 75b 270 900 

Hydrogen 
(ppm) 

55 

180 

)250 

>zoo 

aThe starting alloy for experiments 20 and 21 contained normal 
uranium, whereas that for experiments 22, 23, and 24 contained 
fully enriched uranium. The impurity content of the enriched start-
ing alloy was as follows: oxygen, 100 ppm; nitrogen, 600 ppm; 
hydrogen, 3 ppm. 

bThe products of experiments 22 to 24 were treated with hydrogen at 
800° C to reduce the carbon content. The products of the other runs 
w ere not so treated. 

Similar experiments have been carried out on the prepara-
tion of UC with comparable results, except that the oxygen content of the 
product is 1000 to 3000 ppm, which is considerably higher than that of 
(U,Pu)C. However, this is thought to be the result of more rapid oxidation 
by the glovebox atmosphere subsequent to removal of the product from the 
reactor (see below). 
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The volume median particle diameter for the (U,Pu)C ob-
tained in these recent runs is about 30 to 40 microns, as determined by 
sieve analysis. The carbon content was determined for five size fractions 
of (U,Pu)C that had a composite analysis of 5.00 w/ o carbon. The analysis 
for the fract ions varied between 4.97 and 5.05 w/o with no significant cor-
r elation with the size fraction. This uniformity of carbon content with 
size distribution is another indication that the extent of carbiding in the 
fluidized- bed is self-limiting at a carbon content slightly above the 
stoichiometric value of 4.80 w/ o. 

The surface area was determined for several batches of 
carbide by nitrogen adsorption method (Perkin-Elmer-Shell Sorptometer ). 
For several (U, 15 w/ o Pu)C samples, the surface area varied from 0.2 to 
0. 3 m 2/ g, whereas a sample of UC powder had a surface area of 0.5 m 2/g. 

The bulk density of several batches of (U,Pu)C powder 
varied between 3.6 and 4.2 gj cc. The tap density varied from 4.4 to 5.0 gjcc. 

In r ecent exp eriments , the r eac tivities of UC and 
(U, 15 w/o Pu)C powde r samples with impurities present in a helium glove-

UC, 4 72 w/o CARBON, 0 .080 w/o OXYGEN 

0 
0 . 1 

16 
TIME, doys 

Fig. Ill-11. Weight Ga in of Flui dized - Bed UC an d 
(U, 15 w/o Pu)C Powde r in Ambien t 
He lium Atmosphere (- 100 ppm, 02 
~ to -+ppm H20). 

box atmosphere (-l 00 ppm 0 2 , 2 -
4 ppm H 20) were compared over a 
long time period. The carbon and 
oxygen contents of both carbides were 
essentially the same. The results of 
these tests are summarized in Fig-
ure III-ll. The curves show a rapid 
increase in weight during the first 
two days. After fourteen days, the 
UC sample had increased in weight 
by 0 . 73 w/o, whereas the (U,Pu)C 
had increased by only 0 . 13 w/o. This 
greater reactivity of the UC powder 
can be partly accounted for by the 
twofold greater specific surface area 
of the UC powder noted earlier. 

Short - term tests were also 
made in which the (U,Pu)C powders 
were exposed to a more typical heli-
um atmosphere (2 ppm H 20, l 0 ppm 0 2 ) 

tion system. In 
(U ,Pu )C sample 

attainable with the 9lovebox purifica-
6 1/ 2 hr , the UC sample gained 0 .073 wjo, whereas the 
gained 0 . 049 w / o. 

Tests comparing the rate of reaction of (U,Pu)C powder 
with the helium glovebox atmosphere w ith that of (U,Pu)C green 
pell e ts described below indicated that the pow der and green pellets 



react at about the same rate, and that the percentage weight gains level 
off at the same value. However , sintered pellets react much more slowly 
than the powder , and the percentage weight gain for pellets levels out at 
about one-fifth the value for powder under equivalent conditions . 

b. Pressing and Sintering of Pellets 

High purity UC and (U , 15 w / o Pu)C powder prepared by 
the metal-methane reaction process is being pressed and sintered into 
pellets suitable for irradiation testing . To minimize the possibility of 
contamination , the pellets are being pressed directly from the fluidized-
bed products without milling or addition of binders . Several batches 
of 5 to l 0 pellets each have been pressed and sintered to determine the 
proper procedures to be used in preparing the specimens for irradiation 
testing. Typical requirements for these pellets are : diameter, 0 .2 55 ± 
0 .001 in . ; length, 0.325 in . ; density, 85 ± 3% of theoretical. 

Pellet pres sing is carried out with a double- acting hydrau-
lic press. The pressing and ejection cycle of 23 sec is automatically 
controlled. The pressing portion of the cycle is 9 sec, including a dwell-
time of 2.6 sec . Although no binder is used, the die is lubricated by 
pressing a stearic acid pellet after each carbide pellet pressing. The 
powder is manually fed into the die cavity with a volumetric measuring 
scoop, and the pellets are pressed at 75,000 psi . With this technique, 
the pellet weight has been found to vary by ±5% . At the present pressing 
rate , a maximum of 20 pellets may be produced each hour . Green pellets 
of satisfactory strength are produced ·which may easily be measured and 
weighed without damage . Green densities of these UC and (U,Pu)C pellets 
are about 7.4 ± 0.1 and 8 . 1 ± 0 . 1 gjcc , respectively . 

Pellets are sintered in a high temperature, high vacuum 
furnace (Centorr Corp . ) heated with a graphite resistance element. It 
has been necessary to sinter the (U ,Pu)C pellets at a temperature of 
2100°C to achieve the required density of 85 ± 3% of theoretical. In the 
present sintering procedure , the pellets are heated to 2100°C in one hour, 
held at temperature for 40 min, and cooled to room temperature in 
one hour . During the heating cycle , a vacuum of l 0- 5 torr is maintained 
until l 000°C is reached. At that time, high purity argon is added to adjust 
the pres sure to l 0 to 45 torr for the rest of the run . 

The high sintering temperature of 21 00°C is required 
because of certain characteristics of the feed material, such as its 
coarseness and, perhaps , its high purity . However, the high sintering 
temperature is not considered a disadvantage because the weight losses 
by the above sintering procedure have been only 0 . 1 to 0.2 w/o . It is 
hoped that the high sintering temperature may yield pellets that are 
dimensionally stable at high irradiation temperatures . 
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The short sintering cycle and the 10 to 45 torr argon 
pressure are important factors in reducing the weight loss ; longer cycles 
and lower pressures have resulted in weight losses of several percent, 
probably as a result of plutonium evaporation . Containment of the pellets 
during sintering in a tantalum enclosure is also believed to have con-
tributed to the reduction of weight losses by restricting the escape of 
effused gases and vapors . A tighter enclosure will be used in future 
runs in an attempt to reduce weight losses even further . 

Uranium carbide pellets with satisfactory densities are 
achieved by sintering at a temperature of 1 71 0°C for 2 to 3 hr. The 
achievement of satisfactory densification at a lower temperature than 
is required for (U ,Pu)C pellets may be due to a higher oxygen content. 

Little data have been obtained during these initial experi-
ments on the purity of the pellets , because in many cases the powder has 
been known to be contaminated with oxygen during handling . In the most 
recent run , however , in which high purity (U,Pu)C feed material was used 
and the procedure was exactly as described above, the pellets had the 
following analysis : 

Carbon : 
Oxygen: 
Nitrogen: 

4 .99 w/ o 
150 ppm 
300 ppm 

The number of pellets pressed has been insufficient to 
gain statistically significant data on the per c entage of pellets meeting the 
exacting diameter specifi c ation of 0 . 255 ± 0 .001 in . In the most recent 
batch, five out of eight (U ,Pu)C pellets met this specification. When the 
pressing is done on a larger s c ale , however , the per c entage meeting the 
specification as - pressed is not e x pected to be satisfactorily high. The re-
fore, plans are being made to grind the pellets to the final diameter. 

2 . 

UC . This 
(U,Pu)C . 

Synthesis of Carbides by Conversion from Oxides 

A fluidized-bed process is being developed to convert U02 to 
process is also expected to be applicable to the preparation of 
The preparation of UC and (U,Pu)C from oxide feed materials 

is attractive because oxides are less expensive than the metallic feed 
material required for the metal-methane fluidized-bed process described 
above . 

In the process under development , U02 and carbon are blended 
and UOz- carbon particles are formed that are suitable for fluidizing . 
Particles so prepared have had a volume median diameter of 640 flo In 
fluidization tests at room temperature, a bed of these particles began to 
fluidize at a superficial gas velocity of 2ft/sec, and expanded to 350o/o of 
the initial bed height at the maximum practical fluidizing velocity of 5 ft/ sec . 



A fluidized- bed reactor for conversion of U02 to UC was con-
structed for operation at temperatures up to Z000°C and pressures of full 
vacuum to 10 atm. This reactor, shown in Figure III-1 Z, has been installed 
and tested while empty at the maximum operating temperature of Z000°C. 
Conversion of 0.5- to 1.0-kg batches of U02 to UC in this equipment should 
begin in the near future. 

Fig. III-12. Fluidized-Bed Reactor for Conversion of U02 to UC. The 
2-in . dia. reactor is enclosed within a graphite resistance 
furnac e. Fluidized particles of U02 and carbon will be 
re acted at temperatures up to 2000°C, with theCOreac-
tion product be ing carried off by the argon fluidizing gas. 

D. Calorimetry 

The determination of standard enthalpies of formation at 25°C 
(6H~98 ) of various compounds important in high-temperature chemistry 
and nuclear technology is of interest. Data have been obtained by reactions 
with oxygen in a bomb calorimeter, by reactions with fluorin e in both bomb 

61 



62 

and flo w calorimeters, and by heat-of- solution measurements. Because 
of the refractory nature of many of the materials investigated, most of the 
data have be e n g e nerated by the relatively new and powerful technique of 
fluorine bomb c alorimetry. 

l. Standard Enthalpies of Formation 

Standard enthalpies of formation that have been determined 
and/ or reported during this period are summarized in Table III-3. All 
unpublished values are to be considered tentative. 

TABLE III- 3. Standard Enthalpi e s of Formation 

C ompo und 

N bB1 . 875± 0·006 ( c) 

T a B 1. 919±0. oo4 ( c) 

A lF3 (c) 

CF 4(g ) 

U N0 . 96 5(c ) 

U N 1·510 (c) 

U N 1.69o(c) 

UPo.9n(c ) 

USI .Oll ±0·004( c) 

us~. ou± o. oo4( c) 

ThF4(c) 

S c F 3 (c ) 

L a F 3 (c) 

NdF 3 (c) 

GdF 3 (c) 

HoF3 (c) 

ErF 3 (c) 

IF 5 (l ) 

Z rl4 ( c) 

Pu0 2 ( c) 

Bz03 (c) 

B 20 3 (g l ) 

a2 (J u n ce r tain ties. 

6 Hfl9s a 
(kcal m o l- 1) 

-5 8. 6 ± 1.6 

-4 3 . 9 ± 1 .2 

- 360 . 7 ± 0 .3 

-2 23. 04 ± 0 . 18 

-71.5 ± 1 . 1 

- 9 0 . 1 ± 1.7 

- 94 . 1 ± 1.7 

-75 .2 ± 1. 3 

-7 3. 2 ± 3 .5 

-74 .6b 

-504.6 ± 1 .8 

- 38 9.3 ± 3. 0 

-41 9.3 ± 1.4 

- 39 5 .8 ± 1 .4 

-406. 5 ± 0 . 5 

-407.7 ± 0.6 

-409 .3 ± 1.2 

-211 .3 ± 0 .8 

-11 9± 4 

- 2 52.2 ± 0 .3 

- 3 04.01 ± 0 .42 

-2 99. 6 2 ± 0 .4 2 

bAve r age of two expe r im e n t s . 

M e thod 

F 2 -bomb 

Fz-bomb 

F 2 -bomb 

Fr bomb 

Fz- bomb 

Fz-bomb 

Fz- bomb 

Fr bomb 

Fz-flow 

Fz-bomb 

Fz-bomb 

Fr bomb 

Fz- bomb 

Frbomb 

Frbomb 

Fz-bomb 

F 2 -bomb 

Frbomb 

Fr bomb 

Or bomb 

6Hsoln 

6 Hso1n 

Publication or Status 

J. Chern. Eng. Data (1967) 

J . Che rn . Eng. Data (1967) 

Inorg. Chern. 6, 1716 (1967) 

J. Phys . Chern. 72, 222 (1968) 

"The Thermochemistry of Some 
Uranium Compounds , " IAEA 
Symposium on Thermodynamics 
of Nuclear Materials with Em-
phasis on Solution Systems, 
Vienna, Austria, Sept. 4-8, 1967 
(in press). 

Recalculation 

New determination 

Redetermination 

New determination 

Recalculation 

Redetermination 

New determination 

New determination 

New determination 

N ew det e rmination 

New d e t e rmination 

New determination 



Various other values have been derived or estimated from the 
new results . The datum for AlF 3 , when combined with earlier results 1 • 2 

f o r the reaction of PbF2 w ithAl to giv e AlF3 and Pb, yi e lds 6Hf2 98 (PbF 2 ,c) = 
- 161. 7 ± 0.3 kcal mol 1

• 

The datum for CF4 , when combined with the results for the 
c ombustion of T e flon in ox yg e n 3 a nd for the combustion of Teflon in 
fluorin e, 4 ' 5 y ields 6 Hf"[HF·l0 H 20(l)] = -77.02 or -76 . 75 kcal mol- 1 , 

d epending on which of refs . 4 and 5 is accepted. Both values are in general 
a ccord w ith many other lines of evidence that indicate that the currently 
t abula ted v alues for 6 Hf"(HF, aq) are in error. 

The values for the uranium compounds given in Table III-3 
hav e been used to estimate the following values (in kcal mol- 1 at 298°K) 
for c ompounds that have not yet been e x amined : 6 Hf"(UN2 , c) = -107 ± 3 
and 6 Hf" (U 3P 4 ,c) = -266 ± 14. The enthalpy-of-formation values for some 
of th e uranium compounds have been combined with data from recent high-
temperature vaporization studies to estimate a value for the heat of sub-
limation of uranium and to help shed light on the discrepant literature 
v alues for the latter quantity . The results obtained, while not definitive, 
do tend to support the higher of the two literature values. 

The data on rare earth trifluorides given in Table III-3 have 
b e en used to estimate enthalpies of formation for the remainder of the 
r a re earth trifluorides. These estimates are discussed more fully in 
Part 2. 

The calorimetric combustion of metallic plutonium in oxygen 
w as c arried out in a new glove box facility (Fig . III-13 ), which appears to 
b e functioning very w ell for this purpose . 

The v alu e s given for c rystalline and glassy B 2 0 3 were obtained 
with an LKB Instrument Co. solution calorimeter, which had been placed 
in this laboratory for evaluation . The accuracy of the instrument was 
c h ecked by m e asureme nts of the h e at of solution of THAM (tris-
h y droxyme thyl- aminom e than e ), and the v alue obtained, -7, lll cal mol- 1

, 

w a s in good ac cord w ith acc e pt e d values . 

In v arious c alorimetric r e actions with fluorine it is helpful 
t o be a bl e to sep a rat e the r e sulting mix tur e s of fluorinated gaseous 

1 P. Gross, C. Hayman , D. L. Levi , in Physical Chemistry of Process Me tallurgy , Part 2 , p. 903, G. R. St . Pierre 
(ed. ), Inte rscience Publishers , Inc. , New York , N. Y. (1 96 1). 

2 v. P. Kolesov , A.M . Martynov, S. M. Skura tov, Russ . J. Inorg. Chem . ~ 1376 (1 961). 
3 w. D. Good , D. W. Sco tt, G. Wa dding ton, J. Phys. Che m . 60 , 1080 (1 956 ). 
4 J. L. Wood, R. J. Lagow , J. L. Marg rave , J. Chem. Eng. Dm 12, 255 (1967) . 
5 E. s. Domalski , G. T . Armstrong, J. Res. Natl. Bur . Std . 71A, 105 (1967) , 
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products and to determine the detection limits of the components. The 
description of a method developed in this laboratory for this purpose has 
been published; 6 the method combines transpiration and gas chromato-
graphic techniques to yield results of excellent sensitivity. 

Fig. III-1 3. Glovebox Facility Houses a Bomb Calorimeter Being Used for the 
Comb ustion of Plutonium and Plutonium Compounds in Oxygen, 
Fluorine , or Chlorine. 

The description of a special two-chambered vessel for the 
determination of the enthalpy of formation of CF4 (g) was also published7 

during this period. 

2. Correlation and Estimation of Enthalpies of Formation for 
the Rare Earth Trifluorides 

The purpose of this work was to estimate enthalpies of forma-
tion for all the rare earth trifluorides from the data already obtained on 
ScF3, YF3, LaF3, NdF3 , GdF 3 , HoF 3 , and ErF3 and existing data on the tri-
chlorides and sesquioxides of the rare earths. These estimates are given 
in Table III-4 . Except for TbF3 (c) and DyF 3 (c), which were obtained by 
simple interpolation by analogy with the corresponding trichlorides and 
sesquioxides, the estimates were obtained by means of the Born-Haber 
cycle, Equation l, 

6[. Rudzitis, An a l. Che rn . 39 , 1187 (1967). 
7J. L. Scttl<.:, E. Gn: <.: nhug , W . N. llubbard, Rev . Sci. Instrum. 38, 1805 (1 967). 



In Eq. l, M represents the rare earth metal, 6HL(MF 3 ,c) is the lattice 
enthalpy of its trifluoride, and the last two terms are the enthalpies 
of formation of the gaseous trivalent rare earth ion and the gaseous 
fluoride ion. Required for the calculation were the difficult-to-obtain 
values for 6HL(MF 3 ,c) and 6Ei(M3+,g) . The latter term, the energy of 
ionization of the gaseous metal atom to the trivalent ion, is related to 
6Hf(M3 +,g) by the equation 

where 6 :H"s (M) is the enthalpy of sublimation. 

TABLE III-4. Measured and Estimated Enthalpies of Formation of 
Rare Earth Trifluoridesa (Kcal mol- 1 ) 

( l ) 

Compound - 6 H.G9s Compound -6Hf~98 Compound - 6Hf~98 

ScF 3 (c) 389.3 SmF3 (c) 401 HoF 3 ( c) 407.7 
YF 3 (c) 410.7 EuF3 (c) 376 ErF 3 (c) 409.3 
LaF3 (c) 419.0 GdF 3 (c) 406.5 TmF 3 (c) 403 
CeF3 (c) 420 TbF3 (c) 406.8 YbF 3 (c) 383 
PrF 3 (c) 423 DyF 3 (c) 407.5 LuF 3 (c) 393 
NdF 3 ( c) 395.8, 418b 
PmF3 (c) 417 

a Experimental values are underlined. 
bsee text. 

The calculations were made as follows: The ionization energies 
and enthalpies of sublimation of yttrium and lanthanum and the enthalpies 
of formation of their trifluorides, trichlorides, and sesquioxides were in-
serted into Eq. l and its analogs to give the corresponding lattice enthalpies. 
Next, use was made of the Born-Lande equation to estimate the lattice 
enthalpies of the trifluorides, trichlorides, and sesquioxides of all of the 
remaining rare earths. According to the Born- Lande equation, the variation 
in lattice energy in an isostructural series is inversely proportional to the 
cube root of the molecular volume. The estimated lattice enthalpies were 
then inserted into Eq. l together with any known experimental values for 
the enthalpies of formation in order to cal culate sets of values of 6Ei(M3 +,g). 
From the sets of values obtained, "best" values for each 6Ei(M3 +,g) were 
selected . Finally, these "best" values and the lattice enthalpies were again 
inserted into Eq. l to calculate the enthalpies of formation of the crystalline 
trifluorides. For the elements Gd, Ho, and Er, the values of 6Ei deduced 
from the fluoride data and those from other compounds agreed to within a 
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couple of kcal mol- 1 , lending confidence to the method . For Nd, such 
agreement was not obtained; the value of -6Hf~98 (NdF3 ) predicted by the 
"best" value ( 418) dis agrees markedly with the experimental value 
(395 .8) . The cause of the discrepancy is unknown; at present we are 
inclined to regard the estimated value as the more reliable . 

3 . Extended Huckel Molecular Orbital Calculations for the 
Chalcogen H exafluorides 

Our experimental determination8 of the enthalpies of formation 
of the hexafluo rides of sulfur, selenium, and tellurium showed that the 
average bond energies in this series varied nonmonotonically, and qualita-
tive rationalizations of this fact were advanced. It would be desirable to 
have these rationalizations put on a more quantitative basis . Extended 
Hucke l mole c ular orbital (EHMO) calculations, which should yield theoret-
i cal information on the nature of the bonding , charge transfer between 
atorns, and bond energies, are therefore being made . 

Valence-state ionization energies for the various possible 
e l ectroni c configurations of both the chalcogen and the fluorine atoms 
were deduced from atomic spectral data .9 The atomic wave functions 
were approximated by Slater-type orbitals . 10 Screening parameters, 
w hi c h are a measure of the screening of the valence electrons from the 
nucleus by the inn er electrons, we re calculated by the method of Burns . 11 

A computer program12 was used to evaluate both chalcogen-fluorine and 
fluorin e -fluorine overlap int eg rals, and resonance integrals were calcu-
l ated for all 48 valence e l ectrons (7 on each fluorine , and 6 on the chalcogen 
atom) . A 48 x 48 secular determinant was solved to yield the orbital energy 
levels, the e l ect ronic configurations of the atoms, and the charge distribu-
tions within each molecule . The procedure was iterated until input and output 
c harge distributions we r e in accord . 

The following charge distributions have been obtained for the 
three hexafluoride molecules : 

s+I 66 (F-0 .2a)
6 

Se+ i 10(F-o .2a)6 
Te+2 .:31 (F-0 .39 )6 

8P. A. G. O' Hare, J. L. Settle, W. N. Hubbard, Trans. Faraday Soc . 62 , 558 (1966). 
9C . E. Moore , "Atomic Energy Levels," Natl. Bur . Std. (U .S.) , Circ . 467 (1964). 

!OJ . C. Slater , Phys. Rev. 26, 57 (1 930) . 
llG. Burns, J. Chern. Phys. -n. 1521 (1 964). 
12Dr. Audrey Companion of Illinois Institute of T echnology very kindly made much of this program available 

to us and has assisted in man y other ways. 



These r esults indicat e considerably more charge transfer in TeF6 than in 
SF6 or SeF6 ; th e Te-F bonds are mor e ionic than the S-F or Se-F bonds . 
This result is consistent with the original qualitative rationalizations 
and w ith other chemical evidence, such as the much greater ease of hy-
drolysis of T e F 6 in pol ar solvents . 

No allowance for the effect of charge transfer on the valence-
state ionization e n e rgi e s and the screening parameters was made in these 
calculations . Therefore , a new iteration is required before the results 
can be subjected to more detailed scrutiny of the energy levels, etc. 

E , Chemistry of Liquid Metals 

1 . Ultrasonic Measurements in Liquid Metallic Solutions 

The powe r of ultrasonic methods for the detection of complexes 
in nonmetallic solutions is well documented , and the formation of aqueous 
compl exes has been une quivocally correlated with the appearance of 
anomali es in curves of sonic velocity vs . composition . l- 3 (The composition 
variabl e is most conveniently expressed in terms of the ratio of the con-
stituents of pass ible c omplexe s . This is known as Job's method .4

) The 
concept that similar anomalies might be sought for the detection of com-
plexes in liquid metal systems has not been previously examined . This 
study was undertake n to search for this kind of evidence of association in 
liquid me tal solutions . The pulse-echo method, which involves the mea-
surement of the time of transit of a short pulse of acoustic waves along a 
predetermined path in a specimen liquid , was selected for measuring ultra -
sonic ve lo c ity . The equipment (see Fig . III-14) and procedure have been 
described in pr evious r e ports .5 

From c onductivity6 and othe r measurements it has been sus-
pected that the stabl e, solid compound of magnesium and tin, Mg2Sn , melts 
to form a stable liquid complex w ith the same composition. Accordingly, 
the int e r ac tion of magnesium and tin in solution in liquid cadmium was 
examined . Cadmium was c hosen as a solvent becaus e it was expected not 
to inte ract s tron gly w ith eith e r constituent of the presumed complex . To 
ve rify this ass umption, the concentration depende n ces of sonic velocity 
in Cd-Sn a nd Cd-Mg solutions we re m easured . 

1 s. Pra kash, F. M. Ichhaporia , J. D. Pan day, J. Phys . Chern . 68 , 3078 (1 964). 
ZT . Saryavate , P. J. Reddy , S. V. Subrahmanyam, J. Phys. So'Z: Jap . 17, 1061 (1 962). 
3J. R. Saraf, P. N. Sharma , J. Sci. Res. Inst . (Tokyo) 49, 236 (1 955). 
4p _ Job, Ann . Chern. (Paris) [10] ~ 113 (1 928) . 
5 AN L- 7225, p. 159; ANL-7325, p. 131. 
6J. R. Wilson, Phys. Le tte rs 2 0, 571 (1 966 ). 

67 



68 

Fig. III-14. Apparatus for the Measureme11t of Ve locity a11d Atte!1u-
a tiol1 of Ultrasou11d i11 Liquid Metallic Systems. 

At - 342°C , the velocity of sound in a Cd-Sn solution contain-
ing 0, 10, 25, 40, and 100 a/o Sn was 2237, 2257, 2292, 2328, and 2454 m/sec 
(all ±7 m / sec), r es pectively . The data are shown in Figure III-15. Within 
experimental uncertainty, the velocities vary linearly between the pure 
metals. 7 The refore, it appears that for Cd-Sn solutions, sonic velocity is 
a n additive prop e rty, in acco rd with exp ectation s for we akly interacting 
substanc e s . 

Velocities of 2278 ± 7 and 2320 ± 7 m / sec were measured at 
- 340°C for Cd-Mg solutions w ith 5 and 10 a/ o Mg, respectively, as shown 
in Fig ur e III-15 . B ec aus e sonic ve locity data are not available for liquid 
magnesium, a test for additivity in the Cd - Mg system could not be made. 8 

7From a more limited study at a lower tempera ture, 0 . J. Kleppa [1 . Chern. Phys . 18 , 1331 (1 950)] reached 
a simi lar co11clusio11 . 

8 ]\ !ag11esium melts at 651°C; measureme11ts i11 the presem apparatus a re limited to a maximum temperature 
o f - 360°C. 
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Fig . III-1 5. Sonic Velocity vs. Composition in 
Liquid Binary Cd -Sn and Cd -Mg 
Alloys at 342oc. 

Over the short composition range 
studied, however, the variation of 
sonic velocity with concentration is 
linear within experimental uncer-
tainty; the possibility of additivity, 
therefore, is not precluded. 

On the basis of these pre-
liminary measurements, cadmium 
was judged to be a suitable solvent 
for this study. The velocity of sound 
in several liquid Cd-Mg-Sn ternary 
alloys was measured at 342°C. In 
these alloys the ratio of Mg to Sn 
was varied, but the total concentra-
tion of Mg + Sn remained constant at 
10 a/o. The variation of sonic veloc-
ity with composition is shown in 
Figure III-16. 

Within experimental error, 
no anomaly in velocity was found at 
a ratio of Mg/Sn = 2; thus, no evi-
dence was obtained to show that the 
complex Mg2Sn exists in detectable 

concentrations. It is still possible, of course , that the complex exists in 
other media but dissociates in cadmium, i.e., the equilibrium constant for 
the formation of Mg2Sn is so lowered 
in cadmium that its concentration in 
the ternary solution falls below 
detectable limits. To a v oid the un-
c ertainty introduced by a third com-
ponent , in future studies binary 
rather than ternary liquid solutions 
w ill be examined. In addition, the 
possibility of using ultrasonic ab-
sorption measurements for the de-
tection and study of complex 
formation in liquid alloys will be 
examine d . Such measurements have 
led to valuable information concern-
ing various structural relax ation 
processes in nonmetallic liquids, and 
recent studies have suggested that 
relaxation proc esses also occur in 
liquid m e tals. 
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Fig. III-16 . Variation of Ultrasonic Ve locity with 
Composition in Liquid Cadmium Alloys 
Containing 10 a/ o Magnesium +Tin 
a t 342°C. 
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2 . Carbon Tr a nsport E x periments in Liquid Sodium Systems 

Carbon transport in sodium systems has be en studied exten -
sively 1n r ecent ye ars . These studi es have shown the following : 

1 ) C a rbon migrates through sodium from f e rritic steels 
hav ing a high activity of carbon to austenitic steels having a low ac tivity 
of ca rbon . 9 

2) The diffusion of carbon in the solid structural materials 
1s the r ate -controlling factor in carbon transport . 10 

3) The total carbon content of sodium, within the limits of 
analytic a l va ri a bility, do es not change during the transport of carbon. 
The r efo r e, differentiation of transported carbon- bearing species from 
pr e - existing ca rbon has proved difficult . 11 

The m echanism of carbon transport is still unknown , and 
uncertainty about the natur e of the carbon- bearing species that undergoes 
transport in s odium has hampered progress in understanding this mecha-
ni sm . The r efo r e , an att e mpt is being made to detect , assay , and identify 
such species . B ecaus e the ca rbon transport e d must be differentiated 
from the carbon that pre-exists in sodium, beta-ac tive carbon-14 (t1; 2 = 
5770 y) is b e ing us ed to trace the migration of ca rbon to and from structural 
m ate ri a ls expos e d to liquid sodium . 

In a pr e liminary experiment, the power and sensitivity of the 
ca rbon-14 tracer m ethod wa s c learly demonstrated . A cyclindrical crucible 
(2.4 - c m dia . b y 3. 5 em) a nd matc hing lid we r e fabricated from an 18-mil-
thick s h ee t of a fer riti c F e -C alloy pr e p a r e d from carbon e nri c hed with 
carbon-14 . Enough molt e n , r eac tor-grade sodium (9 g) was added to the 
c ru c ibl e to complete ly immerse an a ust e nitic (type 3 04) stainless steel 
coupon (2 e m by 1 . 5 em by 10 mils) suspended by a tantalum wire welded 
to the c ru c ibl e lid . Th e c ru c ibl e was w eld e d shut, heated at 650°C for 
150 hr , coo l ed to room temperature , and opened for analysis . The filling, 
we ldin g , op e ning, and sampling we r e done in a helium-atmospher e glovebox . 

The surfac e of the coupon , after being washed free of sodium 
w ith eth y l a l coh o l , was found to b e highly beta active . Moreo ve r , significant 
a mounts of beta activity persiste d after polishing off several mils of the 
surface, w hi c h indicates that the tagged carbon had diffus e d into the coupon . 
Autoradiog r aphs o f the c oupon showed a fairly uniform distribution of 

9 W. C. Hayes, 0. C . Shepard, "Corrosion and Decarburiza tion of Ferritic Chromium-Molybdenum Steels in 
Sodium Coolant Systems," USAEC Report NAA - SR-2973 (December 1, 1958 ). 

10 W. J. Anderson, G. V. Sneesby, "Carburization of Austenitic Stainless Steel in Liquid Sodium," USAEC 
Report NAA -SR - 5282 (Septembe r 1, 1960). 

11 R. W. Lockhart et al, "Sodium Mass Transfer : IX. The Effect of Carbon and Carbonate Additions in a 
Sodium Tes t Loop," USAEC Report GEAP -4436. 



the carbon-14 . The coupon and s ections of the crucible that had been ex-
posed to molten sodium were analyzed for total carbon content, with the 
following results : 

Initial C, o/o 
Final C, o/o 

Crucible 

0.026 3 
0.0020 

Coupon 

0 . 075 
0.53 

Since the initial carbon contents of the coupon and sodium could account 
for, at most, 20% of the coupon 1 s final carbon content, it was concluded 
that the carbon in the ferritic crucible had been transported to the aus-
tenitic coupon . This conclusion is consistent with the finding (noted above) 
that thermodynamic driving forces , i.e., activity gradients rather than 
concentration gradients, play a decisive role in the carburization of steels 
in sodium systems. 

The final tagged-carbon content of the sodium, which repre-
sents carbon originating from the crucible, was determined to be 0.17 ppm. 
A filtration experiment on this sodium showed that the tagged carbon in it 
could not pass through a 5 f.l-porosity filter. The observations naturally 
l ead to the speculation that the transport of carbon in sodium systems may 
involve carbon- bearing particulates . This speculation, which is particu-
larly plausible because a concentration of 0.17 ppm exceeds the measured 
solubility of carbon in sodium (< 0 . 005 ppm12 up to 450°C ), will be tested in 
future experiments. 

Identification of the migrating, tagged, carbon- bearing species 
w ill also be attempted . Because identification by direct methods is not 
possible for unisolable, low-concentration substances , an indirect approach 
w ill be used . Attempts will be made to deduce the nature of the migrating 
14C- bearing species from analyses of the labeled products in the off- gases, 
solutions, and residues resulting from aqueous dissolution of sodium 
samples taken during transport experiments. To interpret the findings 
from such experiments unambiguously, the extent of exchange between 
the tagged species and carbon-bearing species that pre-exist in sodium 
must be known. Accordingly, the exchange between carbonaceous con-
taminants of molten, reactor- grade sodium and various added 14C -labeled 
compounds wi ll be investigated . 

3 . The Nature of Nitrogen in Sodium 

Information about th e nature and concentration of nitrogen-
bearing impurities in sodium is nearly completely lacking . The nitridation 
of structural materials in contact with sodium systems at elevated tem-
peratures, howeve r, is well documented . To begin to obtain basic 

12c . Lune r, A. Cosg are a, Jr., H. M. Feder, "Solubility o f Carbon in Sodium , " Alkali Metal Coolants, 
pp. 171-179, Int . Atomic Energy Agency, Vienna (1 967) . 
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information on nitrogen and its common compounds in sodium, the solu-
bilities of sodium cyanide and of nitrogen gas are being measured. 

a . Solubility of NaCN in Sodium 

In most compounds containing it, the cyanide ion acts as 
a pseudohalide13 ion ; thus, the phase diagram of the Na-NaCN system was 
expected qualitatively to resemble those of other sodium-sodium halide 
systems . 14 A typical sodium-sodium halide phase diagram shows a mono-
tectic at the salt-rich end and a miscibility loop that nearly spans the 
diagram. 

A NaCN- rich monotectic at 566 ± 2°C was found earlier 
by thermal analysis . An attempt was made to measure the width of the 
miscibility loop by the equilibration-sampling method devised by Bredig 
et al 15 for sodium-sodium halide phase studies . Molten sodium cyanide 
and sodium were mixed in a tantalum container by means of a rocking 
furnace and then allowed to separate by settling. The upper (sodium) 
phase was poured into a sidearm of the container and assayed for cyanide. 
The cyanide content of the samples taken in this way, however, showed 
unusual scatter , for reasons that are not clear at this time . Any further 
work to define the miscibility loop will use either thermal analysis or 
some other sampling technique . 

The solubility of cyanide in sodium below the monotectic 
1s being measured by equilibration of a sodium melt with excess solid 
NaCN at a preselected temperature , sampling of the liquid with a tantalum 
pipette provided with a 5 ,U -porosity stainless steel filter, and assay of 
the sample for cyanide . Preliminary measurements indicate the solubility 
to be 0 . 035 m / o NaCN at 550°C . 

b . Solubility of Nitrogen m Liquid Sodium 

Interest in the solubility of nitrogen in liquid sodium 
arises from the fact that its magnitude may be important to under standing 
certain corrosion phenomena in sodium systems . Scientifically, there is 
a further interest that arises from the observation that in all liquid metals 
in w hich the solubility of nitrogen has been previously examined the gas 
dissolve s monatomic ally . But all these metals form fairly stable nitrides , 
w hereas sodium does not . The question is then whether N 2 will dissolve 
in liquid sodium as atoms or dimers . 

i 3F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, p . 560, Interscience Publishers, New York 
(1 966) . 

14M. A. Bredig, in Molten Salt Chemistry, M. Blander (ed.), p. 367 , Interscience Publishers, New York 
(1 964) . 

15M. A. Bredig, J. W . Johnson, W . T . Smith, Jr., J. Amer. Chern. Soc. 77, 30 7 (1955). 



An existing solubility apparatus was modified for this 
study (see Fig. III-17). The measurements were mad e by saturating liquid 
sodium at a preselected temperature with nitrogen at a known pressure, 
stripping the dissolved nitrogen with helium, trapping the stripped gas, and 
assaying it with a mass spectrometer. Because the solubility of nitrogen 
is quite small , it is nec e ssary to diff e r e ntiate the dissolved nitrogen from 
the minute amounts of atmospheric nitrogen that may contaminate the 
apparatus. For this purpose, nitrog e n gas enriched in 15 N was us ed to 
saturate the sodium . 

Fig . III-17. Equipment Use d in Measuring the So lu-
bilities of Gases in Liquid Sodi um. 

The question of whether nitrog e n dissolves in sodium 
atomically or mol ecularly was fir st examine d. Nitrogen of known isotopic 
c omposition (20.4 m /o 15 N 2 , 77.9 m/o 14N 2 , 1.6 m /o 14N 15N , 0.1 m/o 
impuriti es) was circulated through two lite rs of s odium at 345°C. Samples 
of the equilibrate d gas were tak e n inte rmittently over 96 hr. Mass 
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spect romet ri c analys is of these samples re vealed that the isotopic compo-
sition of the gas afte r equilibration w ith sodium had not been altered signifi-
cantly . If nitrogen had dissolved monatomic ally and the atoms recombined 
randomly on exsolution, a significant change in the isotopic constitution of 
the starting mixtur e toward equilibrium (4 . 5 m / o 15N 2 , 62 . 1 m / o 14N 2 , 

33 .4 m / o 14N 15N) might have resulted . Within experimental error , isotopic 
exc hang e did not occur, and it is probable that nitrogen dissolved diatom-
i c ally . Future experiments on the pressure dependence of nitrogen solu-
bility should confirm the manner in which nitrogen dissolves : a linear 
dependence of the solubility on pres sure w ould indicate diatomic dis solution, 
w h e r ea s a square root dependence would indicate monatomic dissolution . 

The reliability of the solubility apparatus for recovering 
spiked amounts of tracer nitrogen was tested prior to beginning the solu-
bility experiments . In six experiments, 99 ± 2% of the spiked nitrogen was 
re cove red. Having established the effectiveness of the apparatus and 
method , solubility measurements were started . From preliminary mea-
surements at 500°C, the solubility, expressed in terms of the Ostwald 
c oefficient, i . e., the volume of nitrogen dissolved per unit volume of sodium, 
was 1.4 ± 0 . 6 x 10- 7 . 



IV. REACTOR SAFETY 

The program on reactor safety comprises studies that fall into two 
major areas of research: ( l) studies relating to thermal (water- cooled ) 
reactors and (2) studies relating to fast (sodium-cooled) reactors. 

A. Thermal Reactor Safety Studies 

In water-cooled nuclear reactors, a loss of coolant or a severe nu-
cle ar excursion could cause the reactor fuel materials to melt and disperse 
rapidly in the water. Exothermic chemical reactions between metals pres-
ent , such as the Zircaloy cladding in a power rea ctor, and water could re-
sult in the release of large amounts of energy which can approach or even 
exceed the energy released by the fission process during a nuclear excur-
sio n . The dispersion of molten materials in the water coolant can also 
cause an explosive energy rele ase. Such an occurrence is believed to have 
resulted in the destruction observed in the SPERT ID destructive test. 
Studies of these chemical reactions and physical interactions are being 
carried out so that realistic estimates can be made of the rates and extents 
o f reactions and interactions occurring during hypothetical reactor acci-
dents . Both nuclear- excursion and loss- of- coolant accident simulation ex-
periments are also being carried out, as well as calculational studies in 
which experimental results are used to develop methods of accident analysis. 

l. Analysis of Loss-of-Coolant Accidents 

The loss- of- coolant accident resulting from a break in the 
primary- system water pipe is considered the "maximum credible accident" 
fo r p ower reactors built to date. Upon release of the coo lant , the reactor 
c o re is e x posed to a steam environment. In the absence of auxiliary cool-
ing, decay of fission products in the core releases sufficient energy to cause 
the cladding to be heated to temperatures at which metal- steam reactions 
can occur . 

A computer program (CHEMLOC-II) has been developed to de-
s c ribe the course of a loss - of - coolant accident through the period of core 
meltdown . This program is an extension of CHEMLOC-I (ANL-7350, p. 69), 
w hi c h described the accident (core heating and chemical reaction) up to the 
tim e of c ore melting . The CHEMLOC-II program incorporates a core-
slumping model which follows the behavior of the core successively through 
m elting , slumping , m ovement , and finally heating of the bottom grid support 
plate . The e x t e nded program also c onsiders: l) the effects of heat transfer 
by axial radiatio n , 2) the effe c ts of heat transfer from the core to the top and 
botto m grid support plates and to the wall surrounding the core, 3) the effects 
o f core movement due to slumping, and 4) the effe cts of other reactive ma-
terials, such as fuel element shrouds and spacers (referred to as can 
material). 
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The principal input parameters required for the program in-
clude slump (melting o r collapse) temperature of the fuel-cladding material 
and the quantity of slumping required to stop steam flow in a given zone 
within the co re . 

Calculations have been performed to describe core behavior 
throughout a loss-of- coolant accident at three assumed slump tempera-
tures (1750, 2200 , and 2800°C). The axial variation in fuel temperatures 
over incremental lengths of fuel rods in the center zone of the core are 
shown in Fig . IV-l at different times after blowdown . The fuel tempera-
ture profiles are nearly identical in each of the three cases of specified 
slump temperature. Each case showed a thermal arrest at the assumed 
slumping temperature . 

Additional calculations indicate the following maJor effects of 
changing the slumping temperature : 

l) The quantity of hydrogen released is less at the lower 
slumping temperature (abo ut one - half of that released at the highest slump-
ing temperature). This is due , in part , t o the fact that at low slumping tem-
peratures steam flow to portions of the core is blocked by slumping of the 
co re at an earlier time in the event , thereby reducing metal- steam reaction 
in those portions of the core. 

2) The temperature of the bottom grid support plate increases 
more rapidly and reaches a failure temperature earlier in the case of an 
assumed low slumping temperature (about 20o/o earlier than in the high 
slumping temperature case). The rapid increase in grid plate temperature 
is due to hot molten material falling onto the grid plate from slumped fuel. 

2. Pressure Generation due to Particle Coolant Energy Transfer 

In o rder to analyze adequately the consequences of an accident 
in a water-cooled thermal reactor in which hot fuel materials are injected 
and dispersed into the water coolant, knowledge of the manner in which 
large amounts of energy ar e transferred from these particles to the coolant 
is n eeded. Laboratory- scale experiments are being made, using two differ-
ent techniques, to obtain heat transfer and energy transfer data. The first 
technique involves determination of boiling heat transfer between a moving 
sphere and water. The second technique employs a pressure transducer to 
measure the forces generated owing to void formation when hot particles 
are immersed in a water column. 

a. Boiling Heat Transfer from Spheres to Water : Swinging 
Arm Method 

A series of experiments have been performed to study the 
forced - convection heat transfer from spheres in water. In the experiments, 
a heated silver metal sphe re is propelled thr o ugh the water by means of a 
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moto r-driven s win g ing arm . 
monito r ed b y a the r mocoupl e 

The temperature of the sphere is continuously 
attached to the sphere through the arm . The 
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Fig. IV -2. Heat Flux fr om Swinging Arm Experiment 
with 1/ 4-in. di a. Silve r Sphere Moving 
through Water a t 13.9 ft/sec . 
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Prior to Expe riment 
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T 88 .5°C water 
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rate of heat transfer from the 
sphere to water is calculated 
using the time- averaged bulk 
temperature of the sphere (the 
arithmetic average temperature 
before entering and after leaving 
the water). Heat transfer rates 
from recent experiments using 
a 1/ 4-in . dia . sphere are plotted 
in Fig . IV- 2 as a function of the 
average bulk sphere temperature . 
The heat transfer rate curves are 
of the classic shape for boiling 
liquids 1 • 2 and show two regimes 
of boiling : nucleate boiling and 
film boiling. Nucleate boiling was 
observed (with water initially at 
24°C) at average sphere tempera-
tures from about 1 00°C up to 350°C, 
with increased rates of heat trans-
fer at the higher temperatures . At 
average sphere temperatures above 
350°C, transition to film boiling 
occurs, manifested by a decrease 
1n heat transfer rate . 

The results shown in 
Fig. IV- 2 indicate that the effect 
of heating the water is to lower 
the temperature at which the 
transition to film b o iling occurs . 
Dissolved air in the water also 
tends t o initiate the transition to 
film boiling at lower tempera-
tures . This effect was less 
mark e d at water temperatures 
of 24 and 9 0°C than at interme-
diate temperatures. Heat trans-
fer rates in the film boiling region 
were 75o/o greater for runs with 
b o il e d water at 60° C . 

The theo r e tical equation for heat transfer from a sphere 
(pr evi ousl y g i ve n a s Equation 2 in A N L-7350 , p. 74) fo r correlating sodium 

1s. Nukiyama , "!llaximum and lvlinimum Va lues of Hea t Transmission from Metal to Boiling Wate r under 
At mospheric Pressure ," Jou rn al o f the Soc iety of Mechanica l Engineers (Japan) 36 , 36 7 (1 934). 

2E. A. Fa rber , R. L. Scorah , "Hea t T ransfer to \va ter Boi ling unde r Press ure ," Trans. ASI\1E 70, 369 (1 948 ). 
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h e at transfe r data has b een used t o corr e lat e all experimental data obtain e d 
with b o ile d water : 

( l ) 

S i n ce Equatio n l c an b e express e d in terms of dime nsionless numbe rs , ex -
perimental data were co rr e lated by plotting Nu6T/ (Re Pr)0 · 5 vs 6T 

400 ,----,-~-----~---,-1-0--,-I ---,-I---,-I--~ 

'0 

360 -

320 -

c::;' O 0 

(Fig . IV-3) , where Nu , Re , and Pr 
are the Nuss e lt , Reyno lds , and 
Prandtl numbers, respectiv e ly . It 

is apparent fr o m the figure that, 
within the nucleate b o iling r egime , 
the experimental data obtained at 
several sphere ve lociti e s correlate 
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Fig. IV -3. Heat Flux from Swinging Arm Ex peri -
ments with 1/4- in . dia . Silver Sphere 
in Water. ( liT = difference be tween 
average bulk sphere temperature and 
water temperature .) 
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Experimental Data 

Sphere Velocity (ft/sec) 

3.4 

7.2 

13.9 

25 . 5 

Since Equation I is based 
on the assumption of forced convec -
tion (neg ligible vapor formation) 
with superheating of the liquid near 
the sphere-liquid int e rface, the equa-
tion does not accurately predict th e 
observed heat transfe r rat e s at large 
values o f 6 T . Apparently vap o r for-
mation c ontribute s to the high e r rates, 
although superheating of the liquid is 
nevertheless significant. Future ex-
periments will be dire c ted t oward 
determining the conditions related 
t o water superheating and vap o r for-
mation, and toward defining more 
clearly the c o ntribution of each to 
h e at transfer. 

b . R eact i o n F o rce C olumn 
Study of Vapor Void 
F o rmation 

A series of experiments 
were p e rform e d t o measure the forces 
generated durin g h eat transfer from 
hot spheres falling through a column 
of water , thereby simulating the e j ec -

tio n of hot reactor fuel parti c l es int o the water coola nt . Th e apparatus us e d 
is shown in Fig . IV -4 . Upon produc tion of steam bubbles within the liquid , a 
momentum chang e is induce d in the water co lumn, the magnitude of which can 
be dynamically measured by a quart z pressur e transducer . In addition t o 
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measurements of the dynamics of void formation , high- speed motion pic-
tures of falling spheres were obta ined to establish the nature of the boiling 
regime (film , transition, or nucleate) . 

Fig. IV - 4 

Apparatus to Measure Forces Gen-
e rated when High-Temperature 
Fuel Materials Contact Water. 

As shown in Fig. IV- 5 , the magnitude of the forces generated 
by void formation is markedly affected by both sphere temperature and water 
temperatur e. With water near the boiling point , forces up to only 0. 2 lb were 
r eco rd ed, while at lower wate r temperatures much larger forces were gen -
erated. In all cases, the maximum force was observed with sphere tempera-
tures less than 500°C; at higher temperatures essentia lly no disturbanc es 
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Fig . IV-5. Forces Generated by 1/4-in. dia. Heated Platinum Sphere Falling through Water. 



were recorded . Photographs of heat e d spheres falling through water indi-
cated that the mode of water (rapor formation varied with sphere t empera-
tur e (Fig . IV- 6). With a sphere at 500°C , the vapor is formed irr egularly on 
the sphere surface and app e ars as discrete bubbl e s with short life time s . This 
behav ior is characteristic o f the transition f rom film t o nucleat e boiling and 
corresponds to rather large measur e d forces. An ext e nded wake, character-
istic of film b oi ling , is pro duced by spheres at 820°C falling through 9 5°C 
water . During film boiling the vapor occupies a constant vo lume ; the rate of 
evaporation near the sphere surface equals the rate of condensatio n in the 
wake , and n o disturbances are generated in the water column. 

a. Sphere temperature = 25°C 
Water temperature = 25°C 

0 c. Sphere temperature = 820 C 
0 Water temperatu re = 25 C 

b. Sphere te mperature = 500°C 
Water temperature = 25°C 

d. Sphere temperature = 820°C 
Water temperature = 95°C 

6 One-Quarte r-in. dia. Platinum Spheres Falling through Water. (Sphere velocity = 3.40 ft /sec.) Fig. IV- . 
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A simplified calculational model has also been developed 
that sho uld allow correlation of the measured forces with void (bubble) 
g r owth. 

B. Fast Reactor Safety Studies 

In sodium- cooled fast reactors, coolant failure or a nuclear excur-
sion could cause fuel failure, fuel melting , and dispersion of hot reactor 
material in the sodium . This dispersion of fuel materials can cause ex-
plosive pressure rises due to vapor formation resulting from extremely 
fast energy transfer from the fuel materials to the sodium coolant. A 
breach in the primary system could allow the sodium coolant to come into 
contact with air in the containment vesse l , resulting in an exothermic 
chemical reaction . To assess these and other potential problem areas, 
the following studies relating to the safety of fast reactors are being car-
ried out : 

l ) 

2) 

3) 

4) 

high temperature physical properties of fast reactor materials 
(liquid and vapor state), 

pressure generation associated with the dispersal of fuel and 
cladding materials into liquid sodium, 

reaction of sodium sprays in air , and 

fuel migration and segregation in mixed uranium- plutonium 
compounds. 

l. High T emperature Physical Properties 

Current experimental work on high temperature physical prop-
erties of fast reactor materials has been directed toward the measurement 
of the heat content of uranium dioxide . It is intended to find the heat of 
fusion and the specific heat of the liquid , important quantities in fast reac-
tor safety calculations, from these measurements . 

A drop calorimeter has been designed and constructed to carry 
out heat content measurements to temperatures above 3200°C. Encapsulated 
samples are heated by induction and dropped into a commercial (Parr, 
series 1230) adiabatic calorimeter that has been modified for this purpose . 
An overall schematic view of the equipment is shown in Fig. IV- 7. 

In order t o test the performance of the equipment, measure-
ments we re made of the heat content of tungsten powder at 2550 and 2850°C. 
Tungsten containers with 30-mil thick walls were used. Temperature mea-
surements were made using a tube (with a length-t o -diameter ratio of about 
ten ) extending into the container . The results shown below were found by 
subtracting the heat content of an empty container from that of a filled one. 



HT- Ho OK HT- HoOK 
Temperature (cal/ mole), (c a l/ mole), Difference 

(oK) Experimental Literature 3 ( o/o) 

2825 19' 778 19,475 1.6 
3125 22,504 22,125 1. 7 

The agreement of these results with the literature values 3 is considered 
satisfactory . 
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& UPPER RADIATION TRAP 

DROP TUBE 

CALORIMETER 
JACKET 

LOWER RADIATION TRAP 

WATER SUPPLY 
FOR 

CALORIMETER JACKET 

Fig. IV-7. High T emperature C a lorime tri c System for Measure ment 
o f the Heat Capacity of Liquid Uranium Dioxide. 

3 v. A. Kirillin, A. E. Sheindlin, V. Ya Chekhovsko i, V. A. Pe trov , Russ. J. Phys. Chern. 37 , 1212 (1 963). 
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H e at content measurements ha ve been initiated with uranium 
dioxide. The possible use of double-walled tungsten capsules , to reduce 
heat losses during the higher temperature drops , is being explored. 

2. Pressure Generation due to Particle Coolant En ergy Transfer 

a . Heat Transfer from a H ot Sphere Moving in Liquid Sodium 

E xpe rimental studies of heat transfer between small metal 
spheres and s o dium have continued using the swinging -arm method described 
in ANL-7350 , p. 71. F o rced convection heat transfer data have been o btained 
for tantalum spheres at temperatures both above and below the boiling point 
of sodium. Several methods for co rrelating the heat transfer data for both 
conditions we re investigated and a correlation involving two empirical equa-
tions (depending o n w hether the sphere temperature was above or below the 
boiling point of sodium) w as found satisfactory. Although a generalized cor-
relation to relate all data by a single expression has not yet been achieved, 
the a c quisition of additional experimental data over a wider range of vari-
ables is expected to allow the formulation of such a general correlation for 
forced convection heat transfer. 

b. In- Pile Study of Violent Fuel Failure in Sodium 

In an effort to provide information necessary for the evalua-
tion of potential fuel failure problems encountered in the operation of sodium-
cooled fas t reactors , an expe rimental autoclave has been designed and con-
structed that w ill allow measurement of pressures generated within a sodium 
env ironment during fuel meltdown at high energy inputs . The autoclave as-
s e mbly consists principally of a fuel - clust e r container and a piston coupled 
to a linear-motion tran sdu ce r to measure the rate of expulsion of sodium 
from the fuel- cluster container during an energy transient. Variable-
impedance transducers wi ll measure the pressure generated during the 
transient. 

A calibration test has been made in TREAT, without sodium 
in the autocl a ve, to co rrelate reactor-integrated power with fission energy 
generated in the fuel rods. Minor modifi c ations of some of the components 
of the autoclave are now being made in preparation for the sodium expulsion 
experiments. 

3. Reaction of Violently Sprayed Sodium with Air 

An experimental study is under way to investigate the reaction 
of liquid sodium aerosol with air . Of particular interest in this investiga-
ti on is the accumulation of data on the rate of pressure generation and peak 
pressures and temperatures achieved in the oxidation reacti on . The appa-
ratus used in this work (Fig . IV- 8) consists of a reaction chamber of known 



Fig. IV-8. Apparatus for the Study of the Reaction 
of Sprayed Sodium with Air. 

pinges upon a baffle at the top of the 

volume and a pneumatically oper-
ated piston spray injector capable 
of dis charging 11 g of molten so-
dium into the chamber. 

The particle- size distribu-
tion of the sodium spray, produced 
by injecting the sodium with a piston 
under pressure of 1000 psig, has 
been determined by spraying sodium 
into a refrigerated Dewar and siev-
ing the solid particles. The results 
indicate a rather uniform particle-
size distribution over the range 0 
to 840 jl. Visual observation of 
particles larger than 840 11 revealed 
that they were mostly agglomerates 
of smaller particles. 

High- speed motion pictures 
of molten sodium at 400°C injected 
vertically into air indicated that 
the oxidation reaction proceeds 
vigorously, and, as the spray im-

chamber, the intensity of the reaction 
increases owing to dispersion and diminution of the particles. 

Temperature and pressure measurements from a typical burn-
ing test are shown in Fig. IV- 9. Further experiments are being performed 
to establish the effects of changes in the piston driving pressure and the 
oxygen concentration on the pressure and temperature generated in the 
reaction. 

On the basis of a mathematical model (proposed by Mouradian 
and Baker) , 4 an attempt is being made to predict the rate of pressure rise 
in a closed volume due to the sodium- air reaction. If it is assumed that 
the sodium burning rate is controlled by diffusion of oxygen to the com-
bustion zone, the usual heat transfer and diffusion correlations can be 
used to determine steady-state reaction rates for single spherical par-
ticles of sodium at any given set of conditions. A quasi-steady-state 
approach and averaging technique can then be used to correlate the reac-
tion rates of individual parti c les with the burning rate of the spray and the 
rate of pressure rise within th e reaction chamber. 

4 E. M. Mouradian, L. Baker, Jr. , "Burning Te mp era tur es of Uranium and Zirconium in Air," Nuc l. Sci. 
Eng. 15, 288 (1 963). 
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4 . Migration o f Fuel C ompone nts under a Thermal Gradient 

Migration and segregation o f fissile and fertile material within 
a fas t reactor fuel during its operational lifetime could have significant 
effects on the operationa l safety of the fuel. Redistribution of plutonium in 
(U ,Pu )0 2 fuels might change the chemical and physical properties of the 
affected regions enough to v ary the neutronics of the system, effect fuel-
cladding compatibility , and change the r esultant fissi o n product distribution . 
Inve stigation o f the migration of plutonium and fission products in a thermal 
gradient is under way for mixed-oxide fuels. These experiments are being 
p e rfo rm e d to eva luat e the extent of migration that can occu r and t o h e lp in 
understanding the mech a nisms invo l ved in the migration processes . 



An apparatus to produce an axial thermal gradient of about 
1 000°C/ em in a fuel pellet has b een developed and tested . Figure IV - 10 
shows a schematic drawing of the furnace in which the pellet's t op surface 
is maintained at about 2000°C by thermal radiation from an electrically 
heated tungsten foil. The apparatus utilizes ion and sublimation pumps 
and is virtually vibration-free. Figure IV -11 shows the complete appara-
tus in position within a plutonium glovebox. 

Initial experiments with mixed-oxide fuels are being performed 
on cylindrical pellets l / 2 in . high by l / 2 in. in diameter. These pellets are 
nominally 20 m / o Pu0 2 and were prepared from coprecipitated Pu0 2 and 
U0 2 . Photomic rographs indicate the pellets are of single phase with rela-
tively fine grain size . 

The experiments are performed by heating the sample in the 
apparatus for the desired time period. The specimens are then longitu-
dinally sectioned and examined ceramographically; a-track autoradiographs 
are made and the specimens analyzed for uranium and plutonium by means 
of an electron probe microanalyzer. 

Some of the experiments were performed with the specimens 
contained in an inverted tungsten crucible that served as a barrier to loss 
of material by evaporation. Because of heat conduction down the metal 
walls of the crucible, somewhat smaller gradients were obtained in these 
experiments. 

SAMPLE 

VI TON L-BOOT~ 

I THERMAL SWITCH 

CYLINDRICAL TANTALUM 
HEAT SHIE LD S 

CIRCULAR TANTALUM 
HEAT SHIELDS 

WATER-COOLED COPPER 
SAMPLE SUPPORT PLATFORM 

Tnr--1--- THERMOCOUPLES 

:::: 11 II liH ~=== 
·~, ,--.11 ~~ /;!,-11 

VACUUM CHAMBER ~1/4" COPPER TUBING~ 
TOP PLATE COOLANT LINES 

Fig. IV-10. Schematic Drawing of Thermal Gradient Furnace 
in Position inside the Vacuum Chamber. 
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Fig. IV-11. Thermal Gradient Apparatus in Position in Glovebox with 
Power Supplies and Controls Locate d outside the Glovebox. 

Table IV- l gives the experimental conditions under which the 
various samples were heated . Figure IV -12 presents the data for plutonium 
distribution along the axis o f the pellets . There appears to have been no 

Run 

P-1 
P-2 
P-3 
P-4 

TABLE IV-1 . Experimental Conditions for Thermal Gradient 
Experiments Using (U o. 8Pu0 . 2)0 2 Pellets 

Vapor Time at Temp. Top Temperature Bottom Temperature 
Barriera (hr) (oc) (oc) 

Yes 100 1980 1280 
No 100 2070 975 
Yes 509 19 80 1250 
No 504 2040 960 

ainverted tungsten crucible . 
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Fig. IV-12 

Pu02 Distribution in (U o.sPuo.2)02 
Pellets Heated in a Thermal Gradient; 
(a) with vapor barrier, (b) without 
vapor barrier. 

significant migration in the case of the samples heated in the inverted cru-
cibles. Some migration toward the hotter end is evidenced in the pellets 
heated without an evaporation barrier . In general, however, these changes 
are n ot large; the apparent migration may well be a result of stoichiometry 
changes due to loss of oxygen from the hottest regions. 

Longer anneals and higher temperatures are planned for future 
experiments . It is hoped to systematically investigate the effects of stoi-
chiometry and pellet density on migration of plutonium in oxide fuels sub-
j ected to a thermal gradient. 
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V. E NERGY CONVERSION 

A . Research on High-5pec ific-Ene rgy, High-Specific-Power Se condary Cells 

1. Emf Studies of the Lithium-Tellurium System 

One of the chief r equirements of our rapidly developing tech-
nology is a ve r sati l e a rray of e l ect ri cal power sources, energy converters, 
and ene r gy - sto r age devices. Research on new high- specific-power, high-
specific-energy cells and batteries is a part of the Chemical Enginee ring 
Division's ene rgy convers ion program. This program is concerned with 
the development of systems in w hich thermal energy can be converted into 
e l ectrical energy by means of an electrochemical reaction. As a guide in 
selecting the most promising systems for e ngineering deve lopment, elec -
tromotive force (emf) or voltage studies a re being carried out on candidate 
systems. The emf studies of the lithium-tellurium system have identified 
it a s particularly promising for use in secondary (electrically rechargeable) 
cells. 

Tellurium is known to h ave a high energy of interaction with 
lithium. The strength of this interaction between the elements is qualita -
tively rel a t ed to the high melting point of Li2Te, the most stable compound 
in the system. Quantitatively, the high energy of interaction is related to 
the l arge potential (1. 7-1.8 volt) for the concentration cell: 

Li (£) I I Li+ (£)II Li in T e(£) 

A previous study 1 has indicat e d that the free energy of formation of Li2Te(s) 
1s -77.9 kcall mole at 798°K. 

M easurements of emf were made for cells in which the liquid 
lithium anode and the liquid lithium -te llurium alloy cathode were contained 
in separate porous BeO crucib l es, both of w hich were immersed in a com-
mon bath of electrolyte. The e l ectro l yte consis t ed of the molten eutectic 
mixtur e of LiF- Li Cl - Lii. The cathode alloy was formed in situ by placing a 
weighed quantity of tellurium in the porous BeO cup, adding a layer of mol-
ten e l ectro l yte, and floating a we ighed quantity of lithium on the electrolyte. 
A tungste n rod wa s lowe r e d into the c up so that a shorted electrochemical 
ce ll was formed , and all of the lithium was thereby e le ctrochemically 
transferred into the tellurium . The alloy wa s thus formed without the dan-
ger of a violent reaction, as is often encountered w hen liquid lithium is 
dire c tly added to liquid tellurium . 

1
T his study was alluded to in ANL - 7175, p. 185 and reported in more detail by M. S. Fos ter, and c. c . Liu in 
J. Phys. Chern. 70, 950 (1 966). 



The open- circuit voltage of the cell was measured potentio-
metrically at various temperatures between 660 and 840°K, with cathode 
compositions of 0.174, 0 . 263, 0 . 303, and 0.332 atom fraction Li in tellurium. 
The temperature changes were made in random order to avoid possible sys-
tematic errors. Under conditions corresponding to the formation of a solid 
phase in the cathode alloy, difficulties with supercooling were overcome by 
vibrating the cathode alloy . 

The emf's as a function of temperature for cells with the indi-
cated cathode alloy compositions are shown in Fig. V-1. Two solids 

TEMPERATURE. °K 

Fig. V-1. Temperarure Characteristics 
of Li/Te Cell Potential. 

evidently precipitate at the lower 
temperatures as indicated by the 
abrupt changes in the slopes of the 
curves. For the cell with a cathode 
alloy containing 0.174 atom fraction 
Li, the precipitation starts at about 
728°K. The solid precipitating is 
Li Te 3 , which was identified by X- ray 
diffraction analysis. At higher con-
centrations of lithium in the cathode 
alloy, e .g., 0.332 atom fraction, pre-
cipitation of Li2Te begins when the 
temperature is lowered to about 725°K. 

The activity coefficient of lithium, )'Li' was calculated from the 
cell potentials using the relationship 

-FE = RT ln XLi + RT ln 'YLi 

where F is the value of the faraday, E the cell potential, R the universal 
gas constant, T the absolute temperature, and XLi the atom fraction of 
lithium in the cathode alloy . The activity coefficient of lithium as a func-
tion of composition is shown in Fig. V- 2 for three temperatures. Further 
treatment of the data should yield the standard Gibbs free energy of forma-
tion of Li Te3 and Li2 Te as a function of temperature. 

Fig. V-2 

Activity Coe fficient of 
Lithium in Tellurium. 
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2 . Secondary Cell E xperiments 

a . Secondar y Cells w ith Liquid Electrolytes 

The re cent increase of emphasis on high- specific- energy 
(watt- hr/ lb ), high- specific-power (watt/ lb) sources of electricity has re-
sulted in a gr e at deal of res e arch and development work devoted to new 
secondary cells w hi c h show promise of power and energy characteristics 
superio r to those of currently available cells. 

Previous studies at Argonne on the sodium/ bismuth cell 
(see ANL-7 350, p . 8 1) indicated that w h en a suitable cathode material is 
used w ith a sodium anode and a fused alkali halide electrolyte, bimetallic 
galvani c ce lls can achi eve the current density-voltage characteristics re-
quir ed for high-spe c ifi c -energy, high-specific-power secondary cells. 
Subsequent studies have been concerned with the development of secondary 
ce lls having highe r ce ll voltages and lowe r cell weights. 

The voltage of a bimeta llic cell can be made greater than 
tha t of the sodium/ bismuth ce ll by selecting a more electropositive anode 
material such as lithium, and a more e l ec tronegative cathode material such 
as t e llurium . In addition, the equivalent weights of lithium and tellurium 
a re much lowe r than tho se of sodium and bismuth, yielding a cell of higher 
energy density . The emf- composition characteristics for the lithium/ 
t e llurium cell, r epo rted in section VA 1 above, indicate that the open- circuit 
terminal voltages a re relatively insensitive to cathode alloy composition, 
a nd that values of l. 7 to l. 8 volts are to b e expected. 

CATHODE-

ELECTROLYTE 

I----ANODE 

ALUMINA 
:.,.....-----cRUCIBLE 

ANODE CUP 

LITHIUM 
RETAINER 

~ L i -Te ALLOY 

\ ARMCO IRON 
CATHODE CUP 

Fig. V- 3. Lithium / Tellurium Cel l. 

A simple experimental 
lithium/tellurium secondary cell 
was constructed as shown sche-
matically in Fig . V- 3 . The Armco 
iron cathode cup provided an active 
cathode area of 10 cm2

• An annular 
fin was included in the cathode cup 
to aid in current collection. Two 
stainless steel anode current col-
lectors of different geometric area, 
w hich also served as lithium re-
tainers, were used in these experi-
ments: a) 3.9 cm2 and b) 10 cm2 . 

The 10-cm2 anode ce ll was some-
what modified in d esign to reduce 
internal resistance . The LiF-LiCl-Lii 
e utecti c (m .p. = 340.9°C)was utilized 
as the electrolyte . 



The amounts of lithium and tellurium in the cell were 
varied, but the maximum ratio of lithium to tellurium corresponded to 
30 a / o Li in tellurium in the cathode alloy at complete discharge . The 
maximum capacity of the cell was 9. 55 amp-hr. The melting point of tel-
lurium (449.80°C) determined the minimum operating temperature of the 
cell; the range of temperatures most frequently used was 467 to 500°C. 
All of the experiments were performed in a high-purity helium atmosphere. 
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Fig. V -4. Steady-State Voltage-Current Density 
Curves for Lithium/Tellurium Cell. 

Typical 11 steady- state 11 cur-
rent density-voltage curves for 
lithium/tellurium cells operating 
at 470°C are shown in Fig. V-4. It 
it noteworthy that current densities 
in excess of 7 amp/cm2 were ob-
tained on discharge, and because 
similar current densities can be 
accommodated on charge, practical 
cells based on this system could be 
charged in 15 minutes or less for a 
cell capacity of 1.75 amp-hr/cm2 . 

Similar results were obtained with 
both anodes (3.9 cm2 and 10 cm2 ), 

and hence the behavior at the cath-
ode was not significantly different 
in the two runs. Since both the 
charge and discharge curves are 
straight lines, it is expected that 

only negligible concentration and activation overvoltages were present; the 
largest losses were resistive in nature. All of the data in Fig. V-4 cor-
respond to "steady- state 11 curves 
at the cathode alloy composition of 
20 a / o lithium in tellurium. 
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ANODE AREA ' I 0 cm2 

CATHODE AREA' I 0 cm2 

INTERELECTRODE DISTANCE' 0 .5 em 
CAPACITY' 1.55 omp-hr 

ESTIMATED CATHODE 
COMPOSITION' 5 o/o L i 

TEMPERATURE' 475"C 

0 

4 6 9 10 

CURR ENT DENSITY, omp/cm2 

II 12 13 14 

Fig. V-5. Shon-Time Voltage-Current Density 
Curve for Lithium/Tellurium Cell. 

A typical short-
term discharge curve for the 10- cm2 

anode cell is shown in Fig . V- 5 . This 
cell was charged between readings 
and the data were taken within sev-
eral seconds after discharge was 
initiated. Because of this proce-
dure, the lithium content of the cath-
ode was kept low--about 5 a/o Li in 
tellurium. Note that a current den-
sity of 7 amp/cm2 was obtained at 
0. 7 volt (resistance losses included), 
corresponding to a power density of 
4.9 watt/cm2 . The maximum cur-
rent density observed was 12 . 7 amp/cm2

• The maximum temperature 
observed during the high current density discharges was 30°C. 

rise 
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The voltage- capacity curves for the constant- current 
c harge 
i n Fig . 

and discharge o f the cell with the 10- cm2 anode at 480°C are shown 
V- 6 . The curve marked "0 amp" shows the open- circuit voltage as 
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a function of time (upper abscissa), while 
the other curves show the terminal volt-
age of the cell as a function of charge 
accepted or delivered at various constant 
charge and discharge rates . The plateau 
voltages of Fig. V- 6 correspond to some 
of the points on the curve shown in 
Fig . V-4 while the initial voltages at the 
ordinate of Fig. V- 6 correspond approxi-
mately to the voltages shown in Fig . V-5 . 

The constancy of the voltages in 
Fig. V-6 is a unique characteristic of the 
lithium/ tellurium cell , and was expected 
on the basis of the work of Foster and 
Liu. 1 This behavior contrasts with that 
of the sodium/ bismuth cell , in which a 
more distinct decrease of cell voltage 
with extent of discharge was observed , 
parti c ularly at high current densities. 

When selenium is used in place of 
tellurium as the cathode material, the 

Fig. V-6. Constants -Gurrent Vo ltage -
C apacity Curves for Lithium/ 
T e lluri um Cell). c ell has a low er weight becaus e of the 

lower atomic w eight of selenium (7 8 . 96 vs . 12 7. 6 for tellurium) and has a 
lower operating tempe rature becaus e of the lower melting point of selenium 
(217 vs . 450°C for tellurium) . E x periments were performe d w ith lithium/ 
selenium cells to determine w hether or not these advantages c ould be real-
ized while retaining high c ell performance . 

An e xperime ntal lithium/ selenium cell, similar in design 
to the lithium/ tellurium c ell d e scribed above was constructed and operated 
in the temperature range 3 50 to 400°C . The cell was tested using 3. 9-cm2 

and l0-cm2 anodes and l0-cm2 cathodes of various configurations. The 
capacity of the cell w as determined by the amount of lithium in the anode, 
and varied from 4 amp-hr to 8 . 9 amp-hr; selenium w as alw ays present in 
excess. The maximum ratio of lithium to selenium corresponded to 
60 a / o Li in selenium at comple te discharge . Because of the relatively 
high resistiv ity of selenium , it was expected that the configuration of the 
cathode curr e nt colle c tor w ould have a significant effec t on the internal 
r e sistance of the cell, and hence on its performance. To maximi z e ce ll 
p e rformanc e , a number of cathode current colle c tors w e re tested . V a rious 
forms of i ron w ere us e d t o fa c ilitate c urrent collection . 



It was found that the cell performance was directly related 
to the current- collector configuration of both electrodes, the selenium elec-
trode current collector being the more critical. Figure V -7 shows voltage-
current density curves for several cells which were identical except for the 
cathode current collector . The lowest performance (1.0 amp/cm2 at 1 volt) 
was obtained from a cell which had a simple iron cup with a single annular 
fin as the cathode current collector. The addition of 60 w/o iron filings to 
the selenium improved the performance somewhat ( 1. 8 amp/ cm2 at 1 volt), 
w ith further improvements being achieved by the addition of iron turnings 
(2 . 3 amp/ cm2 at 1 volt) . The best performance was obtained by using a 
stack of five expanded iron meshes welded to the cathode cup (6.2 amp/cm2 

at 1 volt). The optimum current-collector designs were found to be a 
spiral (of type 18-8 stainless steel) for the lithium electrode and the ex-
panded metal meshes (pure iron) for the selenium electrode. 

With 30 w/o iron wires 1n 
cathode; Cell Capacity • 
7.1 omp-hr 
Cell Temperature • 365° C 

3 .5 

3 

2.5 

.. 
g.l.5 
...J .. 

'VWith expanded iron mesh in ~ 
cathode; Cell Copocily • ~ 1 

~:ITPT~'::,peroture • 375" C ~ 
Anode and cathode area • 10 cm2 :J 

~0.5 

CHARGE 

Li(i) /UF·LiCI-Lii/Li inSe(l) 
Anode Area • 3. 9 cml 
Calhode Area •10 cmt 
lnterelectrode Oi stance • 0 .5 

+ With no iron additive 
in cathode; Cell Capacity • 
4.86 Omp-hr 
Cell Temperature • 341•C 

0 Wilh 30 w/o iron turninos 
in cathode; Cell Capacity• 
8.86 amp-hr 
Cell Temperature • 353• C 

6 With 60 w/o Iron fllino• 
in cathode; Cell Capacity• 
5.45 amp-hr 

"' Cell Temperature • 362 •c 

4 3 I 0 I 2 3 4 

ANODE CURRENT DENSITY, ornp/cm 2 

Fig. V-7. "Steady-State" Voltage-Current Density Curves for Lithium/ 
Selenium Cells with Various Cathode Current Collectors. 

The performance of the cell with the iron-mesh cathode 
current collector on discharge was measured in two ways: 1) short-term 
performance measured from the fully charged condition for each data 
point, corresponding to about 5 a/o Li in selenium and 2) 11 steady-state 11 

performance measured on the voltage plateau, corresponding to a cathode 
composition of about 25 a/o Li in selenium. These performance curves 
are shown in Fig. V- 8. The behavior on charging is representative of that 
of a fully discharged cell, hence the steeper slope of the voltage-current 
density curves for charging. 

The voltage- current density curves for discharge in 
Fig . v-8 show that a potential of 2 . 3 to 2.4 volts is available at open circuit, 
and short- circuit densities of 11 to 13 amp/ cm2 can be achieved. The 
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maximum powe r density for short-term operation is 7.8 watts / cm
2 

(at 
1.2 volts) and at "steady state" is 6.3 watts / cm2 (at 1.1 volts). Measure-
ments of the overvoltage by current interruption techniques indicate that, 
in the range 1 to 4 amp/ cm2 , the overvoltage was 90% resistive (mostly 
due to the electrolyte), the remainder being associated with the diffusion 
of lithium into the cathode alloy. 
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Fig. V-8 

Voltage-Current Curves for a Lithium/ 
Se lenium Cell with an Iron Mesh Cathode 
Current Collector . 

Constant- c ur rent charge and discharge voltage- capacity 
curves for the l0-cm2 , 6.4-amp-hr cell (1.66 g Li) with the iron-mesh 
cathode current co llecto r (3.5 g Fe , 12.8 g Se) are shown in Fig. V-9. The 
cathode alloy compos ition at complete discharge was 59.6 a / o Li in sele -
nium, corresponding to the presence of solid Li 2Se during the latter part 
of the discharge curve . The accumulation of solid Li2Se caused the second 
plateau in the dis cha rg e curves (3 to 5 amp-hr). The first plateau (0.5 to 
2 amp-hr) corresponds to an all-liquid cathode, in which the lithium proba-
bly forms soluble Li2Se . The voltage differences between the various 
charge and discharge curves are primarily due to resistive losses in the 
cell, largely electrolytic in nature. It can be seen from the capacity curves 
that this cell can be completely charged (6 amp-hr) in less than 15 min, an 
important feature. The open-circuit voltage is quite stable, and thus indi-
cates a low rate of self -discharge. 

b. Secondary Cells with Immobilized Fused-Salt Electrolytes 

In connection with the many possible applications of gal-
vanic cells with fused- salt electrolytes, the use of an electrolyte in the 
form of an immobile "semi-solid" paste would have many advantages over 
the use of a liquid electrolyte. One of these advantages, the versatility in 
ce ll design, is such an important consideration that the development of an 
immobilized electrolyte is considered essential to both the regenerative 
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Fig. V- 9. Constant-Current Voltage-Capacity 
Curves for Lithium/Se le nium Ce ll. 

cell and secondary cell programs 
being pursued in this Division . Con-
sequently , secondary cells having 
liquid lithium anodes, liquid bismuth 
or tellurium cathodes, and fused 
lithium-halide electrolytes immobi-
lized as a rigid paste have been de-
signed and tested . 

The lithium/ tellurium cell, 
made of pure iron, had current col-
lectors consisting of sheets of sin-
tered porous stainless steel in the 
anode compartment, and a network 
of pure iron wires in the cathode 
compartment. Figure V -10 shows this 
cell with meshes in the cathode com-
partment rather than the iron-wire 
network. The exposed electrolyte 
area was 3.25 cm2

; the electrolyte 
thickness was 0.32 em . The cell 
compartments were loaded with 
0. 75 g of lithium and 5 .45 g of tellu-
rium, corresponding to 71.6 a/o Li 
in tellurium at complete discharge. 

The paste electrolyte was based on the ternary LiF-LiCl-
Lii eutectic which melts at 340. 9°C and has a specific conductance of 
2.3 ohm- 1 em - 1 at 475°C. The electrolyte components were melted to-
gether to form the eutectic, the electrolyte was solidified, pulverized to 
-300 mesh size, and mixed (50 w/o) with an inert filler material. The 
electrolyte-filler powder mixture was then molded into discs. All opera-
tions except for the hot-pres sing were carried out in a pure helium atmo-
sphere. Discs 2 . 5 em india. were pressed at room temperature and then 
sintered at 400° C, eliminating all exposure to air. 

The paste electrolyte has a continuous phase of fused 
lithium halide eutectic at the cell operating temperature. The relative 
amounts of finely divided inert filler and lithium halide are chosen such 
that the electrolyte fills the interstitial spaces among the very small filler 
particles, and holds the paste firmly by means of its high surface tension, 
low contact angle with the filler, and the small pore size of the compact. 
Similar paste e l ectrolytes have been used with suc cess in molten-carbonate 
fuel ce lls . 

The voltage- current density curves of the lithium/ tellurium 
cell with a paste electrolyte operating at 4 7 5°C are shown in Fig. V- 11. 
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Fig. V-10. Lithium/ Tellurium Cell Utilizing Paste Electrolyte. ' 
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Fig. V-11. Voltage -Current Density Curves 
for a Lithium/Te llurium Cell 
with Paste Electrolyte. 

As expected, the open circuit 
voltage was 1 . 7 to l. 8 volts, 
and the voltage- current den-
sity curveswere straightlines, 
indicating the absence of any 
significant concentration or 
activation overvoltages. The 
short-circuit current density 
was 2.2 amp/ cm2

, and the 
maximum power density was 
1 watt/cm2 at 0 . 9 volt. 

The internal resistance 
of the lithium/ tellurium cell 
during discharge was 0.24 ohm, 
compared to 0 .065 ohm calcu-
lated from the electrolyte con -
ductivity and a paste-to-pure 
electrolyte resistivity ratio of 2 . 

The lithium/ tellurium cell, with a total capacity of 
2. 9 1 amp - hr, could be fully charged from complete discharge in less than 
half an hour corresponding to a capacity per unit area of 1 amp -hr/ cm2 . 

This is a much higher charge rate than can be used with secondary cells 
having aqueous electrolytes or cells with nonaqueous organic solvent 
electrolytes. 

Extensive investigations of constant-current charge and 
discharge characteristics, charge retention, and cycle life still remain to 
be done. 

In summary, estimated performances of lithium/ t e llurium 
and lithium/ selenium batteries with either liquid or paste lithium- h a lide 
eutectic electrolytes were derived from the experimental results and these 
are presented in Table V- 1 . The specific energy and specific power values 
are estimates based on a simple bipol a r type of cell design . A detailed 
explanation of these calculations can be found elsewhere. 2 The cell tem-
perature of the lithium/ tellurium cell (470°C) is limited by the melting 
point of tellurium (450°C), while the temperature of the lithium/se lenium 
cell (3 70 °C) is limited by the melting point of the lithium h a lide e utectic 
(340 . 9°C). The specific power and specific energy of the lithium/ selenium 
cell are about 60o/o higher than those of the lithium/ tellurium cell because 
of the higher cell voltage and the lower equivalent weight of se l enium. The 
specific power and energy values shown in Table V-1 compare with a 
specific power of 10 watt/ 1b and a specific energy of 10 watt-hr / lb for a 

2 H. Shimotake , E. J. Cairns, in "Advances in Energy Conversion Enginee ring," p . 951, Am. Soc. Mech. 
Engrs., New York (1967). 
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lead-acid battery .3 The s e performance analyses and design calculations 
indicate the lithium/ tellurium and lithium/ selenium cells allow many new 
applications to be considered , including military and special vehicular 
applicati ons . 

TAB L E V-1. Estimated P erfo r man ces of L i/ Te an d Li/ Se Batt e ries 

Ce ll 
Tempe r ature Specific Energya 

Ce ll Sys t em E l ect r o l yte (oc) (wat t - hr / lb) 

L i thiu m / T e llur ium liquid 470 90 

L i t hium/ Se l e n iu m liquid 370 140 

L i t h i um/ T e llu r ium paste 470 80 

L ithiu m / Se l e n iu m pas t e 370 11 0 

aSp e c i fic e n ergy and s p ecific powe r a r e defined as fo llows: 

Spec i fic e n ergy = f E I dt 
We 

S . f . E I pee l 1c p owe r = --
We 

Spec ifi c P owe r a 
(watt/ lb) 

300 

500 

150 

300 

w h e r e E is a c e ll t erminal vo ltage a t a ce ll c urrent I , We is the ce ll we i g h t inclu ding 
t e r min a l s and h ou sings , a n d t is time . 

B . Spectroscopic Investigations of Intermetallic Systems 

A number of spectroscopic techniques are currently being applied 
to the task of characterizing the spec ies present in intermetallic systems . 
Infrared , visible, and ultraviolet absorption spectroscopy and the Raman 
spectrophotometric method described previously (ANL-7350, p. 84) have 
been investigated as means for studying intermetallic compounds in the 
solid state and as solutes in fused salt media . 

A number of intermetallic compounds of direct interest to the energy 
conversion program form red-colored solutions in fused salts . The success 
of our Raman investigation

0
s on these colored melts will depend on their 

ability to scatter the 6 3 28 A helium-neon laser e x citing line . In preparation 
for handling red solutions , a sample of the Hgi2 - KI eutectic, which forms a 
bright red melt is being used to develop experimental techniques . Fig-
ure V-12 show s the R a man spectrum of a melt containing 60 m / o Hgi2 in 
KI at l30°C . A single band is observed at + 138 em- 1 in the Stokes region 
(- 13 7 e m - 1 in the anti-Sto kes region ) w hich can be attributed to the sym-
metric stretching motion of the linear triatomic species, Hgi2 . The obser-
vation of a cl e ar , una mbigu o us spectrum from this highly colored fused- salt 
s a mple is encouraging in c onnection w ith Raman studies of red solutions 
of inte rme tallic compounds in fu se d salts. 
3 U.S. Department of Commerce, Panel on Elecuically Powered Vehic les , "The Automobile and Air 

Pollution, " Part I and Part II, Wash. D.C. (1 967). 
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Preliminary studies have 
been conducted to investigate the 
possibility of gaining structural in-
formation about fused salt solutions 
of actinide metal oxides in MgCl2 -

containing fused salts by Raman 
spectroscopy. 4 Figure V- 13 ahows 
a Raman spectrum of fused MgCl2 -

2KCl. The analysis of these data 
Fig. V-12 · The Raman Spectrum of 60 m/o Hgi2 indicate the presence of at least 

in KI a t 130°C. . two magnesmm (II) chloride com-
plexes of composition MgCl~(z-n). Experiments are in progress to deter-
mine the value of n for each complex. 
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Fig. V-1 3. The Raman Spectrum of F-us ed MgCI2-2KCl at 480°C. 

Future studies will examine the structure of uoi+ complexes in 
fused salts composed of MgCl2 with various other alkali and alkaline earth 
chlorides and fluorides . 

A novel approach has been taken in the study of Raman-active 
lattice vibrations in solid sample s of intermetallic compounds as a function 
of pressure .5 Th e sample is introduced between two diamond windows 
set in a specially designed holder which allows a known pressure to be .ap-
plied across the fa c es of the diamonds . The laser beam is passed through 
the diamond windows and the light scatte red at 180° to the incident beam 
is focused into the mono c hromator . Figure V- 14 shows the well-
characterized longitudinal (249 em- 1 ) and tr a nsverse (215 em - 1 ) optical 
lattice modes of ZnSe obtained with this cell at a pressure of 15,000 
atmospheres. 

4This portion o f the work was perform ed in cooperation with the CEN Pyrochemical Research Group. 
5This portion of the work is be ing performe d in c ooperation with J. R. Ferraro and C. Pos tmus, Jr. of 

the ANL Chemistry Division, who supplied the di amond c e ll, the ZnSe , and the infrare d instrument. 
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Fig. V-14 . The Raman Spectrum of Crystalline 
ZnSe at 15, 000 a tm. 

Part of the current effort to 
pe·rform spectroscopic measurements 
on intermetallic systems has been 
directed toward the synthesis and 
characterization of the pure com-
pounds. Lithium selenide has been 
prepared by vapor-phase transfer of 
selenium into molten lithium. The 
lithium and selenium react stoichio-
metrically in the ratio of 2 : 1 to 
produce high purity Li2Se, which has 
been shown by X- ray diffraction to 
have the CaF 2 structure. 

The infrared absorption spec-
trum of crystalline Li 2Se has been 

investigated as a function of pressure using the same diamond cell described 
above . One strong band is observed with a maximum at 276 em - 1 at atmo-
spheric pressure . The dependency of the energy of the band maximum on 
pressure is illustrated in Fig . V-15 . From the large shift of the maximum 
to higher wave numbers (cm- 1 ) with 
inc re as ing pres sure, it can be con-
cluded that this band is the infrared 
active lattice vibration expected for 
a crystal having the CaF2 structure . 
The absence of any other bands which 
could be attributed to molecular vi-
brations indicated that Li 2Se is an 
ionic solid. 

Solutions of Li 2Se in the LiF-
LiCl eutectic have no absorption 
maxima in the visible region, but 
their long wavelength edge is at lower 
energy than that of the pure fused eu-
tectic. Experiments to obtain Raman 
spectra of intermetallics dissolved 
in fused salts are progressing with 
the investigation of the system Li2Se 
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Fig. V-15. The Infrared Spectrum of the Li2Se Lat-
tice Vibration as a Function of Pressure. 
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in LiF- LiCl eutectic. Plans for the near future include more quantitative 
infrared and Raman studies of intermetallic compounds, both as solutes in 
fused salts and as crystalline solids under pressure . 

C. Thermodynamics of the Sodium-Lead System by Vapor-Liquid 
Equilibrium Techniques 

The sodium-lead system is the basis for one of the sodium- anode, 
thermally regenerative bimetallic cells that have been studied . The design 



of such a cell entails the considerations of vapor-liquid equilibrium. Thus 
measurements were performed in order to supply data on such equilibria. 

The vapor pres sure data were obtained by a combination of total 
vapo r pressure measurements (by the quasi- static method) and vapor den-
sity and composition determinations (by the transpiration method). Both 
the transpiration and the total pressure data were used to obtain values for 
the activity of sodium in liquid sodium-lead alloys at 853°C and across the 
entire composition range. In the calculation of sodium activities, the equi-
librium constant for the gas-phase reaction, Na2 ~ 2Na, had to be intro-
duced in order to determine the partial pressure of monatomic sodium. 
The activity coeffic ients of lead were obtained from the sodium data by 
means of a graphical Gibbs-Duhem integration. 

In the interpretation of the thermodynamic data for the sodium-lead 
system , the quasi-ideal solution model was used. This model, which suc-
cessfully correlated the activity data for the sodium-bismuth system in an 
earlier study (see ANL- 7350, p . 78 ), applies to the liquid phase and is based 
on the assumption that all species in the molten system, including certain 
compound species that are presumed to be present, form ideal solutions 
w ith one another . For the sodium-lead system, five compounds are known 
to exist in t he solid phase : NaPb3 , NaPb, Na9Pb4, Na5Pb2 , and Na15Pb4 . The 
melting points of the last three compounds fall in a narrow range ( 14°C) so 
that thei r stabilities are judged to be similar . Also , their average composi-
tion is Na2 . 9Pb , w hich is close to the stoichiometry 75 a/o Na-25 a/o Pb . 
The average contribution of these three compounds to the thermodynamic 
properties was approximated by assuming the existence of a single, hypo-
thetical , representative compound , Na3Pb . Three compound species, then, 
Na3 Pb , NaPb , and NaPb3 , together with the component species, Na and Pb , 
served as the basis for the quasi-ideal solution treatment. 

The necessary mathematical expres sions were developed in a way 
closely parallel to Hogfeldt's 6 treatment of the quasi-ideal systems (though 
Hogfeldt did not use the term "quasi- ideal"). The expressions that were 
derived .for the activity coefficient , -y , of the components (Na =A , Pb =B) 
are 

'YA = 

and 

'YB = 

= 

= 

1 + K 1xAXB + 3K2 x~ xB + 3K3xAx~ 

1 + K 1xB + 3K2x~ xB + K3x~ 

1 + K 1xAxB + 3K2x~ xB + 3K3xAx~ 

1 + K 1xA + K2x~ + 3K3xAx~ 

6E . Hogfe ldt, Ar kiv fU r Ke mi 2: 315 (1954). 
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where X 1s are mole fractions of the components, x 1s are mole fractions 
of species , and the K 1 s are the equilibrium constants of the formation re-
actions for the three compound species (K1 for AB , K 2 for A 3B, and K 3 for 
AB 3 ) . It is possible to obtain tentative values for these K 1 s from a plot of 
experimental values of 'YA and 'Y B as a function of composition; the neces-
sary information is contained in the values of the activity coefficients at both 
extremes of infinite dilution and at the intersection point of the two curves. 

,_ 
z 
w 
u 
u. 
u. 
w 
0 
u 

>-,_ 
> ,_ 
u 
<l 

I .0 
0 . 9 
0 . 8 
0 7 

06 

0 5 

0 4 

0 .3 

0 . 2 

0 . 1 

Curves ore calculated from 
quasi- ideal model 

0 0 Expertmenla I values 

afo SODIUM 

Fig. V-16. Calculated and Observed Activity Coeffi-
cients for the Sodium-Lead System at 853oc. 

An equation can be derived 
that expresses XB as a cubic func-
tion of xA and the K 1s. By using 
this equation, a succession ofpoints 
to generate the -y curves is obtained 
from a series of values of xA. The 
calculations yield, in succession, 
XB, 'YB, XB, XA, and 'YA for each 
value of XA . The fit between the 
computed curves and the experi-
mental points serves as a basis for 
adjusting the K 1 s in order to com-
pute a "best-fitting" pair of curves. 

The final result is shown in 
Fig. V- 16, in which the curves are 
basedonthevalues K 1(NaPb) = 20.3, 
K 2 (Na3Pb) = 24.0, andK3 (NaPb3 ) = 

4 .8. Experimental points and cal-
culated curves agree well. A 
noteworthy aspect is the correla-
tion between the melting points of 
the compounds and the stability of 
the presumed compound species in 
the melt. Often, a ranking of the 
stability of intermetallic compounds 
may be obtained by ranking their 
melting points . In the pre sent case, 
the melting point of "Na3 Pb" is 
taken to be around 390°C, which is 
about the average of the melting 
points of Na 15Pb4 , Na5Pb2 , and 
Na9Pb 4 . The melting points of 
NaPb and NaPb3 are 368 and 320°C, 

respectively. I£ the K 1 s are converted to standard free energies of forma-
tion, the 6G 0 values are -7 . 1, -6.7, and -3 . 5 kcal/ mole for Na3 Pb, NaPb, and 
NaPb3 , respectively . Thus, the melting point trend parallels the stability trend . 

The quasi-ideal model has certain limitations and can not be applied 
to all systems . Other physical tools are needed to firmly establish the mo-
lecular phenomena suggested by the model. 



VI. NUCLEAR CONSTA NTS 

A . N e utron R e action Cross Se ctions 

Neutron interactions with r e actor structura l, control, and fuel 
materials are of conside rable importance to the design and performance 
o f fast br e eder r e actors. N e utron eros s sections of reactor components 
are necessary for calculations of breeding gain, fuel burnup, and neutron 
efficiency. The s e data ar e also valuable for developing and testing 
theories of nuclear r e actions so that unknown n e utron cross sections can 
b e predicte d from the oretical considerations. 

Measurements of neutron capture cross sections are being made 
as a function of neutron energy between about 100 keV and 2 MeV and also 
as a function of the n e utron energy distribution of EBR-II . Experimentally, 
this is achieve d by the activation t e chnique , in which a sample is irradiated 
in a neutron beam and the radioactive reaction products are measured by 
counting in an X-ray counte r, b e ta counter, or, more often, a gamma-ray 
spectrometer. Monoene rgetic neutrons are produced by bombarding 
lithium targets with protons from a Van de Graaff accelerator and measur-
ing th e neutron intensity by gold monitor foils and a fission chamber. 
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Integral (reactor spectrum) neu-
tron energy distributions are 
obtained by placing samples in 
various core or blanket positions 
in EBR-II . 

Experimental measurements 
of capture cross sections for three 
isotopes irradiated with monoener-
getic n e utrons have been completed. 
These data ar e presented in 
Figs. VI-1, -2, and -3, for the 
r e actions 51 V(n, 'Y )52V , 85Rb(n,'Y )86mRb, 
and 89Y(n,)' )90my, respectively . Data 
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of othe r investigators 1 - 4 are also given whe n ava ilable. Cross sections for 
the reactions 89 Y (n,) )9°y and 85Rb (n ,) )86Rb we re r e ported previously 
(ANL-712 5, p . 2 14 and ANL-7 350, p . 89). 

As a part of the irradiation studie s of structural mater ials, type 304 
stainl e ss steel spac e rs in EBR-II subass emblies are being examined. Ana-
l ytical scheme s have been devised for the s e paration of long - lived (n,p) and 
(n , a) r eac tion products of the sta inl e ss stee l constituents, and analyses are 
in progre ss. Calculations of the yields of hydroge n and he l ium from (n,p) 
and (n, a) r eac tions in stainle ss ste e l have b ee n comple ted (see Se ction VIB, 
b e low) and will b e compared w ith experime ntal results. 

A comparison of integ ral and monoenergetic cross sections can 
provide information about the e n e rgy distribution and the neutron intensity 
as a function of position in EBR-II . 

B. Low - Mass Fission Yield Studie s 

Low-mass fission products such as tritium, hydrogen, and helium 
are of concern to fast r eac tor technology because of their practical impor -
tanc e in the deve lopm e nt of fast reactor fuel-proc e ssing systems and 
because of the e ffec ts of the ir inte ractions w ith cladding rna t e r ial. Studies 
of low-mass fission produc t yields can also b e expecte d to contribute 
information n e cessary for the the oretical understanding of the fission 
proc e ss. 

A r evi ew o f expe rime ntal and theo r e tical information on low-mass 
particl e yields from fission has been completed, and s e mi- e mpirica l calcu-
lations of h ydr ogen, tritium, a n d h e lium yields from fast-ne utron fission 
of potentia l fast r eactor fuels have been mad e . T a ble VI-1 presents a 
summary of calculate d tritium yields p e r fission event for several 
fissionable nucle i at s everal n e utron bombarding energies. The following 

T AB LE VI-1. C a l cul ate d Yields of Tritium from Neutron-Induc e d Fission 

Fi ss i onabl e Ne utron Calcula t ed Yield Fissionable Neutron Calculated Yie ld 
Material Ene rg y (a toms / fission ) Mate ria l Ene r g y (atoms/fission) 

z33u Therma l 1. 1 X 10-4 z3su The rmal 2.6 X 10-4 
Z35U Thermal l. 3x 10 - 4 2 . 5 MeV 1.4 X 10-4 

1.0 M eV l.2x 10 - 4 239pu Thermal 2 . 3 X 10-4 
2.5 MeV l.l x 10 - 4 1 .0 MeV 2.5 X 10-4 
3.0 MeV 8.2 X 10 -s 24lpu The rmal 2.6 X 10 -s 

1Yu Ya Stavisski, V. A. To lsti kov , At. Ene rg . (USSR) 9, 401 (1 960). 
2 A. E. Johns rud , I\ I. G. Silbert, H. ll. Ba rschall , Phys. Rev. 116 , 927 (1 959). 
3 - -H. A. Grench, K. L. Coop, H. 0. Menlove , F. J. Vaughn, Bull. Amer. Phys . Soc. 10, 498 (1965). 
4Brookhaven Na tiona l Labo rato ry , BN L- 325, 2nd ed., Supp . 2, February 1966. -



e stimate s were made of tritium production in EBR -II assuming full operat-
ing power: 34 0 Ci o f tritium p e r y ea r fro m 235 U fu e l, 710 Ci p e r year from 
239Pu fu e l, a nd 280 Ci p e r y e ar from 28 ,000 kg of 238 U (the amount specified 
in the r eactor design) in the blanke t. C a l c ula tions of the production of 
hydrog e n a nd h e lium from all neutron-r eaction sources in EBR-II have 
b ee n performed a nd a r e summarize d in T a bl e Vl-2. The calculated rates 
of hydrogen and h e lium production in stainless steel will b e compared 
w ith r e sults of expe rim e nts describ e d in the pr ece ding s ec tion . 

T AB LE Vl-2 . Calc ula t e d Production o f Hydrogen and H e lium 1n EBR-II 

H A toms o/o of Total 
He Atoms o/o of Total 

Source MW(t)-day Hydrog e n MW(t) - d a y Helium 

Fissio n 4. 3 X 10 l7 2.5 55 .0 X 10 l7 82 .5 
Na 10. 5 X l 017 6 .l 3.2 X 1017 4.8 
Stainl e ss Stee l 

F e 53 X 10 17 30.8 1.7 X l 017 2.6 
N i 101 X 1017 58.5 0.4 X 10 17 0.6 
Cr 1.1 X 1 o17 0 .6 4.8 X 1017 7 . 2 
Othe r 2.6 X 10 17 1.5 1.5 X 1017 2.3 

Tota l 172.5 X 10 l7 66.6 X l 0 17 

E x p e rim e ntal mea surements of low-mass yields from fast fission 
w ill also b e ca rri e d out a nd will b e com p a r e d w ith the c a lculate d yields 
g i ven in T ab l e VI - 1. The method for th e d e t e rmination of fas t fission 
yields of the l ow - mass particles w ill invo l ve bombardme nt o f fissionab l e 
targ e ts w ith monoene r getic neutrons from the A rgonn e 4-Me V Van de Graaff 
acce l era tor . The e n e r gy distributions of the emitted particl e s will be 
measured, and the mass and charg e dete r m ine d by means of an e lectronic 
particle id e ntificati o n t echnique employing a two-detector t e l e scope and 
as s oc iated electronic s. The yi e ld of each particle, X, will b e d e t e rmined 
by r equiring a coinc i dence b e twee n p a rticl e X a nd a fissi o n fra gme nt. 
Spontaneous l y fissioning 252Cf w ill b e us e d as the r e f e r e nc e a nd calibration 
standa rd. 
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VII . DETERMINATION OF BURNUP IN FAST REACTOR FUELS 

The program for the development of methods for measuring burnup 
in fast reactor fuels is continuing. To achieve the program's objective it 
is necessary not only to develop accurate analytical methods of determining 
the concentration of fission products that can be used as burnup monitors, 
but also to establish accurate fast fission yield values for these fission 
products. 

A . Methods for the Determination of Fission Products 

During the past year, two methods of determining fission product 
concentration in irradiated fuels have been under investigation. The status 
of each of these methods is discussed below. 

1. Spectrophotometric Titration of Total Rare Earths 

A method that employs a spectrophotometric titration of the 
rare earths as a group is being developed to monitor burnup . Earlier 
work on this method and some of its advantages were reported previously 
(see ANL-7175, p. 223 and ANL-7350, p. 93). 

Several changes in the method were made during the past year. 
The separation procedure was modified to achieve a better separation of 
rare earths from other fission products, and the titration procedure was 
changed to overcome incomplete reaction of the rare earths with ethyl-
enediaminetetraacetic acid (EDTA). 

The procedure as presently conceived involves the following 
steps: (1) evaporation of the fuel solution to dryness with perchloric acid 
to volatilize ruthenium, (2) anion exchange in concentrated hydrochloric 
acid to separate the rare earths from uranium and/or plutonium and most 
fission products, (3) anion exchange in lOo/o 5 N nitric acid-90o/o methanol 
to separate the rare earths from the remaining fission products including 
yttrium, (4) addition of excess EDTA and a spectrophotometric back 
titration of the excess EDTA with a standard lanthanum solution. 

Conditions have been established that provide optimum separa-
tion of the rare earths from yttrium. Under the same conditions it has 
been established that ( 1) the fission products zirconium, molybdenum, 
ruthenium, palladium, and cadmium do not interfere, and (2) the constitu-
ents of stainless steel (a commonly used cladding material) do not interfere 
when the weight ratio of stainless steel constituents to rare earths is 
15 to 1 (the ratio expected in a typical sample of U02 fuel discharged from 
a fast power reactor) . 



The method was applied to a sample of an oxide fuel that had 
been irradiated to approximately 6 a/o burnup . Gamma spectrometry of 
the separated rare earths showed that only rare earth activities were 
present . The titration of the separated rare earths proceeded normally 
and gave no indication of the presence of interfering ions . Evaluation of 
the accuracy of the results cannot be made until an accurate value of the 
burnup is obtained by an established procedure, namely, the mass-
spectrometric determination of lanthanum-139. However , the results are 
within 6% of the value predicted on the basis of the estimated burnup and 
the existing fission yield data for the rare earths . The agreement between 
the experimental results and the predicted value is very promising. 

2 . X -Ray Spectrometric Determination of Rare Earth Fission 
Products 

The feasibility of measuring burnup by using X-ray spectrometry 
for the determination of fission products in fast reactor fuels is under con-
sideration . X =ray spectrometry has a very important advantage when com-
pared with radiochemistry, mass spectrometry, and spectrophotometry in 
that the separation procedure does not have to provide a fission product of 
high chemical purity . The procedure must only provide ( 1) a separation 
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from active fission products that is sufficient to protect the analyst from 
overexposure and (2) a separation from gross amounts of uranium, plutonium, 
and the other fission products . 

The initial application of X -ray spectrometry to fission product 
analysis is directed toward the rare earths. The rare earths were chosen 
because they do not diffuse out of oxide fuels, which are of major importance 
to the fast reactor fuel program . The following general procedure is being 
considered: 

1) Addition of an internal standard, i.e ., a known amount of a 
rare earth that is not a fission product. 

2) Isolation of the rare earths from uranium, plutonium and 
fission products such as zirconium, niobium, ruthenium, and cesium , which 
have high specific gamma activities . Since the internal standard and the 
fission product rare earths will behave identically in the separation scheme , 
the rare earth recovery does not have to be quantitative . 

3) Transfer of all or a portion of the solution of separated 
rare earths onto a plate and evaporation to dryness . 

4) Assay of the plated sample in the X-ray spectrometer for 
one or more of the principal rare earth fission products (lanthanum, cerium, 
praseodymium, or neodymium) and the internal standard . 
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5) Determination of the atom ratio of the fission product 
(F.P.) to the internal standard (I.S.) from a calibration curve in which 
concentrationF.P / concentrationi.S. has been plotted against the X-ray 
intensity ratio, IF .P ./Ir.s . 

Both the K-spectra and L-spectra are available for use in rare 
earth X-ray spectrometry. The most attractive feature of the K-spectra 
is simplicity; only two principal emission lines per element are present. 
On the other hand, the K-spectra exhibit several disadvantages. High 
potentials are necessary to excite the K-spectra and adequate spectral 
dispersion is difficult to attain. Line -to -background ratios are poor; this 
in turn affects the ultimate sensitivity attainable. 

The L-spectra, on the other hand, exhibit a much more attractive 
line -to -background ratio, and much greater sensitivity can, therefore, be 

obtained. A typical L-spectra X -ray 
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Fig. VII-1. X-ray Spectrogram of Simulated Rare 
Earth Fission Product Mixture. 

spectrogram is displayed in 
Figure VII-1. The quantities of the 
rare earths on this plate were 13, 24, 
18 and 42 f.Lg of lanthanum, cerium, 
praseodymium and neodymium, 
respectively. These amounts, which 
produce adequate X-ray intensities, 
would be present in one gram of fuel 
when the burnup is 0.03 a/o. 

Now that both the sensitivity 
and selectivity of the method for the 
individual rare earths have been 
established, efforts are being 
directed to the problems of making 
the method quantitative, i.e., estab-
lishing an accurate relationship 
between the intensity of a particular 
X-ray and the amount of rare earth 
on the mount. A series of six plates, 
each containing 58 flg of rare earths 
and 8 flg of terbium as an internal 
standard, were prepared to demon-
strate the precision obtainable with 

the use of intensity ratios. Although the individual X-ray intensities varied 
considerably from plate to plate, the intensity ratio, IF .P /Ir.s., was constant 
to within 3% for all major emission lines. A calibration curve will next be 
prepared and its application to unknowns studied. 

B. Evaluation of Burnup Monitors for Oxide Fuels 

A necessary part of the development of burnup methods is a 
demonstration that a monitor is applicable to a particular type of fuel 



(e .g . , oxide, carbide) . Migration of a fission product or a precursor out of 
the fuel is the chief caus e of a monitor's nonapplicability . 

Two burnup monitors, technetium and molybdenum, were evaluated 
for oxide fuels . These fission products had previously been used success-
fully to monitor burnup of metal fuel samples . Moreover, the analytical 
procedures could be carried out more easily than the analyses (described 
above) for total rare earths . The eva luation s showed that both molybdenum 
and technetium migrated out of oxide fuels and were therefore unsuitable as 
burnup monitors for this type of fuel. This information is of particular 
significance because both of these e lements have been used , or have been 
considered for use , in other programs for determining burnup of oxide fuels . 

C . Irradiation in EBR-II 
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An irradiation is being carried out in EBR-II to provide :naterials for 
establishing fission yield va lues to ± lo/o accuracy . A discussion of the basic 
philosophy behind this irradiation and a description of the materials being 
irradiated were reported previously (ANL-7350, p. 94) . This irradiation is 
progressing much more slowly than was anticipated ( 1 to 2o/o burnup per year 
rather than 4 to 6% per year). It is evident that the time necessary to 
achieve the desired 25o/o burnup would be inordinately long, and a 
"short-term" irradiation is therefore being considered. 

The "short-term" irradiation would be carried out in a driver sub-
assembly for one full fuel cycle . For the isotopes of interest (233U, 235U, 
239Pu, and 241Pu) this would result in a burnup of 2 to 3 a/ o . The number 
of fissions w hich have occurred in each material wi ll be determined by 
summing the number of atoms of heavy-element fission products produced . 
This involves four determinations (total rare earth, cesium, barium, and 
xenon ) and an estimation of the concentrations of two of the minor heavy -
element fission products (iodine and tellurium) by extrapolation of the 
other data . This approach was not feasible when the long -term irradiation 
was initiated since suitable analytical techniques were not available . The 
development of the total rare earth and the X -ray spectrometric rare earth 
methods has provided a means for determining 50o/o of the heavy fission 
products with the requisite accuracy. 

The "short-term" irradiation experiment wi ll provide data that are 
less accurate by about a factor of two than those that will be derived from 
the long-te rm irradiation experiment . However , the short-term data will 
b e availabl e seve ral years before any data are forthcoming from the long-
term irradiation . 
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Division of Technical Information, U . S. Atomic Energy Commission, 
VoL .!.2_(3) (Summer 1967) . 

A . K . Fischer 
Phase Diagram Considerations for the Regenerative Bimetallic Cell 
Chapter in Regenerative EMF Cells, Ad van. Chem. Ser. 64, 121- 13 5 
( 1967 ). 

A . K , Fischer , S . A . Johnson, S . E . Wood 
Liquid- Vapor Phase Diagram and Thermodynamics of the Sodium-
Bismuth System 
J . Phys . Chem . 71(5), 1465-1472 (1967) . 

D . F . Fischer, M . G . Chasanov 
Thermal Gradient Apparatus for Use in a Glovebox 
Rev . Sci . Instr . 38(11), 1574 (1967). 

* Also listed in AN L-7350. 
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M . S . Foster 
Laborator y Studies of Intermetallic Cells 
Chapte r in Re generative EMF Cells, Advan. Chem . Ser . 64, 136-148 
(1967) . 

J . D . Gabor 
Wall Effects on Fluidized Particle Movement in a Two-Dimensional 
B e d 
Proc . InL S ymp . Fluidization, Eindhoven, 1967, p . 230, Netherlands 
Univ . Press, Amsterdam, 1967. 

E . L . Gasner, H . H. Claassen 
Raman Spectrum of Xenon Hexafluoride 
Inorg . Chem.~ 1937-1938 (October 1967) . 

E . Greenberg, W . N . Hubbard 

Note. 

Fluorine Bomb Calorimetry . XXIII. The Enthalpy of Formation of 
Carbon Tetrafluoride 
J . Phys . Chem . ~(1), 222-227 (1968). 

L. J . Harrison, R . C . Liimatainen, F . J. Testa 
Photographic Studies of U0 2 Pellet Fuel Rods in Water Subjected to 
Nuclear Transients in TREAT 
Trans . Amer . Nucl. Soc . .!.Q(1), 127 (1967). 

P . S. Harris, B . A . Phillips, M . H . Rand, M . Tetenbaum 
The Volatility of Plutonium Carbides. Part I 
UKAEA Report AERE-R 5353 (March 1967). 

J . C . Hesson, M . S . Foster, H . Shimotake 
Self-Discharge in Alkali Metal-Containing Bimetallic Cells 
Electrochem. Soc . Fall Mtg . , Chicago, Ill ., October 15-20, 1967 . 
Extended Abstracts of Battery Division, J -1, Vol. 12, pp . 46-4 7 . 

J . C . Hesson, R . 0 . Ivins, L . Baker, Jr . 
Calculation of the Extent of Metal- Water Reaction and Core Heating 
during a Loss -of-Coolant Accident (CHEMLOC Program) 
Trans . Amer. Nucl. Soc . .!._Q_(2), 705 (1967) . 

J . C . Hesson, H . Shimotake 
Thermody namic and Thermal Efficiencies of Thermally Regenerative 
Bimetallic and Hydride EMF Cell Systems 
Chapter in Regenerative EMF Cells, Advan. Chem. Ser. 64, 82-104 
(1967) . 

J . C . Hesson, H . Shimotake, J . M . Tralmer 
Densities of Molten Sodium-Lead and Sodium-Bismuth Alloys 
J. Metals 20 , 6-7 (February 1968) . 

J . T . Holmes , L . B . Koppel, A . A . Janke 
Fluidized-Bed Disposal of Fluorine 
Ind. Eng . Chem. Process Design Develop. 6(4), 408-413 (1967). 



W. N. Hubbard 
Thermochemistr y * 
Enc yclope dia Britanica 21, 1010-1015 (1967). 

R. L. Jarry, M. J. Steindler 
The Reaction of Gaseous Bromine Pentafluoride with Uranium 
Compounds - I. The Kinetics of th e Reactions with UF4 and U0

2
F

2 
J. Inorg. Nucl. Chem. 29(7), 1591-1597 (1967). 

C. E. Johnson, M.S. Foster , M. L. Kyle 
Purification of Inert Atmospheres 
Nucl. Appl.~, 563-567 (Septe mber 1967). 

C. E. Johnson , R. R. Heinrich 
The rmodynamics of the Lithium Hydride Cell 
Chapter in Regenerative EMF Cells, Advan. Chem. Ser. 64, 105-120 
( 1967) . 

C. E. Johnson, S. E. Wood, E. J . Cairns 
Reply to the Comments of Bredig (on Lithium Hydride-Alkali Halide 
S ys tems) 
J. Chem. Phys. 46(10) , 4168 (1967). 

G. K. Johnson, E. Greenberg, J. L . Margrave, W. N. Hubbard 
Fluorine Bomb Calorimetry. Enthalpies of Formation of the Diborides 
of Zirconium and Hafnium* 
J. Chem. Eng. Data ~(1), 137 -141 (1967). 

G. K. Johnson, E. Greenberg, J. L . Margrave , W. N. Hubbard 
Fluorine Bomb Calorimetry. Enthalpies of Formation of the Diborides 
of N iobium and Tantalum 
J. Chem. Eng. Data ~(4), 597-600 (1967). 

I. Johnson 
Partition of Meta ls between Liquid Metal Solutions and Fused Salts 
Applications of Fundamental Thermodynamics to Metallurgical 
Processes, pp. 15 3 -177, G. R. Fitterer (ed.), Gordon and Breach, 
Science Publishe rs, N.Y . (1967). 

T. R. Johnson 
Compact P y rochemical Processes 
Powe r Reactor T ec hnol. and R eac tor Fue l Proc ess . ..!..Q(1), 79-84 
(Winter 1 9 6 6- l 9 6 7) . 

T. R. Johnson 
Compact P y rochemic a l Proc esses 
Pow e r R e ac t or Technol. and Reactor Fuel Proc ess. 10(2), 165-169 
(Sp ring 196 7) . 

* Also listed in AN L-7350. 
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T . R. Johnson 
Compact P y rochemical Pro c esses 
Reacto r and Fue l Proc ess. Techno l. l 0(3), 23 4-240 (Summer 19 6 7). 

T.R.Johnson 
Tables for th e Calculation of Operating Parameters for Compound 
Solvent - Extracti on Columns 
A.I.Ch.E. (Am e r. Inst. Chem.Engrs.)J. 13 (3), 607 (1967). 
Communic a tion. 

T. R . Johnson, F. G. Teats, R. D. Pi e rc e 
An Induction Probe for Measuring L eve ls 1n Liquid Metals 
Nucl. Appl.~(l ), 47 ( 1968) . 

A. A. J anke, M. L evenson, N. M . L evit z , M. J. Steindler, R. C. Vogel 
Fluoride Volatility: Candidate for Second-Generation Fuel-
R e processing Plants 
Nucleonic s 25(5), 58 - 63 (1967) . 

A. A. Janke, D. Ramaswami 
Basic Fluidization Studies at Argonne 
Argonne Na ti ona l L abo r a tor y Reviews 4 , 7 6 (Ju l y -O ctober 1967). 

A . A. Janke, M . J. Steindler, N. M. L ev it z 
D eve l opment of Fluor ide Vo l atility Reprocessing Methods for Plutonium-
Containing Fuels 
Chem . Eng . Prog r. Symp. S e r. ~( 80) , 13 0-14 1 (1967). 

A. A. Janke, M. L evenson, R. K. St e un e nberg, R . C. Vog e l 
Reprocessing of Reac t o r Fuels by Fluoride Vo latility and P y rochemical 
Techniques 
Plutonium as a Reacto r Fuel, pp. 53 7- 547, Int. Atomic Ene r gy A genc y, 
Vi e nna ( 1967). 

L. R. Kelman, H . V. Rhude, J. G . Schnizlein, H. Savage 
Metallic Plutonium Alloys for F as t Critical Experiments 
Pluto n ium 1965 , pp. 510-524, A. E . Kay and M. B. Waldron (eds . ), 
Chapman and Hall , L ondon (1967). 

R. W . Kess i e 
Remova l of Plutonium H exafluorid e f rom Cell Exhau s t Air by H y drolys is 
an d Filt r ation 
in Pr o c eedings of th e Ninth AEC Air Cleaning Confe renc e , Boston, 
Massachusetts, 13 -1 6 September 1966, Vol. 2, pp. 741-762, 
J. M. Morgan, Jr. and M. W. First (eds .) , USAEC R e port CONF-660904 
(Januar y 196 7 ). 

R . W.Kess i e 
Plutonium and Uranium H exafluoride H y drolysis Kine tic s * 
Ind. Eng . Chem . Proc e ss Design Dev e l op. 6(1), 10 5 -111 (1967). 

* Also listed in ANL -7350 . 



I. E. Knudsen, W. F . Ols e n 
Dir e ct Indication of P a rticle Size in Fluidized Beds 
Che m. Eng . 74 (8) , 244- 24 6 (1 9 67). 
R e publishe d in Che m. Eng . 75(2), 190 (1968) in recognition of an award. 

M . L. K y l e, L . F. Cole man , R. D. Pierce, J.D. Arntzen 
R e moval of Nitrog en from Ar g on with Titanium-Metal Sponge 
A b stracts of Papers Presented at Am. Chem. Soc. Meeting, Chicago; 
S e pt. 10-15 , 196 7, N-4 6 . Abstract. 

L. L e ibow itz , L . Mishle r 
Study of Aluminum- Water Reactions by Laser Heating 
J . Nucl. Mater . 23(2), 173-182 (1967). 

L. L e ibow itz 
The rmody namic Equilibria in Sodium-Air Systems 
J. Nucl. Mater . Q(2), 233-235 (1967). 

J . 0 . Ludlow, T . W. Eckels, J. E. A. Graae, P. A. Nelson, M.A. Slawecki 
Shielded Fuel Evaluation Facility (SFEF) 
Proc . C onf. Remote Sy st. Technol., 15th, Amer. Nucl. Soc., 
Chicago , 19 67 , 197-205 (1967). 
Also published in Trans. Amer. Nucl. Soc. !.2_(2), 682 (1967). 

C . Lun e r, A . Cosgarea, Jr., H. M. Feder 
Solubility of Carbon in Sodium 
Alk ali Metal Coolants , pp. l 71-l 79, Int . Atomic Energy Agency, 
Vienna ( 1967). 

W . E. Miller, G. J. Bernstein, R. M. Fryer, R. F. Malecha, R. C. Paul, 
M. A. Slaw ecki 

EBR -II Plant Equipment for Oxidation of Melt Refining Skulls 
Proc . Con£. Remote Syst. Technol., 15th, Amer. Nucl . Soc., Chicago, 
196 7 , 4 3 -51 (1967) . 
Also published in Trans. Amer . Nucl. Soc . .!.Q(2), 670 (1967). 

P . A. Ne lson , D . K . Butler , M.G. Chasanov, D. Meneghetti 
Fue l Properties and Nuclear Performance of Fast Reactors Fueled 
w ith Molten Chlorides 
N ucl. Appl. ~ 540-54 7 (September 196 7). 

E. J. Petk us, P. A. Nelson, S. Vogler, P. W. Krause 
Fluidized-Bed Technique for Preparation of Uranium-Plutonium 
Monocarbide 
Chem. Eng. Progr. Symp. Ser. ~(80), lll-120 (1967). 

E . Rudzitis, E. H. VanDeventer, W. N. Hubbard 
Fluorine Bomb Calorimetry. Enthalpy of Formation of Nickel 
Difluoride* 
J. Chem. Eng. Data 12(1), 133-135 (1967). 

*Also listed in ANL-7 350 . 
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E. Rudzitis 
Sepa r ation of Volati le Fluorides by a Combination of Transpiration 
and Gas Chromatographic Techniques 
Anal. Chem. 39, 11 87 -11 88 (1967). Note. 

E . Rudzitis, H. M. Feder , W. N. Hubbard 
Fluorine Bomb Calorimetry. XXII. The Enthalpy of Formation of 
Aluminum Trifluoride 
Inorg . Chem . ..§.; 1716-1717 (1967). 

J. G. Schnizlein, D. F. Fischer 
The Kinetics of O x idation of Plutonium Metal and a Plutonium- 3.4 a / o 
Aluminum Alloy at Temperatures from 140° to 550°C* 
J. Electrochem. Soc. 114(1), 23-29 (1967). 

D. W. Scott , W . T. Berg, I. A . Hossenlopp, W. N. Hubbard, J. F. Messerly, 
S. S. Todd, D. R. Douslin, J. P. McCullough, G. Waddington 

P y rrole : Chemical Thermodynamic Properties 
J. Phys . Che m. 2..!_(7), 2263-2270 (1967). 

J . L. Settle, E. Greenberg, W. N. Hubbard 
Two-Compartr.~ent Bomb for Calorimetric Combustions 
Re v . Sci. Instr. ~(12), 1805-1806 (1967). 

H. Shimotake, E . J . Cairns 
Performance Characteristics of a Sodium-Bismuth Cell 
Electrochemical Soc. Spring Mtg ., Dallas, May 7-12, 1967. Extended 
Abstracts of Ind. Electrolytic Div. , I-5, Vol. 3, pp. 4-8. 

H. Shimotake, J . C. Hesson 
Corrosion b y Fused Salts and Heavy Liquid Metals--A Survey 
Chapter in Regenerative EMF Cells, Advan. Chem. Ser. 64, 149-185 
(1967) . 

H. Shimotake, E. J. Cairns 
Bimetallic Galvanic Cells with Fused-Salt Electrolytes 
Advances in Energy Conversion Engineering, Papers Presented at 
Miami Beach, August 13-17 , 1967. Am. Soc. Mech. Eng., New York, 
1967 , p . 951. 

H. Shimotake, J. C. Hesson 
A Sodium-Bismuth Bimetallic Galvanic Cell 
Denki Kagaku 35(8) , 58 3 -586 (1967). 

H. Shimotake, N. R. Stalica, J. C. Hesson 
Corrosion of Refractor y Metals by Liquid Bismuth, Tin, and Lead at 
1 000°C 
Trans. Amer. Nucl. Soc . .!...2_(1), 141 (1967). 

* Also listed in ANL -7 350 . 



H. Shimotake, G. L. Rogers, E. J. Cairns 
P erfo rmance Characteristics of a Lithium-Tellurium Cell 
Electrochem. Soc. Fall Mtg., Chicago, Ill., October 15-20, 1967. 
Extended Abstracts of Battery Division, J-1, Vol. 12, pp. 42-45. 

M. J . Steindler, N. M. L ev itz, A. A. Jonke 
Development of Fluoride Volatility Methods for Reprocessing Reactor 
Fuels 
Compt. Rend. Congr. Intern. Chim. Ind. 36 Brussels, 1966, 1, 730-733 
(1967) . 

D. C. Stupegia, M. Schmidt, C. R. Keedy 
Capture Cross Sections of Neptunium- 23 7 
Nucl. Sci. Eng. 3:1.· 218 (1967). 

A. D. Tevebaugh, D. L. Keller (eds.) 
Preparation of Nuclear Fuels, Nuclear Engineering 
Part XVIII. 
Chern. Eng. Prog. S ymp. S e r . .§2(80), 1967. 

L. E. Tre vo rrow, M. J. Steindler, D. V. Steidl, J. T. Savage 
The Melting -Point Diagram for the System Uranium Hexafluoride-
Plutonium Hexafluoride 
Inorg. Chern. ~(5), 1060-1061 (1967). Note. 

L. E. Trevor row, M. J. Steindler, D. V. Steidl, J. T. Savage 
Condensed Phase Equilibria in the System Molybdenum Hexafluoride-
U rani urn Hexafluoride 
P aper in Lanthanide / Actinide Chemistry, Advan. Chern. Ser. 71, 
308 - 3 19 ( 1967). 

E. Veleckis, R. V. Schablaske, I. Johnson, H. M. Feder 
Intermetallic Pha ses in the Systems of Zinc with Lanthanum, Cerium, 
Praseodymium, Neodymium, and Yttrium* 
Trans. Met. Soc. AIME, 239, 58-63 (1967). 

I. 0. Winsch, M. L. Kyle, R. D. Pierce, L. Burris, Jr. 
Tungsten Crucibles in Pyrochemical Processing of Nuclear Fuels 
N ucl. Appl. .2_. 245-251 (April 1967) . 

L. C. Witte, L. Baker, Jr., D. R. Hawo rth 
Heat Transfer from High- Temperatu re Spheres to Liquid Sodium 
Trans. Amer. Nucl. Soc. 10(1), 35 1 (1967). 

L. C. Witte 
An Experimental Study of Forc ed -Convection Heat Transfer from a 
Sphere to Liquid Sodium 
J. Heat Transfer, ~· 9 (February 1968). 

* A !so listed in ANL-7350. 
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T. F. Young 
C o ntributions to Proc. Con£. Biol. Hard Tis sue , 1st, Princeton, N. J., 
19 65, pp . 42-44, 97-99, 255-264, New York Academy Sciences (1967). 

B . Papers Accepted for Publication in the Open Literature 

L. J. Anastasia, P. G . Alfredson, M . J. Steindler 
Fluid-Bed Fluorination of U0 2 - Pu02 - Fission Product Fuel Pellets 
with Fluorine 
Accepted for publication in Nucl. Appl. 

L. Baker, Jr ., R. C. Liimatainen 
Chemical Reactions* 
Accepted for publication as Chapter 17, Vol. 2, of The Technology of 
Nuclear Reactor Safety, MIT Press. 

J. J. Barghusen, A. A. Jonke, N. M. Levitz, M. J. Steindler, R. C. Vogel 
Fluid-Bed Fluoride Volatility Processing of Reactor Fuel Materials 
Accepted for publication as a chapter in Progr. Nucl. Energy, Ser. III, 
Process Chemistry, Vol. 4. 

J. C. Hesson, H. Shimotake, J. M. Tralmer 
Density, Surface Tension , and Viscosity of NaF-NaCl-Nai Eutectic 
Accepted for publication in J. Chem. Eng. Data. 

R. L. Jarry, M. J. Steindler 
The Reaction of Gaseous Bromine Pentafluoride with Uranium 
Compounds -II. The Reactions with U 30 8 , U0 2 , and U03 
Accepted for publication in J. Inorg. Nucl. Chem. 

L. Koppel 
Dynamics and Control of a Batch Reactor 
Accepted for publication in Ind. Eng. Chem. Process Design Develop. 

M. Krumpelt, J. Fischer, I. Johnson 
The Reaction of Magnesium Metal with Magnesium Chloride 
Accepted for publication in J. Phys. Chem. 

M. L. K y le, R. D. Pierce , L. F. Coleman, J.D. Arntzen 
Removal of Nitrogen from Argon with Titanium-Metal Sponge 
Accepted for publication in Ind. Eng. Chem. Process Design Develop. 

J. G. Schnizlein, D. F. Fischer 
Ignition Behavior of Plutonium Metal and Certain Binary Alloys 
Accepted for publication in J. Electrochem. Soc. 

R. K. Steunenberg, R. D. Pierce, L. Burris, Jr. 
P y rometallurgical and Pyrochemical Fuel Processing Methods 
Accepted for publication as a chapter in Progr. Nucl. Energy, Ser. III, 
Process Chemistry, Vol. 4. 

* Also liste d in AN L-7350 . 



D . C . Stupegia, M. Schmidt, C . R . Keedy, A. A . Madson 
Neutron Capture b e tw een 5 keV and 3 MeV 
Accepted for publication in J . Nucl. Energy. 

A. D . Tevebaugh, L . Baker, D . Swift 
Explosive H eat Transfe r at Liquid-Liquid Interfaces* 
Accepted fo r publication in Symposium on Molecular Processes in 
Chemical Engineering, Unive rsity of Rochester (publisher). 

L . C . Witte 
Film Boiling from a Sphere 
Accepted fo r publication in Ind . Eng. Chem., Fundam. 

L . C , Witte 
An Apparatus for Obtaining Extremely Large Heat Flux Densities 
Accepted fo r publication in J , Sci . Instrum. 

C . ANL Reports 

A . A. Chilenskas, K . S , Turner, J . E. Kincinas, G. L. Potts 
Engineering D eve lopment of Fluid- Bed Fluoride Volatility Processes. 
Part 10 . Bench-Scale Studies on Irradiated, Highly Enriched, 
Uranium-Alloy Fuels 
ANL - 6994 . 

T . W . Eckels , A . Smaardyk 
D esign, P erformance , and Evaluation of Shielding Window for FARET 
Containment C e ll* 
ANL-7157 . 

J . D . Gabor, D . Ramaswami 
E nginee ring Deve lopment of Fluid - Bed Fluoride Volatility Process 
P a rt 12 . Exploratory Tests on Fluorination of Uranium Oxide with 
BrF5 in a Bench-Scale Fluid-Bed Reactor System 
ANL - 7 362 . 

W . H . Gunther, M . J . Steindler 
L aboratory Inves tigations in Support of Fluid-Bed Fluoride Volatility 
Proc esses . P a rt XIV . The Corrosion of Nickel and Nickel Alloys by 
Fluorine, Uranium H exafluoride, and Selected Volatile Fission Product 
Fluorides at 500°C 
ANL-7241 . 

M . L . Ky l e , L . F . Coleman, R . D . Pierce, J.D. Arntzen 
Kinetics of the Titanium-Nitrogen Reaction with Application to the 
D e sign of Gettering Systems 
ANL-7167 . 

* Also liste d in AN L-7350 . 
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W. E. Miller, G . J . Bernstein, R . M . Fry er, R. F. Malecha, M.A . Slawecki, 
R . C . P aul 

The EBR-II S kull R e clamation Process . Part III. Skull Oxidation 
Equipment 
ANL-7338. 

E . J . P e t k us, T. R . Johnson, R . K. Steunenberg 
Th e Preparation of Uranium Monocarbide by Reaction in a Liquid 
Metal Medium 
ANL-730 l . 

M . A . Slawe cki, G . J . Bernstein, L. F . Coleman 
T es ts of Commutating Brushes for Use in D .C. Motors Operating in a 
Dr y Argon Atmosphere 
ANL-7262. 

L . E . Trev orrow, M . J. Steindler, D . V . Steidl, J. T . Savage 
Laborator y Inve stigations in Support of Fluid-Bed Fluoride Volatility 
Processes . Part XII. The Melting Point Diagram for the System 
Uranium Hexafluoride -Plutonium Hexafluoride* 
ANL-7234 . 

L . E . Trevorrow, M . J . Ste indler 
Laboratory Investigations in Support of Fluid- Bed Fluoride Volatility 
Processes . Part XV . Estimation of Rates of Thermal Decomposition 
of Plutonium Hexafluoride 
ANL-7347 . 

R . C . Vogel, M . L evenson, J . H . Schraidt, J . Royal 
Chemical Eng inee ring Div ision Semiannual Report, January-June 1966 
ANL-7225 . 

R . C . Vogel, M . L evenson, E . R . Proud, J . Royal 
Chemical Engineering Division Semiannual Report, July-December 1966 
ANL-7325 . 

R . C. Vogel, M . L evenson , E . R . Proud, J. Royal 
Chemical Engineering Div ision Research Highlights May 1966-
April 196 7 
ANL-7350 . 

L . C . Witte 
Heat Transfer from a Sphere to Liquid Sodium during Forced 
Convection 
ANL-7296. 

* Also listed in ANL-7350. 



D. Papers Pres ented at Scientific Meetings 

L . Baker, Jr . , D . T . Eggen, R . 0 . Iv ins , S. A. Szawlewicz 
The United States Liquid M e tal Fast Bre e der Reactor Safety Program 
Presente d at Inte rnational Conference on the Safety of Fast Breeder 
Reactors, Aix-en-Provence, France, Sept . 19-22, 1967. 

M . H. Barsky 
Application of Gas Chromatography in Inorganic Analysis 
Pr esented at Mid-America Spectroscopy Symposium, Chicago, Ill., 
May 16, 19 6 7 . 

E . J . Cairns 
Electrochemic a l Devic es 
Plenary lectur e presented at 2nd Intersociety Energy Conversion 
Enginee ring Conference, Miami Beach, Fla., Aug . 13-17, 1967 . 

E . J . Cairns 
Bimetallic Galvanic Cells with Fused Alkali Halide Electrolytes 
Presented at Gordon Conference, Meridan, N. H ., Aug. 28-Sept . 1, 196 7 . 

P . M . Danielson , J . S . Hetherington 
Ultrahigh Vacuum Equipment for Materials Studies above 2000°C 
Pres ented at the 1967 International Vacuum Metallurgy Conference, 
New York, June 12-16, 1967 . 

P . M . Danielson, J . S . Hetherington 
The Application of Ultrahigh Vacuum Techniques to High Temperature 
Mate rials Research 
Presented at Annual Meeting of Midwest Section American Vacuum 
Society , Boulder, Colo . , May 11-12, 1967 . 

R . K . Edw ards 
Report on Completed Program of Studies in the Uranium- Urania Sys-
tem and Current Plans in the Ternary Pu- U -0 and Pu- U -C Systems 
Pr esented at Int e rnational Symposium on High Temperature Chemistry, 
Argonne, Ill. , May 8-10, 1967 . 

R. K. Edwards 
High T emperature Materials Program of Research 
Pr esented at Oklahoma State University, Stillwater, Okla., 
June 15-17, 1967 . 

H . M. Feder 
l ) High Temperature Inv es tigations of the Uranium-Oxygen System 
2) Thermochemistry of Some Uranium and Plutonium Compounds 
Presented at the U .S. -Japan Information Exchange Me e ting on Ceramic 
Fuels, Richland, Wash., Sept. 25-27, 1967. 

A . K. Fischer, S. A. Johnson, E . J . Cairns 
Liquid- Vapor Equilibria and Thermodynamics of the Sodium- Lead 
S ystem 
Presented at Am. Chem. Soc. Mtg., Miami Beach, Fla ., April 9-14, 1967 . 
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M . S . Foster , G . H . McCloud, E. J. Cairns 
El e ctrochemical Studies of the Sodium-Bismuth System 
Pres ente d at Am . Chem. Soc . Mtg. , Miami Beach, Fla., 
April9-14, 1967 . 

E. Gre enbe r g, W . N . Hubbard 
The Enthalpy of Formation of CF4 by Fluorination of Graphite: Use 
of a Two-Compartment Bomb and Quartz Thermometer 
Presented at the 2.2.nd Annual Calorimetry Conference, Thousand Oaks, 
Calif., June 2.2.-2.4, 1967 . 

R. L. Gulley , M. D . Freshley, R . C. Liimatainen , D. Armstrong 
Transient Irradiation Testing of Oxide Fuels 
Presented at the U .S . -Japan Information Exchange Meeting on Ceramic 
Nuclear Fuels, Richland, Wash . , Sept. 2.5-2.9, 196 7. 

J.C . Hesson 
Development of the CHEMLOC Code for Calculation of Fuel and Clad 
Heating, Metal- Water Reaction, and Core Meltdown Following a Loss-
of-Coolant Accident 
Presented at meeting on High Temperature Properties of Light Water-
Cooled Reactor Materials under Accident Conditions, Washington, D . C . , 
Feb. 2.8-Mar . l, 1967 . 

J. T . Holmes 
Advantages and Disadvantages of Factorial Experiments* 
Presented at Oak Ridge National Laboratory, Oak Ridge, Tenn . , 
Jan . 10, 1967 . 

W . N . Hubbard 
Fluorine Bomb Calorimetry 
Presented at Oklahoma State University, Stillwater, Okla ., 
Oct . 2.5, 1967 . 

R . 0. Ivins 
Photographic Experiments with U0 2-Core Fuel Rods in TREAT 
Presented at meeting on High Temperature Properties of Light Water-
Cooled Reactor Materials under Accident Conditions, Washington, D . C . , 
Feb . 2.8-Mar . 1, 1967 . 

R. 0 . Ivins 
Research on Metal- Water Reactions and their Role in Reactor 
Accidents 
Presented at AMU -ANL Student-Faculty Conference, Argonne, Ill., 
Aug. 2.4, 1967. 

R. 0 . Iv ins 
Fuel Failure m Thermal Reactor Safety 
Seminar given for Division of Regulation and Licensing, USAEC, 
Bethesda , Md., Oct . 2.3, 1967. 

*Also listed io AN L-7 350. 



I. Johnson, J . B . Knighton, R . K. Steunenberg 
Metal Purification by Oxidation - Reduction Transport between 
Liquid Metals 
Pres ente d at Met . Soc. AIME Meeting, Los Angeles, Calif., 
Feb . 22, 1967 . 

I. Johnson 
Chemical Processing of Fast Breeder Nuclear Reactor Fuels 
Presented at Monmouth College Seminar, Monmouth, Ill., 
May 3 , 1967 . 

R . J . Me y er, R . D . Oldham, R . P . Larsen 
A Complexiometric Titration of Rare Earths for Monitoring Burnup 
Pr esented at Am. Chem. Soc . Mtg., Miami, Apr . 11, 1967 . 

P . A . G . O 'Hare , W . N . Hubbard, H. M. Feder 
Bond Energies in Chalcogen Fluorides 
Presented at International Union of Pure and Applied Chemistry Sym-
posium on Thermody namics, Heidelberg, Sept. 12-14, 1967 . 

P . A . G . 0 1Hare , J . L . Settle, H . M . Feder, W . N . Hubbard 
The Thermochemistry of Some Uranium Compounds 
Pres ented at International Atomic Energy Agency Symposium on 
Thermodynamics of Nuclear Chemistry with Emphasis on Solution 
S y stems, Vienna, Sept . 4 - 8, 1967 . 

K . K . S . Pillay, R . J . Meyer, R . P . Larsen 
The Determination of Praseodymium-141 in Nuclear Fuels by Neutron 
Activ at ion , Application to Burnup Analysi s 
Presented at Am. Chem. Soc . Mtg ., Miami , Apr . 11, 1967 . 

L . E . Ross , R . P . Larsen, V. Drabek 
Colorim et ric Determination of Zirconium in Uranium 
P resented at Analytical Chemistry Conference, Pittsburgh, 
P ennsy lv ania, Mar . 6, 196 7 . 

E . Rudzitis, E . H . VanDeventer, W. N . Hubbard 
The Enthalpy of Formation of Phosphorus Trifluoride by Fluorine 
H ypergolic Calorimetry 
Presented at 22nd Annual Calorimetry Conference, Thousand Oaks, 
Calif., June 22-24, 1967 . 

H . Shimotake 
Regenerative Galvanic Cells 
Pres ented at Northwestern Univer sity, Evanston, Ill . , Jan . 22, 1968 . 

H . Shimotake 
Bimetallic Galvanic Cells 
Pres ented at RESA Colloquium, Whirlpool Branch, St . Joseph, 
Michigan, Jan . 26, 1968 . 
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N. R . Stalica 
Experience at Argonne in Analyzing Radioactive Materials 1n an 
Unshielded ARL Microprobe 
Presented at A EC Microprobe Conference, Boston, Mass . , June 13, 1967 . 

N . R . Stalica 
Preparation of Irradiate d Material for Electron Probe Analy sis 
P resent ed at m eeting of Midw est Electron Probe Users Group, The 
American O i l Co., Whiting, Indiana , June 29, 1967 . 

R . K . Steunenberg 
1 . Fast Breeder R e actor Fuel C y cles 
2 . P y rometallurgical Processing of Fast Breeder Fuel 
3 . Salt Trans port P rocesses for Ceramic Fast Breeder Fuels 
P resented at Advanced Course in Fuel Reprocessing, Kjeller, Norway, 
Aug. 21 - S e pt . 1, 196 7 . 

M . Tetenbaum 
High T e mp e ratur e Vaporization Measurements on H ypostoichiometric 
Ur ania 
Pr esente d at Atomic Energy Research Establishment, Harwell, UK, 
Jan . 23, 1967 . 

M . T etenbaum 
Recent The rmo e l ectric Paramet e r Measurements on Actinide Sulfides, 
Pho sphid e s, and The ir Solid Solutions 
Presented at Atomic Ene rg y R esea rch Establishme nt, Harw e ll , UK, 
May 22, 1967 . 

M . T e tenbaum 
The rmodynamic Properties of the Hypostoichiometric U rania Pha se 
Presented at Dounreay E x p e riment a l R ea ctor Establishment, Scotland, 
UK, June 29, 1967 . 

A . D . Tevebaugh 
Review of AEC-Supported Work on Batte ries 
P resented at Electrochemical Working Group Meeting (PIC- BAT), 
Phila de lphia , Pa . , Apr . 11 - 12 , 19 6 7 . 

R . C . Vogel 
Spent F uel Recov er y Prob lems 
Presented at 8th Annual AMU -AN L N ucl. Engr . Con£., Argonne, Ill., 
Jan . 3 1 , 196 7 . 

R . C . Voge l 
Program of the Chemical Engineer ing Division 
Presented at First Naval Reserve Seminar on Nuclear Research 1n 
Life and Physica l Sciences, Ar g onne, Ill., May 4, 1967 . 

R . C . Vogel 
Salt Transport Proc ess ing of Fas t Bre e d e r Reactor Fuels 
Presented at Univ ersity of Minnesota, Minneapolis, Minn., 
Oct . 3 1 , 1967 . 



R . E . Wilson 
E x perimental Studies of M e tal - Wa ter Reaction and Meltdown of 
Z i rcaloy- Clad UO z Fu e l Rods unde r Loss-of-Coolant Accident 
Conditions 
Pres e nte d at m eeting on High T e mperature Properties of Light 
Water - Coole d R e actor Materials under Accident Conditions, 
Washing ton , D . C . , Feb . 28-Mar . 1, 1967 . 

L . C . Witt e 
An Experime ntal Study of Forced - Conv ection Heat Transfer from a 
Spher e to L i quid Sodium 
Presented at ASME Winter Annual Meeting, Pittsburgh, Pa . , 
N ov . 12- 1 7 , 19 6 7 . 

L . C . Witte , L . Baker , Jr . , D . R . Haworth 
Heat Trans fer from Spheres into Subcooled Liquid Sodium during 
Forced Conv ection 
Presented at ASME Winter Annual Meeting, Pittsburgh, Pa . , 
N O V . 1 2- 1 7 ' 1 9 6 7 . 

T . F . Young 
Maxima , Minima , and Inflections in Thermal Variations of the Prop -
e rties o f Water 
Presented at 18th Annual Mid-America Symposium on Spectroscopy, 

-Society for Applied Spectroscopy , Chicago, IlL, May 15, 1967 . 

T . F . Young 
Thermochemistry of Aqueous Sulfuric Acid Solutions 
Presented at Gordon Conferenc e, Meridan, N . H . , Aug . 28-Sept. 1, 196 7 . 
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