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SUMMARY 

CHEMICAL ENGINEERING DIVISION 
SUMMARY REPORT 

1. Chemica l -Meta l lu rg ica l P roces s ing (pages 31 to 123) 

F i s s ion product-decontaminat ion data have been obtained from the 
fifth and final s m a l l - s c a l e mel t refining exper iment with highly i r rad ia ted 
u ran ium-f i s s ium fuel alloy. A 382-g charge of EBR-II prototype fuel (ten 
percent enr iched uran ium alloyed with five percent fissium) i r rad ia ted to 
1,75 total a tom percent and cooled for 25 days was melt refined for one hour 
at 1400 C. Individual fission product removals were vir tual ly identical with 
those found in the f i r s t four exper iments . An analysis of the yield data for 
al l five exper iments and for control exper iments shows that the product 
yields were consis tent ly lower for the i r r ad ia ted alloy than for a s imi lar 
un i r rad ia ted alloy used in control exper iments . There was no significant 
difference in the quantity of u ran ium oxidized during melt refining. Instead, 
the reduced yields r e su l t ed f rom a lower pouring efficiency and a c o r r e ­
spondingly l a rge r amount of meta l l ic uran ium retained in the skulls . 

The use of molten chloride and oxide fluxes in mel t refining was 
invest igated briefly. Flux combinations of beryl l ia with s t ront ia or bar ia , 
which contained also u ran ium oxide as a r a r e ea r th oxidant, provided good 
extract ion of c e r i um from molten uran ium metal , but severely attacked the 
only known poss ib le container m a t e r i a l s , beryl l ia and alumina. Use of a 
flux of calc ium chloride containing magnes ium fluoride as a r a r e ear th oxi­
dant a lso resu l t ed in excel lent ce r ium remova l (about 99 percent) in one hour 
at 1100 to 1300 C without apparent at tack of the beryl l ia crucible . On a 
700-g-uranium sca le , me ta l pouring yields ranged between 95 and 98 p e r ­
cent. In the me l t refining of plutonium-containing fuels under sal t fluxes, 
as yet uninvestigated, plutonium may be extracted into the flux phase. This 
would consti tute a p r o c e s s drawback, 

A study of the r a t e of r emova l of ni t rogen from argon by t i tanium 
sponge is underway to provide design data for a n i t rogen- removal systena 
for the argon a tmosphere of the EBR-II Fuel Cycle Facil i ty. Engineer ing-
scale equipment for r emova l of ni t rogen fro3aa argon is a lso being designed, 
and will be built and opera ted to provide information on equipment and 
p roces s pe r fo rmance . 

The skull reclaiaiation p r o c e s s is under developnaent for the recovery 
of skull m a t e r i a l which r e m a i n s in a z i rconia crucible after naelt refining. 
In the previous s u m m a r y r epo r t (ANL-6596), it was repor ted that in a s e r i e s 
of p r o c e s s demonst ra t ion runs conducted in an argon a tmosphere glove box, 
poor ext ract ion of rutheniuna had been rea l i zed in the noble meta l extract ion 
step (in which noble meta l s a r e ex t rac ted into zinc f rom uranium oxides 
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suspended in a halide flux phase) . This was at tr ibuted to a loss of oxidizing 
power in the halide flux phase through elimination of react ions with air and 
water which produce chlorine, hydrogen chloride, and oxychlorides. Very 
good (up to 100 percent) ruthenium extract ions have been achieved by addi­
tion to the sal t phase of: zinc chlor ide to a two percen t concentration, 
mois tu re to a 0.7 percent concentrat ion, or both. Although extract ion of 
ruthenium has been improved considerably, differences in the extent of r e ­
moval between different batches of skull oxides were noted. Construction 
of l a r g e - s c a l e integrated equipnaent for the skull rec lamat ion p r o c e s s is 
near ly complete. 

Thixotropically cas t beryl l ia c rucib les continue to show promise for 
use in the final th ree s teps of the skull rec lamat ion p r o c e s s (two uranium 
precipi ta t ion steps and a re tor t ing step). A crucible of this type has now 
undergone 400 hr of p roces s use at t e m p e r a t u r e s above 450 C without not ice­
able de ter iora t ion . 

Other potential m a t e r i a l s have thus far failed. A less -expens ive , 
rana-molded aluinina crucible , having an apparent porosi ty of 19 percent , 
was penet ra ted by a zinc-50 percent magnes ium solution. In a separa te 
48-hr tes t in a sinailar r am-molded alumina crucible , reduction of alumina 
of the crucible by the magnes ium-z inc solution introduced 1000 ppm aluminum 
into the meta l solution. This should be compared with a pickup of 200 ppm of 
beryl l ia from a bery l l ia crucible and a pickup of 200 to 300 ppm of aluminum 
from high-densi ty alumina c ruc ib les . A thin oxide coating on bery l l ium 
metal , produced by anodizing the beryl l ium, was not sufficiently adherent to 
protec t the bery l l ium from at tack by z inc-magnesium-f lux sys tems at 800 C. 

Development work has continued on separat ions p roces se s for 
u ran ium-plu tonium-f i ss ium alloys which show promise as fast r eac to r fuels. 
A c r i t i ca l separa t ion for this type of fuel is that between plutonium and the 
r a r e ea r th f ission products , since they behave s imi la r ly in many pyrometa l -
lurgica l p r o c e s s e s . One procedure under investigation involves an equi l ibra­
tion of the fuel const i tuents between liquid magnes ium-z inc alloys and naolten 
halide sa l t s . Recent studies have been devoted priiaiarily to the effects of 
t empe ra tu r e and sal t composit ion on the codistr ibution behavior of plutonium 
and praseodymium. The dis tr ibut ion coefficients for plutonium and p r a s e o ­
dymium between liquid magnes ium-z inc alloy and equimolar li thium chlor ide-
magnes ium chloride or sodium ch lor ide-po tass ium chlor ide-magnes ium 
chloride eutectic tend to i nc rease as the t empera tu re is ra i sed . Fu r the r 
dis t r ibut ion studies with vanadium show that it strongly favors the meta l 
phase, with dis t r ibut ion coefficients in the vicinity of 10"^ at 800 C, 

A separa t ion of z i rconium from uranium and plutonium by t i t ra t ion 
with magnes ium in a two-phase s a l t -me ta l sys tem has been demonst ra ted 
in a l abo ra to ry - sca l e exper iment . Uranium, plutonium, and mildly i r rad ia ted 
z i rconium were dissolved by the addition of excess zinc chloride in lithium 



chloride-potassiuna chloride eutectic containing a smal l amount of l i thium 
fluoride. By controlled additions of magnesiuiai meta l to a liquid cadmium 
phase in contact with the salt , it was possible to reduce the z i rconium se lec ­
tively into the meta l phase , thereby effecting a re la t ively sharp separat ion 
from uranium and plutoniuna. 

An a l ternat ive separa t ion procedure entails a reduction of uranium, 
plutonium, and fission products from a salt phase into a ca lc ium-r ich zinc 
solution. The uran ium and plutonium coprecipi ta te as the naetals, while the 
Group lA, IIA, and IIIA fission product e lements remain in solution, A 
coreduct ion-coprecipi ta t ion exper iment of this type was conducted with a 
salt consisting mainly of l i thium ch lor ide-po tass ium chloride eutectic. 
Although some of the sal t was reduced by the calcium, the procedure showed 
considerable p romise as a p roces s step. All of the uranium and 95 percent 
of the plutonium were precipi ta ted in the calciuiai-zinc solution. 

In accord with previous demonst ra t ion runs , a sixth demonstra t ion 
run of the blanket p roces s for r ecove ry of plutonium from EBR-II blanket 
naaterial has shown high recovery of plutoniuiaa (grea ter than 95 percent) 
and good separat ion of plutonium from uranium (from one percent plutonium 
in the feed m a t e r i a l to 70 percent or m o r e in the product). In this p roces s , 
separat ion of plutonium from uranium is based on the low solubility of 
uranium in magnes ium- r i ch zinc solutions and the contrast ing high solubility 
of plutonium in such solutions. An engineer ing-sca le study of the separat ion 
of the supernatant phase from precipi ta ted uranium has shown phase-
separat ion efficiencies of 95 percent to be easi ly achievable with insignificant 
ent ra inment of uranium. Plutonium, if it had been present , would have been 
separa ted from uran ium in the supernatant phase. 

Tungsten and cer ta in tungsten alloys a r e among the promising ma te ­
r i a l s for containment of flux and meta l systenas of the skull reclanaation 
p roces s . Sintered and rolled tungsten sheet exposed for 400 or 500 hr to 
noble meta l extract ion conditions underwent no detectable changes in size, 
weight, or s t ruc tu re . Physica l t e s t s of the exposed specimens indicated an 
apparently inc reased s t rength and ductility after exposure. Under the same 
conditions, a molybdenum-30 w/o tungsten alloy was attacked somewhat (to 
a depth of from 2 to 8 mi l s in 500 hr ) . There was a slight dec rease in the 
strength of the alloy after exposure . However, the molybdenum-tungsten 
alloy is suitable for applications such as agi ta tors and t ransfer l ines. 

Stainless s tee ls a r e severe ly attacked by molten zinc systenas, but 
suffer re la t ively li t t le at tack by zinc vapor. Because of a possible limited 
use of s ta in less s teels for equipment i t ems to be exposed only to zinc vapor, 
cor ros ion r e s i s t ance of var ious s ta in less s teels to zinc vapor has been de­
termined. In 500-hr exposures to zinc vapor at 900 C, two austenit ic 
300 s e r i e s s ta inless s tee ls (Types 304 and 347) underwent severe attack. 



Good cor ros ion r e s i s t ance to zinc vapor was exhibited by a 400 se r i e s s tain­
less s teel , Type 405, a f e r r i t i c s teel . Another 400 s e r i e s s ta in less s teel . 
Type 440C, a mar t ens i t i c s teel , a lso exhibited good cor ros ion r e s i s t ance , 
but suffered sonae loss in weight, 

A soluble uran ium (V) species , believed to be UO2 ion, is formed 
upon the addition of the higher uran ium oxides to molten chloride sal ts . The 
same dist inct ive absorpt ion spec t rum assigned to UO2 has been observed on 
the addition of uranyl chlor ide to molten chloride solvents at t empe ra tu r e s 
in the region of 500 to 800 C. This r e su l t is at t r ibuted to the the rma l de­
composit ion react ion 

UO2CI2 (solution) ^ UO2CI (solution) + 1/2 Cl2(g) 

The ca lc ium-zinc phase d iagram has been rede te rmined by means 
of t he rma l analysis techniques supplemented with X- ray diffraction data and 
vapor effusion naeasurements . Evidence was found for the following 
compounds: CasZn, CaYZn4, CaZn, CaZnj, CaYZn203 CaZns, CaZnu, and 
CaZnj3, Three eutect ics appear in the sys tem: at 391 C (27,4 a /o zinc), 
638 C (76,4 a /o zinc), and 690 C (86.4 a /o zinc). 

Metal-dis t i l la t ion studies a r e being pursued in two ways: (l) d i s t i l ­
lation of cadmium in l a r g e - s c a l e equipment, and (2) a fundamental study of 
liquid meta l boiling and ent ra inment phenomena. Considerable entra inment 
of liquid cadmium in cadmium vapor has occurred at high r a t e s of cadmium 
dist i l lat ion (g rea te r than 95 kg /h r ) . In the fundamental study, factors affect­
ing the r a t e of nonturbulent vapor izat ion of m e r c u r y (vaporizat ion from 
vapor- l iquid interface) a r e being examined. The use of a flat induction coil 
for heating and mixing shallow pools of m e r c u r y allowed nonturbulent vapor ­
ization to proceed at r a t e s as high as 103,000 Btu/(hr)(sq ft). Rates as high 
as 110,000 Btu/(hr)(sq ft) were achieved with deep pools of mercu ry . 

In work on the influence of agitation on the r a t e of solution of smal l 
(4- and 7-mm) uran ium cyl inders in molten cadmiuna, solution ra t e coef­
ficients were found to inc rease sharply when the agitation intensity became 
grea t enough to begin suspending the uranium pa r t i c l e s . Thereafter the 
coefficients inc reased slowly as agi tator speed was further increased . 

The construct ion and instal lat ion of equipment for the synthesis of 
m a t e r i a l s under considerat ion as high-perfornaance r eac to r fuels, i ,e, , 
u ran ium carbide , plutonium carbide , uraniuna sulfide, and plutonium sulfide, 
is continuing. 

Fu r the r studies on the d i rec t reduction of thor ium dioxide to the 
meta l by z inc -magnes ium alloys in the p resence of halide fluxes were 
completed. The impor tance of efficient agitation was confirmed by an ex­
per iment in which increas ing the s t i r r ing speed to 1000 rpna improved the 



reduction r a t e . Calcination of the thor ium dioxide proved to have l i t t le 
effect on the ra te of reduct ion. It was also learned that inc rease of the 
thorium loading in the final naetal phase from 1.0 w/o to 9,1 w/o r equ i re s 
the raagnesium chloride concentrat ion in the flux to be ra i sed to about 
5 0 m / o to achieve complete reduction (the other flux constituents were 
10 m / o calc ium fluoride and the balance calcium chloride) . Another study 
revea led that the ra te and extent of thor ium dioxide reduction were highly 
dependent on the magnes ium concentrat ion in the zinc phase, reaching a 
max imum between 5 and 10 w/o magnes ium. The effect of the quantity of 
flux used was also studied. Variat ions in the anaount used to reduce a fixed 
amount of thoriuna dioxide did not affect the reduction ra te significantly, a l ­
though it is c lear that a min imum amount of flux must be p resen t . 

The solubility of thor ium in z inc-magnes ium solutions was d e t e r ­
mined within the region of p r o c e s s in t e re s t (750 to 850 C, and magnes ium 
concentra t ions up to 20 w/o) . The solubility approximately doubled with a 
t empe ra tu r e i nc r ea se of 50 C, and also inc reased with increas ing magne ­
sium concent ra t ions . 

The technique of reduct ion in zinc-magnesium-flux is being applied 
to the d i rec t reduction of u ran ium ore concentra tes to uraniumi meta l . P r e ­
l iminary exper iments indicated that sil icon is the principal gangue element 
impur i ty appearing in the u ran ium metal product . P re t r ea tmen t of the ore 
concent ra te with f luorides to renaove the silicon as the te t raf luoride has 
shown promis ing r e s u l t s . 

The construct ion of the Fuel Cycle Faci l i ty is essent ia l ly conaplete. 
The work n e c e s s a r y to c o r r e c t deficiencies in construct ion and vendor-
fabr icated i tems is near ing complet ion. 

The shielding of the Argon and Air Cells was radiographed to e s t a b ­
l ish its integri ty and adequacy. Radiation leakage was detected in three 
a r e a s . A detailed ana lys is of the radiographic data is being made . 

The cor rec t ion of deficiencies in the operation of the p rocess cell 
c r anes and manipula tors is continuing. P r o c e s s cell c r anes and manipu­
l a to r s a r e being used for the r emote instal lat ion of equipment in the Air 
and Argon Cel l s . 

A final inspection of all the shielding windows has shown them to 
have high t r ansmi t t ance , c la r i ty , and resolut ion. Four wide-angle viewers 
were instal led to view locations in the Argon Cell not readily visible from 
the windows. A per i scope was insta l led in the wall of the Air Cell . 

A d iese l -gene ra to r was ins ta l led to provide e lec t r ica l power for 
c r i t i ca l equipment i t ems in the event of an e lec t r ica l power fa i lure . 



Correc t ive work on the t ransfer locks and associa ted equipment is 
essent ia l ly complete . The t ransfer locks a r e being used for r emote t ransfer 
operat ions . The valves in the t rans fe r lock vacuum sys tems leak and may 
requ i re rep lacement . 

One of the two 20-ton t ransfe r coffins to be used to t ransfer fuel sub­
as sembl i e s between the Reactor Building and the Fuel Cycle Faci l i ty was 
shipped to Idaho by the vendor. The second coffin is being designed and built 
at Argonne National Laboratory . A sys tem has been designed for the removal 
of sodium from the fuel subassembl ies while in the t ransfer coffin. 

Explora tory t e s t s of the effect of radiat ion upon the operat ion of oi l -
impregnated bea r ings have shown no specific des i rab le cha rac t e r i s t i c s of 
this type of bear ing. The test ing has been discontinued. 

Equipment i s being developed in which to oxidize the skull m a t e r i a l 
resul t ing f rom the mel t refining operation. Assembly of the oxidation furnace 
and assoc ia ted control equipment is near ly complete. Exper iments with a 
s imi la r furnace demons t ra ted that the furnace could be used to oxidize 
mass ive (lO kg) pieces of s c rap fuel m a t e r i a l . 

The f i r s t model of the furnace for skull oxide rec lamat ion was suc ­
cessfully tes ted in heatup t e s t s with an enapty crucible . 

Exper iments a r e continuing to develop a sat isfactory condenser of 
meta l vapor and dis t i l la te col lector to pe rmi t adaption of the melt refining 
furnace to the dist i l lat ion step of the skull rec lamat ion p roces s . A condenser 
and dis t i l la te col lector design has been tes ted and is promising. The 
magnes ium-z inc dis t i l la te collector will be d iscarded after each run. The 
condenser and crucible , however, would be used for more than one run. 

Low-frequency inductive heating and mixing of molten naetals and 
sal ts is being investigated for use in the skull rec lamat ion p roces s . Results 
of t e s t s indicate that vigorous agitation can be obtained. 

Fundamental s tudies of the chemis t ry of liquid naetal sys tems a r e 
being made in conjunction with the work in the field of pyrometa l lurg ica l 
fuel r ep roces s ing . Bas ic to these p rac t i ca l p r o c e s s e s is knowledge of the 
solubili t ies of f ission product e lements , f issionable e lements , and s t ruc tu ra l 
e lements in meta l l ic solvents. Study has shown that the solubility of tech­
netium in liquid zinc may be r ep resen ted by the empi r i ca l equations 

(428 to 544 C) Technetium: log (atom percent) = 6.431 - 7159 T"^ 

and 

(544 to 758 C) Technetium: log (atom percent) = 9.413 - 15690 T"^ + 
4.979 X 10^ T"2 
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The exis tence of at leas t five different in termeta l l ic phases has 
been found in the tantaluna-zinc systena. The rma l analysis of tantalum-
zinc alloys has indicated that some of these phases undergo per i tec t ic 
reac t ions . 

Metal lographic examination of compacts p repa red from powdered 
tungsten and zinc which were held at 430 C for two weeks and at 650 C for 
one month revea led no evidence of the existence of in termeta l l ic phases in 
the tungsten-zinc sys tem. 

Data have been sumimarized for the solubility of uranium in liquid 
z inc-magnes ium solutions containing 15,6, 24.4, 26,1, 47.1 and 67.7 w/o mag­
nesium in the t e m p e r a t u r e range in which metal l ic uranium is the equil ib­
r i u m solid phase . The solubility of 800 C was found to vary f rom 
12 w/o uraniuna in the 15,6 w/o magnes ium solution to 0,12 w/o uranium in 
the 67.7 w/o naagnesium solution. The t empera tu re coefficient of the solu­
bility was found to i n c r e a s e with increas ing magnesium concentration. 

The t e r n a r y in te rmedia te phase in the u ran ium-magnes ium-z inc 
sys tem has been shown to have the composit ion UZnjo„3Mg4^3 and to have a 
hexagonal la t t ice . 

The neodymium-zinc sys tem has been studied by means of the con­
tinuous weighing effusion balance and by X- ray examination. In termetal l ic 
phases having the following composit ions were found: NdZn8,5_i2j NdZnn, 
NdZng^g, NdZn^.g, NdZn4^3, NdZnj^g, NdZng, NdZna, and NdZn, 

The magnet ic suscept ibi l i ty of the in te rmeta l l ic compound ThCdji 
has been found to be t e m p e r a t u r e independent. The susceptibil i ty due to 
thoriuna in the compound was found to be 0,54 x lO"** emu/g . 

Ill, Fuel Cycle Applications of Volatility and Fluidization Techniques 
(pages 124 to 175) 

Labora tory development work was continued on the Direct Fluorina­
tion Volatili ty P r o c e s s for the r ecovery of uranium and plutonium frojaa 
oxide fuels. This p r o c e s s depends on the conversion of the oxides of u r a -
niujxi and plutonium to hexafluorides in a bed of fluidized iner t solids and 
the subsequent separa t ion of these compounds. This separat ion will p rob ­
ably be brought about by convers ion of plutonium hexafluoride to the non­
volati le te t raf luor ide . 

Labora tory studies have been concerned with the development of a 
fluorination scheme whereby opt imum remova l s of uranium and plutonium 
from the iner t solids can be achieved. This phase of the investigation is 
economically impor tant since the iner t solids will be d iscarded as waste . 



Thus far, the l abora to ry work on the fluorination step of the p roces s has 
been c a r r i e d out with s ta t ic beds and uranium-plutonium naixtures s imu­
lating those which a r e likely to be encountered in plant process ing . 

F r o m the data obtained thus far on the fluorination of u ran ium-
plutonium dioxide solid solutions mixed with an iner t solid, severa l 
observat ions can be made regard ing the optimum conditions for the removal 
of plutonium. Of the m a t e r i a l s tested, Alunduna ( re f rac tory gra in alumina) 
has been found to be bes t suited for use as an iner t solid, since its use r e ­
sults in the lowest re tent ion of plutonium on the solid res idue . For the 
init ial period of fluorination, in which mos t of the uran ium is removed from 
the solid mix tu re , a low t empe ra tu r e (450 C) and a low concentrat ion of 
fluorine (10 v/o) a r e des i rab le . However, to obtain sat isfactory removals 
of plutonium in the l a s t port ion of the fluorination period, it is des i rab le to 
use a higher t e m p e r a t u r e (550 C) and a higher fluorine content of the gas 
mixture (75 v /o) . A two-s tep procedure involving an initial oxidation 
followed by two fluorination per iods , one at 450 C and the other at 550 C, 
has resu l ted in plutonium remova l s of 99 percent or g r ea t e r . 

Another phase of the labora tory developnaent work is now being 
s tar ted in which fluorinations will be ca r r i ed out in a fluidized bed, A 
1-^- in , -d iameter fluid-bed fluorination r eac to r will be employed in these 
exper iments . Initially, al l exper iments will be made with uranium dioxide. 
The p rocedure will consis t of oxidizing the uranium dioxide to powdered 
uranos ic oxide (UsOg), which will then be fed into the fluidized bed of the 
fluorination r eac to r e i ther by gas t r an spo r t or by a mechanical feeding 
device. Based on the r e su l t s obtained in this work, a two-zone oxidation-
fluorination r eac to r will be designed for studies of the overal l p roces s . 
Experinaents with m a t e r i a l s containing plutonium will begin after the ap ­
para tus has been tes ted and the exper imenta l conditions have been defined. 

Development of the Direct Fluorinat ion P r o c e s s applied to uranium 
dioxide fuel has continued. In this p r o c e s s , the uranium and plutonium di ­
oxides from discharged r e a c t o r fuel a r e reac ted with fluorine d i rec t ly to 
produce hexafluoride products , which a r e then decontaminated by volatil i ty 
techniques. Eng inee r ing-sca le studies thus far have been directed toward 
p r o c e s s optimizat ion of the p r i m a r y fluorination of uranium dioxide pel le ts . 
The sys tem used cons i s t s of pel le ts (or pellet fragnaents) which form a 
packed bed, with iner t solid (alumina grain) fluidized in the space above and 
in the voids of the pel let bed. The fluidization aids in the heat t ransfer and 
in the mixing of solid fines formed as in te rmedia tes or res idues in the sys ­
tem. Oxygen influences the reac t ion behavior by the formation of uranos ic 
oxide fines. 

Curren t ly a two-zone p roces s technique is being evaluated as a 
means of avoiding caking tendencies . In this scheme, a mixture of oxygen 
and ni t rogen is introduced into the lower react ion zone formed by the uraniuna 
dioxide pel let bed, and fluorine is introduced into the upper zone, which 



consis ts of a fluidized bed of alumina grain. The alumina, which also fills 
the voids of the pel let bed, is fluidized by the mixture of oxygen and nitrogen 
introduced into the sys tem at the bottom of the pellet zone. Fluorine is in­
troduced at the top of the pellet zone. Uranium oxide (UsOg) fines a r e formed 
in the lower zone and t r anspor t ed into the upper zone where they a r e removed 
by fluorination. 

In the p re sen t period, two runs have been completed successfully, 
without caking, using a reduced react ion t empera tu re in the pellet zone. 
Hea te r s were used to maintain the upper fluidized bed at 500 C or above 
for fluorination, while cooling of the bottom of the column was used to 
achieve an axial t empe ra tu r e gradient of 260 C for the oxidation in the pellet 
zone ( i ,e , , the top layer of pel le ts was maintained at 400 C while the bottona 
layer was held at 140 C), The l ower - t empe ra tu r e oxidation appears to allow 
c loser naatching of the oxidation and fluorination r a t e s . In both runs a 12-in, 
pel le t -bed charge of 8.8 kg uran ium dioxide and an amount of alumina grain 
sufficient to form a 24-in. upper zone under stat ic conditions were used. 
Total p rocess ing t ime for complete fluorination was about 17 hr in the 
3 - in , -d iamete r a i r -coo led r eac to r . Overal l fluorine efficiencies were about 
50 percent with a once- through gas flow. However, efficiencies of near ly 
80 percen t were obtained in one 5,7-hr period. Probably sinailar or higher 
efficiencies can be obtained with c loser fluorination control and /o r with gas 
recycle , 

A high-alpha facility is being instal led for pilot p lan t -sca le studies 
of s teps in the Direc t Fluor inat ion P r o c e s s applied to uraniuna oxide-
plutoniujxi oxide fuel. S t ruc tura l changes of the room and p rocess cell have 
been completed, together with the instal lat ion of the glove boxes and var ious 
se rv ices to the operat ing and cell a r e a s . Most of the equipment and a c c e s ­
so r i e s concerned with the fluorination step have been fabricated and delivered 
Detailing of the venti lat ion and ins t rument connections is being ca r r i ed out by 
Plant Engineer ing personnel . Detailed layout of the fluorination equipment 
is being done, and detailed design of the dist i l lat ion column and a plutoniuna 
hexafluoride decomposer has s ta r ted . 

Tes t s of a uran ium hexafluoride condenser were ca r r i ed out before 
final mounting in the alpha enc losure . Uranium hexafluoride trapping ef­
ficiency and condenser capacity were laaeasured for var ious t empera tu re 
conditions at a total gas r a t e of 1 cfm ni t rogen and about 3 lb uranium 
hexaf luor ide/hr . The condenser , made of Monel, is U-shaped, 10 ft long, 
and cons i s t s of a 4 - i n -d i ame te r tube containing an internal ly finned tube 
through which t r ich loroe thylene coolant flows. The bes t efficiency was ob­
tained at the lowest finned tube t empera tu re employed, -75 C, The bes t 
comibination of efficiency and capacity was obtained when the outer wall was 
heated to 50 C while the finned tube was maintained at -75 C, Collection ef­
f iciencies of be t te r than 99 pe rcen t were obtained for capaci t ies up to about 
50 lb u ran ium hexafluoride. 



Supporting studies a r e a lso underway to obtain design data and to 
clarify fluidization mechan i sms involved in par t i cu la r equipment configura­
tions used in the Direct Fluor inat ion P r o c e s s . In this p r o c e s s , ine r t fluid­
ized par t i c les of alumina a r e used as an aid for the removal of heat from 
the highly exothermic reac t ion of u ran ium dioxide pel lets and fluorine gas . 
While the pel le ts a r e too mass ive to be fluidized, the alunaina par t ic les can 
be fluidized in the voids of the pel let bed. This configuration has been 
t e rmed a f luidized-packed bed. 

In the p re sen t study, axial hea t - t r ans fe r in a fluidized-packed bed 
was studied as a function of the size and composit ion of the fluidized m a t e ­
r ia l , gas velocity, and packing shape. Two types of packing were used in 
these studies, -|- x -f--in. b r a s s cyl inders and -|--in. s teel spheres . The 
hea t - t r ans fe r coefficient for the la t te r was found to be g rea t e r by a factor 
of 4 than that of the fo rmer . Three types of fluidizing m a t e r i a l were used: 
70 mesh g lass beads , 120 mesh g lass beads , and 60-140 mesh alumina. The 
finer g lass pa r t i c l e s produced coefficients g r ea t e r by a factor of 3 than those 
for the c o a r s e r pa r t i c l e s . The alumina and the 120 mesh g lass pa r t i c les had 
the same values for the effective axial the rmal conductivity kg,. In all c a s e s , 
the values of ka r o s e as a function of superficial velocity to a maximum 
value between 0,4 to 0,7 f t / s ec and then decreased . The highest value of ka 
obtained was about 600 Btu/(hr)(sq ft)(F/ft), These axial heat t ransfe r coef­
ficients appear higher by a factor of 10 or m o r e than rad ia l heat t ransfe r 
coefficients in s imi la r f luidized-packed bed sys t ems . 

Additional studies on a f luidization-volati l i ty scheme for r e p r o c e s s ­
ing enriched u ran ium-z i r con ium alloy fuels were ca r r i ed out. This p r o c e s s ­
ing scheme involves f i r s t a d i r ec t hydrochlor inat ion (or chlorination) react ion 
while the alloy is subnaerged in an iner t fluid-bed medium (current ly Norton 
Type RR Alundum), This step produces volati le z i rconium te t rach lor ide and 
pe rmi t s ready separa t ion of the u ran ium from the bulk alloying laiaterial, A 
subsequent fluorination step to volat i l ize the uran ium as the hexafluoride 
provides the means of product recovery . 

In c u r r e n t work, bas ic p r o c e s s reac t ions a r e being studied to de t e r -
naine the effect of var ious reac t ion cycles on uran ium recovery . These ex­
pe r imen t s a r e being conducted in a 1 ̂  - i n -d i ame te r nickel r eac to r . 
Continuous off-gas analys is by t h e r m a l conductivity techniques (Gow-Mac Co. 
cells) and /or in te rmi t ten t analys is of the fluidized-bed solids for key com­
ponents a r e methods employed for following the course of the reac t ions . 

A major change in the cycle, involving the introductionof a hydrofluori­
nation step between the chlorinat ion and fluorination s teps, was studied. 
Also, a sequence was t r i ed involving the success ive hydrochlorinat ion of 
severa l batches of alloy, followed by a single fluorination. Resul ts show that 
a significant savings in p rocess ing t ime and reagents can be achieved by the 



use of the la t te r cycle, instead of performing both chlorination and f luori­
nation s teps for individual ba tches . For a run which included hydrochlor i ­
nation of th ree batches of alloy followed by t rea tment with phosgene, 
hydrofluorination, and fluorination, the total t ime required was about 
28.3 hr , whereas a single charge requi red a cycle t ime of 12 hr . 

Effluent gases from the fluid bed pass to a down-flow fixed-bed 
filter wherein par t icula te solids a r e collected. Losses of uranium in the 
filter continue to be low, about 0.3 and 0 .4percen t . The iner t solids (both 
in the fluid bed and the fil ter bed) re ta ined about one percent of the uranium 
in the original charge in the case in which a single batch of alloy was p roc ­
essed and only about 0.4 percen t when th ree batches of alloy were processed 
In the la t ter ca se , sa t is factory product collection (over 98 percent of the 
uran ium as the hexafluoride) was demonst ra ted . In two runs ca r r i ed out 
during the quar te r , overa l l u ran ium m a t e r i a l balances were 101 and 
100.1 percent . 

Cur ren t r e su l t s show no specific effects or benefits from the hydro­
fluorination step, which had been expected to pe rmi t elimination of the 
chlorine associa ted with the bed before fluorine was introduced and thereby 
to prevent the collection of undesi rable chlorine compounds, such as chlorine 
t r i f luoride, in the uran ium hexafluoride cold t r aps . Apparently, neither the 
chloride content of the final u ran ium hexafluoride product nor the retention 
of uran ium by the iner t solids was reduced. Values of the mole rat io of 
chlorine to uranium in the product were maintained at about 0.01 to 0.02. 
The uranium in Alunduna renaained at 0.02 w/o in cu r ren t work as in p r e ­
vious work. 

Vfork continued in the 6 - in . -d iamete r fluid-bed unit on the study of 
the pyrohydrolysis react ion of z i rconium te t rachlor ide with steam. This 
react ion is being considered as a method of converting the volatile z i rconi ­
um te t rach lor ide produced during hydrochlorinat ion of z i rconium-based 
fuels to a m o r e convenient forjaa (namely, the solid dioxide) for ult imate 
waste disposal . As this step is being incorporated into the new pi lo t -scale 
a l loy-process ing facility, efforts a r e cur rent ly being directed to simulate 
pi lot-plant conditions and simultaneously investigate the l imits of s a t i s ­
factory operat ion by broadening the range of operating conditions. In studies 
to date, sat isfactory operat ion (that i s , maintaining of fluidizable conditions 
in the bed and little p r e s s u r e buildup at the exit gas f i l ters due to accumula­
tion of excess ive amounts of fines) has been denaonstrated over the following 
ranges of conditions: 

a) bed t e m p e r a t u r e s fromi 250 to 500 C; 

b) nominal s tar t ing-bed average par t ic le s izes of 60, 90, and 
120 mesh; 

c) iner t s tar t ing-bed m a t e r i a l s including z i rconium dioxide, 
Alundum, and sand; 
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d) z i rconium te t rach lor ide feed r a t e s up to 3 -I* kg /h r ; 

e) run durat ions up to 11-y h r . 

Since the ra te of feed (z i rconium te t rachlor ide) to the fluid-bed unit 
has been l imited by the size of the sc rew on the solids feeder, a l a rge r feed 
screw is being incorporated to facil i tate operat ions at higher r a t e s which 
will be commensura te with those expected in the pilot plant. 

Instal lat ion of the pi lot-plant facility intended to demons t ra te the 
r ecovery of uranium from z i rconium-based fuels was s ta r ted November 1, 1962 
and is expected to be completed in three to four months. Testing of com­
ponents will continue during the instal lat ion period. 

P lans have been initiated for a study at high radiat ion levels of the 
chlorinat ion-f luorinat ion reac t ion sequence of the fluid bed-volat i l i ty p r o ­
cess scherae for enriched u ran ium-z i r con ium alloy fuel. The purposes will 
be to de te rmine fission product dis tr ibut ion in each step of the p rocess and 
to de te rmine the effect of radiat ion on reac t ion r a t e s , y ie lds , etc. The equip­
ment will include a 1 -I" - i n . -d i ame te r fluid-bed column s imi la r to that in use 
in studies of inactive al loys. 

High-densi ty spheroidal u ran ium dioxide par t i c les were p repa red 
di rect ly by simultaneous reac t ion of uran ium hexafluoride with s team and 
hydrogen at a t e m p e r a t u r e of 650 C in a fluid-bed sys tem in a 3 - in . -d iamete r 
Monel column. The product is intended for use in the p repara t ion of com­
paction or d i spers ion- type fuels. Cur ren t studies investigating the effect on 
par t ic le density of bed height (18-inch deep beds as compared with 8- to 
10-inch beds used previously) and reduced hydrogen excess (about 4 t imes 
s to ichiometr ic* as compared to about 17 t imes stoichiometric) at a constant 
s team ra te of 1.15 t imes s to ichiometr ic gave re su l t s s imi la r to those 
achieved previously. P a r t i c l e s with a density** of about 9-6 g / cc were p r o ­
duced. The lower hydrogen excess appeared to r e su l t in a res idua l fluoride 
content of 650 ppm in the product as compared with about 380 ppm at the 
higher hydrogen excess . The quantity of fine m a t e r i a l (believed to be p r o ­
duced by gas phase reaction) e lutr ia ted into the fil ter chamber averaged 
about 14 percen t by weight of the hexafluoride fed. 

Explora tory studies were initiated on the production of re la t ively 
la rge pa r t i c l e s , about 14 mesh or g rea t e r , which constitute one of the s izes 
considered des i r ab le for compaction. Through use of a s tar t ing bed contain­
ing pa r t i c l e s in the range -18 +60 mesh, reasonable overal l growth was 
achieved (the average bed par t ic le size of 620 fi in the s tar t ing bed inc reased 
to 704/i in the final bed)j but the l a rges t pa r t i c les produced, which amounted 
to 2.2 percent of the final bed, were only +16 mesh after about 15 hr of oper ­
ation. During this per iod, the superf icial gas velocity was increased (by 
ni trogen addition) from 1,5 to 3.5 f t / s ec to maintain fluidization. 

• * Based on the reac t ion UF^ + ZHaO + H2 -^UOs + 6HF. 
** Density de terminat ions by m e r c u r y displacement method. 



III. Ca lor imet ry (pages 176 to 185) 

Techniques and r e su l t s a r e repor ted for a s e r i e s of combustions of 
uranium in fluorine. The s tandard enthalpies of formation, AHfIgs* of u r a ­
nium hexafluoride were found to be -522,87 kca l /mole for the crysta l l ine 
and - S I I . O Q for the gaseous s tate . The uncertainty interval of the values is 
+0.4g kca l /mole . 

The s tandard enthalpy of formation of crys ta l l ine aluminum t r i ­
fluoride found from a s e r i e s of combustions of aluminum in fluorine was 
AHffgg := -356,5 ± 0,7 kca l /mo le . 

P r e l i m i n a r y de terminat ions were made of the heat of formation of 
z i rconium diboride, by combustion of the sample in fluorine. The products 
of the react ion a r e z i rconium tetraf luoride and boron tr i f luoride, the heats 
of formation of which have previously been determined in this Laboratory. 
Final values for the heat of formation of z i rconium diboride will be r e ­
ported when obtained. 

A se r i e s of ca lo r ime t r i c coimbustions of ruthenium in fluorine has 
been completed and calculat ions a r e cur rent ly in p r o g r e s s . Ca lor imet r ic 
combustions in fluorine a r e being ca r r i ed out with zinc and tantalum, and 
combustions with niobium will be s tar ted soon. 

The as sembly and test ing of components of the h igh- tempera ture 
enthalpy ca lo r ime te r is continuing. Control equipment for the furnace of 
the ca lo r ime te r has been instal led, and controlled heating tes t s a re being 
performed. 

IV. Reactor Safety (pages 186 to 212) 

The oxidation, ignition, and combustion p roces se s of meta ls and 
compounds used in nuclear technology a r e being studied to provide infor­
mation to aid in minimizing the hazards associa ted with handling these 
ma te r i a l s . 

The p r o g r a m of theore t ica l studies designed to re la te quantitatively 
ignition r e s u l t s with i so the rma l oxidation data i s continuing. A mathemat i ­
cal model of ignition was descr ibed in a previous summary (see ANL-6569j 
page 136), in which i so the rmal r a t e laws for the uranium oxidation were 
combined with simple hea t - t r ans fe r express ions . During this quar ter , the 
equations were solved numer ica l ly to yield sample t empe ra tu r e - t ime 
curves , r e f e r r ed to as burning curves , which could be compared with ex­
per imenta l burning curves . It was evident from the calculations that the 
unusual t rans i t ion from an acce lera t ing to a decelera t ing oxidation ra te at 
450 C played an impor tant ro le in the ignition p r o c e s s . The t ransi t ion 
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resul ted in a sharp break in calculated ignition t empera tu res between u r a ­
nium samples having specific a r e a s of 5 sq c m / g (ignition t empera tu re , 
510 C) and 7 sq c m / g (ignition t empera tu re , 388 C). Exper imenta l ignition 
t empera tu re s a lso showed the break, but over the range of specific a r e a s 
from 2 to 10 sq cmi/g. Differences in the values obtained by exper iment and 
by calculation for the "c r i t i ca l" specific a rea were at tr ibuted to differences 
in the impuri ty content and meta l lu rg ica l his tory of the specimens . Foi ls , 
w i re s , and cubes from var ious sources were used as ignition specimens, 
whereas the equations used for calculations were derived from data on i so -
thernaal oxidation specimens (^-quenched uranium cubes) . Calculated 
ignition t e m p e r a t u r e s were from 0 to 80 C higher than exper imenta l values . 
The discrepancy was very likely due to the rmal insulation afforded by the 
oxide coating which was not considered in the calculat ions. The s imi lar i ty 
of the principal fea tures of computed and exper imenta l ignitions suggests 
that the mathemat ica l miodel co r rec t ly cons iders the important factors in 
uranium ignitions. 

A study of oxidized uranium surfaces with an X- r ay diffractometer 
was completed. It had been repor ted previously that only uranium dioxide 
is p resen t in thin, adherent oxide f i lms. Recent studies at other laborator ies , 
however, have indicated the existence of te t ragonal phases , designated 
as a-UsOY, ^-UjOy, and UO2.3, which can be detected only by a s y m m e t r i c a l 
broadening of uranium dioxide diffraction l ines. Studies were made with 
uranium surfaces oxidized at 100, 200, 300, 400, 500, and 600 C until the surfaces 
contained from 400 to 1100 /ig 02 / sq cm. The diffractometer pa t te rns sug­
gested the p resence of oxide phases higher than uran ium dioxide (but not 
UaOg) in oxide formed at 100, 200, 300, and 400 C. Oxide formed at 500 and 
600 C had sharp peaks, suggesting that only cubic uranium dioxide was 
present . These differences between oxides p repared at 400 C and at 500 C 
co r re l a t e with differences in the oxidation of uran ium above and below 450 C. 

Studies of the ignition of plutonium a re continuing. Burning curve 
ignition exper iments in oxygen and a i r have now been completed with 
0.7 sq cm/g specimens of pure plutonium and 20 binary plutonium alloys. 
Samples of pure plutonium ignited between 494 and 520 C. Alloying additions 
to plutonium had re la t ively minor effects on the ignition t empera tu re , the 
g rea te s t effects being as follows: the ignition temiperature of a 3,4 a /o a lu-
•minum alloy was 60 degrees higher than that of the base metal . The ignition 
t empe ra tu r e s of a 2.4 a /o copper alloy and a 1.2 a /o silicon alloy were 
30 degrees higher than the ignition t empera tu re of the base meta l , whereas 
thoseof a 1.8 a /o cobalt alloy and a 1,8 a /o nickel alloy were 30 to 40 degrees 
lower. 

The exper imenta l p r o g r a m to de termine r a t e s of react ion of molten 
reac to r fuel and cladding meta l s with water is continuing. One method being 
used involves the rapid melting and dispers ion of meta l wi res in a water 
environnaent by a surge cu r ren t froixi a bank of condensers . A se r i e s of runs 



with s ta in less s teel-316 wi re s in 315 C water (1500 psi vapor p res su re ) has 
been completed. The amount of me ta l -wa te r react ion was near ly identical 
with that observed in s imi la r runs with water at 100 C (15 psi) and 200 C 
(225 psi) . The r e su l t s indicate that the h igh- t empera tu re oxidation of s ta in­
less s teel by water is independent of p r e s s u r e over a wide range . A s imi lar 
finding was repor ted previously for the z i rconium-water react ion (see 
ANL-6548). 

The levitation melting method of studying the reac t ion of molten 
meta l pel le ts with s t eam has been applied to aluminum. In each run, an 
aluminum sphere of nominal 8 -mm diameter was suspended by a r ad io -
frequency field in an environment of flowing s team. Pel le t t empera tu re 
was rapidly r a i sed to a p r e s e t value between 1200 and 1700 C as de t e r ­
mined by a recording, two-color optical pyrometer . Tempera tu re was 
maintained for per iods of t ime ranging between 5 and 100 min, after which 
the t empera tu re was dec reased rapidly to that of the s team environment. 
The quantity of a luminum oxidized during each exposure was determined 
grav imet r ica l ly by select ive dissolution of the metal . 

The a luminum-s t eam react ion could be descr ibed by the cubic ra te 
law at 1200 and 1300 C. This was consis tent with previous r e su l t s obtained 
by the p r e s s u r e - p u l s e method (ANL-6413, page 178) which indicated that the 
cubic r a t e law applied over the t empera tu re range between 800 and 1200 C. 
The quantity of react ion obtained by the p r e s s u r e - p u l s e method was approxi­
mately twice as g rea t as that obtained by the levitation method. The higher 
values repor ted in studies by the p r e s s u r e - p u l s e method were at tr ibuted to 
diffusion of water vapor through the slightly porous crucibles used to contain 
the molten aluminum. 

The a luminum-s t eam react ion was found to follow a l inear ra te law 
at 1400, 1500, and 1600 C. An Arrhen ius plot of the r a t e constants indicated 
an activation energy of 73,5 kca l /mole . Delayed ignitions occurred at 1600 C 
or slightly above; immedia te ignitions occur red when the surface of the spec­
imen reached 1750 C. Ignitions were believed to occur when aluminum vapor 
is able to penet ra te the oxide film. The ensuing burning probably occurred 
by a vapor phase mechanism. 

The use of the TREAT reac to r at the NRTS, Idaho, to study the r e ­
action of var ious me ta l s with water is continuing. In these studies, smal l 
samples of an a luminum-uran ium alloy reac to r fuel were submerged in 
water in h i g h - p r e s s u r e autoclaves and then placed in TREAT, where they 
were subjected to severe nuclear t r ans ien t s . In-pile studies with 
2S a luminum-clad, 77 w/o a luminum-23 w/o uranium (fully enriched) core 
m a t e r i a l in a plate geometry were conducted. The cladding and core were 
each 20 mi l s thick, and the plate specimens tested had the nominal dimen­
sions of 0.06 in. by 0.5 in. by 1.4 in. Nine separa te exper iments were con­
ducted with the reac tor energy input to the plate at var ious levels from 



174 ca l /g to 794 ca l / g (based on the total weight of cladding and core) . The 
r eac to r period var ied f rom 104 to 42 msec with increas ing energy input. 
V/hen the nuclear energy input was l e s s than 430 ca l /g , the extent of react ion 
(determined from a hydrogen analysis of gas samples taken from the auto­
claves) was found to be slight, of the o rder of 0.5 percent . Above this energy 
input, the extent of react ion increased to approximately 11 percent , A pla­
teau in the plot of percent react ion v e r s u s nuclear energy input occur red up 
to an energy input of 794 ca l /g , for which a single exper iment indicated that 
the amount of react ion increased markedly; 36,9 percent of the plate reacted. 

V. Energy Conversion (pages 213 to 231) 

Work was continued on the developmient of a regenera t ive cel l for the 
conversion of heat into e lec t r ic i ty in a closed cyclic system. A li thium 
hydride cell and severa l b imetal l ic ce l ls a r e being investigated. 

Work on the regenera t ive cell is being c a r r i e d out in three glove 
boxes in which a hel ium a tmosphere of very high purity is maintained. The 
impur i t ies and thei r concentrat ions in the helium a tmosphere a r e as follows: 
oxygen, l e ss than 10 ppm; nitrogen, l e s s than 10 ppm; and water , l e s s than 
1 ppm. 

The study of b imetal l ic cells received major attention during the 
quar te r . The e lec t romot ive force of the cell L i /L iCl -KCl (eu tec t i c ) /L i -Bi 
(liquid alloy) was measu red over a t empera tu re range from 625 to 839 K for 
one cell and over 633 to 720 K for a second cell . The e lect romot ive forces 
of the two cel ls w e r e found to differ to some extent. The slopes of the elec­
t romotive f o r c e - t e m p e r a t u r e curves , however, were found to be the same 
for the two ce l l s . 

P resen t ly , work on the l i thium hydride cel l is concerned mainly with 
the fabrication at Battel le Memor ia l Institute of meta l d iaphragms with suit­
able p roper t i e s of hydrogen diffusion. 

Fundamental studies in support of the work on the r egenera t ive cells 
led to the es tabl i shment of a tentative phase d iagram for the l i thium hydr ide-
li thium chloride sys tem. A eutectic melt ing at 494 C was observed at 33 m/o 
lithium hydride. 

Thermoe lec t r i c m a t e r i a l s for d i rec t conversion of nuclear r eac to r 
heat energy into e l ec t r i ca l power a r e being investigated. Measurements a r e 
being made for liquid and for r e f r ac to ry solid thermocouple sys t ems . 

Enough data on the liquid ant imony-bismuth, indium-antimony, and 
indium-bismuth sys tems have been accumulated to allow for a p re l imina ry 
comparison. The Seebeck coefficient of the ant imony-bismuth sys tem has 
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a s imple l inear dependence on composit ion in t e r m s of atoin fract ions, whereas 
the dependence for the indiumi-antimony and indium-bismuth sys tems is com­
plex, but quite s imi la r for the two sys tems , A simple cor re la t ion has been 
suggested based on the e lementary e lect ronic re la t ionships amiong these 
e lements . 

It has been found that the re la t ive values of the Seebeck coefficient 
for uran ium monosulfide had been assigned incor rec t signs in previous r e ­
por t s . Correc t ion leads to posit ive absolute values of decreased magnitudes 
and to the consequent dec rea se in the f igure -of -mer i t values. Measurements 
of the t he rmoe lec t r i c p a r a m e t e r s of a r c - m e l t e d and s intered specimens of 
uranium monosulfide, thor ium monosulfide, and a 50-50 m / o uranium 
monosulf ide- thorium monosulfide solid solution have been made at var ious 
t e m p e r a t u r e s . The r e su l t s indicated that these substances behave some­
what like me ta l s . The Seebeck coefficient was found to dec rease with in­
c reas ing thor ium monosulfide content. The f igure-of -mer i t value for 
uran ium monosulfide was calculated to be approximately 1.2 x 10"* K"^ 
through use of r ecen t thermial conductivity data obtained at Oak Ridge 
National Labora tory in the t empe ra tu r e range from 40 to 125 C. 

VI. Determinat ion of Nuclear Constants (pages 232 to 238) 

Several runs c a r r i e d out in TREAT were designed to m e a s u r e the 
r a t e of double neutron capture by rhodium to form 36-hr rhodium-105 and 
to der ive the pile neutron c r o s s sect ions of the shor t - l ived in te rmedia tes , 
rhodium-104m and rhodium-104. Separat ion of rhodium from i r id ium was 
made n e c e s s a r y by the la rge amounts of i r idium-192 and i r id ium-194 
act ivi t ies p resen t . The calculation of the double capture c r o s s section of 
rhodium has not yet been completed. 

Radiochemical r e su l t s of isotope buildup and fission studies in EBR-I 
(Mark III) a r e repor ted . Data a r e given for uranium-238 capture and fission 
c r o s s sections as a function of r eac to r position. Data on plutonium-240 
capture supplement the information previously repor ted for plutonium-239, 
u ran ium-233 , and uran ium-235 in the same loading, 

VII, Routine Operat ions (pages 239 to 240) 

The operat ion of the radioact ive was te -p rocess ing facility and the 
gamma- i r r ad i a t i on facility continued without incident. 
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CHEMICAL ENGINEERING DIVISION 
SUMMARY REPORT 

October, November, December, 1962 

I, CHEMICAL-METALLURGICAL PROCESSING* 

Pyrometa l lu rg ica l p r o c e s s e s for the recovery of fissionable m a ­
te r i a l f rom discharged reac to r fuels offer promise of achieving a reduction 
in the r ep rocess ing costs assoc ia ted with nuclear power because of the 
s implici ty, compac tness , low-volume dry was tes , and capability for han­
dling shor t -cooled fuels, with an attendant reduction in fuel inventor ies . 
Among the pyrometa l lu rg ica l p r o c e s s e s that a r e being developed a re melt 
refining (a s imple melt ing procedure for metal l ic fuels), and various p r o c ­
e s s e s for core and blanket m a t e r i a l s which utilize liquid metal solvents 
as p rocess ing media . Pyrometa l lu rg ica l techniques also show promise for 
the p repara t ion of var ious reac tor - fue l m a t e r i a l s , including meta l s and 
ca rb ides . The mel t refining p roces s is present ly in the mos t advanced 
state of development and will be used for recovery of enriched uranium 
from the f i r s t core loading of the second Exper imenta l Breeder Reactor 
(EBR-II). 

A. Pyrometa l lu rg ica l Development 

1. Melt Refining 
( L , B u r r i s , J r . , R, K. Steunenberg) 

The mel t refining p r o c e s s will be used to r c o v e r uranium 
from the f i r s t core loading of EBR-II . The fuel consis ts of approximately 
50 percent enr iched u ran ium alloyed with about 5 w/o noble metal fission 
product e l emen t s . The fuel pins a r e clad with s ta in less s teel , the rmal ly 
bonded by a smal l amount of sodium. The pins a r e declad mechanical ly , 
chopped, and charged to a l ime-s t ab i l i zed zirconia crucible in which they 
a r e mel ted and mainta ined in a liquid state at 1400 C for a period of 3 to 
4 h r . Approximately two- th i rds of the fission products a r e removed 
through volat i l izat ion and select ive oxidation. The purified metal product 
is poured to form an ingot from which new pins a r e p repa red by injection 
cast ing, A mixture of oxidized and unpoured meta l remaining in the c r u ­
cible as a skull is r e cove red by a separa te p rocess employing liquid metal 
solvents . Experimiental r e s u l t s for the quar te r a r e repor ted on (l) the 
product yields of s m a l l - s c a l e inelt refining exper iments with highly i r r a ­
diated fuel alloy, and (z) the use of fused salt fluxes in the mel t refining 
p r o c e s s . 

*A s u m m a r y of this sect ion is given on pages 13 to 19. 



Nitrogen removal from the argon a tmosphere of the Argon Cell 
of the EBR-II Fuel Cycle Faci l i ty may ult imately be requ i red to provide 
safer conditions under which to handle fuel and p rocess m a t e r i a l s . A p r o ­
g r a m has been s ta r ted on the removal of ni t rogen from argon by get ter ing 
the ni trogen with hot t i tanium. 

a. Melt Refining Exper iments at High Activity Levels 
(v . G. T r i c e , W. H. Spicer) 

Five demonst ra t ion exper iments with highly i r rad ia ted 
ten percent enr iched u ran ium-f i s s ium alloys have been c a r r i e d out in o rder 
to revea l any unexpected problems in the melt refining p rocess which might 
a r i s e from intense radiat ion fluxes and typical fission product concen t ra ­
t ions . Because of linaitations due to equipment size and activity leve ls , it 
was n e c e s s a r y to conduct the high activity level exper iments on a reduced 
scale (about 0.4 kg) whereas approxiraately 10 kg would be util ized in the 
EBR-II plant facili ty. Although sma l l - s ca l e studies have contributed much 
useful information about the behavior of i r r ad ia t ed fuel during mel t refining 
and the handling of radioact ive fission products , geonaetric factors exer t a 
s trong influence on the product obtained from the melt refining p r o c e s s . It 
mus t be emphasized further that the sma l l - s ca l e r e su l t s cannot be e x t r a p ­
olated d i rec t ly to the p lan t - sca le operat ion. 

In the five demonst ra t ion exper iments , the charge consis ted 
of between 362 and 392 g of fuel pins, each pin about 0.144 in. in d i ame te r . 
The i r r ad ia t ed alloy (varying from 0.22 to 1,75 total atom percent burnup) 
was mel t refined at 1400 C under argon for 1 or 3 hr in o rder to de termine 
the effect of duration of mel t refining on the efficiency of fission product r e ­
moval . P r i o r to mel t refining, the pins were abraded with sil icon carbide gr i t 
to remove any oxide coating that might have formed on the surface . The activity 
l eve l s , which depend on the i r rad ia t ion r a t e , the total i r rad ia t ion , and the 
amount of radioact ive decay before process ing , var ied from 2.6 to 12,6 cur ies 
of total beta and gamma activity per g r a m of al loy. In all five exper iments , 
the fission product r emova l s were vir tual ly identical (See ANL-6413, page 35, 
and ANL-6477, page 31 , for r e su l t s of Experinaents 1 through 4). Although 
identical r e su l t s were obtained from sma l l - s ca l e mel t refining exper iments 
of 1 - and 3-hr durat ion, the 3-hr period specified for the plant operat ion is 
believed to be n e c e s s a r y because of the longer diffusion paths t r a v e r s e d by 
the fission products to r each the crucible wall . 

The r e su l t s of control exper iments with uni r rad ia ted alloy 
permi t ted the evaluation of the effect of i r rad ia t ion on the melt refining 
yield,* The un i r rad ia ted pins were of approximately the same dimensions 
and composit ion as the i r r ad i a t ed alloy pr ior to i r r ad ia t ion . The principal 
differences were that the uni r rad ia ted alloy contained na tura l u ran ium in ­
stead of ten percent enr iched uranium, and that about 0.6 w/o ce r ium 
was added to the un i r rad ia ted alloy to s imulate the react ive fission product 
e lements in the i r r ad ia t ed m a t e r i a l . 

The yield is the amount of purified metal recovered by pouring and is expressed as percentage of the 
amount of metal charged. 
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The yields obtained in the demonstrat ion experiments at 
high activity levels and the control exper iments a re shown in Table 1. The 
yields with the i r rad ia ted alloy were consistently lower than the yields 
with uni r radia ted fuel pins . The average yield was 85 percent in the con­
t ro l exper iments , but the yields were 15 percent lower in Exper iments 1, 
2, 4, and 5, and 35 percent lower in Experiment 5. Control Experiment 4, 
in which uni r rad ia ted pins were mel t refined in a radioactive crucible , had 
a re la t ively high yield (87.2 percent ) . This resul t suggests that the phenom­
ena which lead to lower yields a r e re la ted to i r radia t ion of the fuel and not 
to the p resence of a source of high activity. 

Table 1 

YIELDS OBTAINED IN HIGH-ACTIVITY-LEVEL AND CONTROL MELT REFINING 

Experiment 

1 
2 
3 
4 
5 

Control afi 
Control ai^ 
Control Bl*^ 
Control (4lf 

Charge Weight^ 

<g) 

387 6 
392 3 
362 5 
364 2 
382 2 
359 6 
419 4 
397 5 
3981 

EXPERIMENTS PERFORMED AT 1400 C3 

Burnup 
(atom ?») 

0 56 
0 22 
0 74 
0 87 
175 
0 
0 
0 
0 

Activity Level 
of Charge 
(curies/gi 

5 1 
26 

12 6 
89 

12 3 

0 
0 
0 
0 

Duration of 
Melt Refining 

!hr) 

3 
3 
1 
1 
1 
3 
3 
1 
3 

Yield 
(% of charge) 

72 4 
69 3 
52 2 
73 6 
72 7 
86 7 
84 0 
84 2 
87 2 

^Charges of irradiated alloy pins were abraded with silicon carbide grit before melt refining 

bAlloy compositions prior to irradiation (wW as follows Experiments 1, 2 and 3 - U^̂ S (84 ooi, 
U235 (10 731, Mo (2 58) Ru (2 ID , Rh (0 26), Pd !0 19i, Zr (0 12) Nb (0 01) carbon 25 ppm Experi­
ments 4 and 5 - U238 (84 94) U235 (9 44), Mo (2 80) Ru (2 25), Rh (0 27) Pd (0 201, Zr (0 09), Nb (0 01) 

CThe charge of unirradiated alloy pins was polished with emery cloth to a bright, shiny finish and 
then melt refined in a crucible reclaimed from a low-activity-level exploratory experiment 

fiThe charge of unirradiated alloy pins was soaked in NaK, washed with organic solvents, and 
abraded with silicon carbide grit before melt refining 

eThe charge of unirradiated alloy pins was held in air at 150 C for 16 hr, soaked in NaK, washed 
with organic solvents and abraded with silicon carbide grit before melt refining 

'The charge of unirradiated alloy pins was soaked in NaK, washed with organic solvents, abraded with 
silicon carbide grit, and then melt refined in a radioactive crucible reclaimed from Experiment 2 

The difference in yields is in terpreted most readi ly by ex­
amining the behavior of uranium in these exper iments . Since uranium was 
the major constituent (about 95 percent) of both the charge and the purified 
product, the percentage of uranium recovered was near ly equivalent to the 
yield. The uran ium that was not recovered by pouring was retained in the 
crucible , and it constituted the major portion of the skull ,* 

It is convenient to consider that the uranium which was r e ­
tained in the crucible after pouring consisted of three components, i .e . , un­
poured uranium meta l , oxidized uranium, and absorbed uranium (retained 

*For the purpose of this discussion, the skull is defined as the total 
amount of ma te r i a l re ta ined in the crucible after pouring, exclusive 
of any m a t e r i a l absorbed in the body of the crucible . 



because of the porosi ty of the cruc ib le) . It is not known whether the absorbed 
uranium is p resen t as the metal or as oxide. Since it is not available for r e ­
covery in ei ther case , it i s not included in the total metal l ic uran ium present 
at the completion of mel t refining. The total amount of metal l ic uranium 
presen t after mel t refining is then defined as the sum of the recovered u r a ­
nium and the unpoured uran ium meta l in the skull . The separat ion efficiency 
is the quotient, expressed as a percentage , which is obtained by dividing the 
amount of r ecovered uranium by the total amount of uranium meta l p resent 
at the completion of mel t refining. 

The amount of unpoured uranium metal in the skull can be 
calculated (see ANL-6287, pp. 32-38) on the bas is of two assumiptions: (l) 
the composition of the unpoured metal in the skull is identical with the com­
position of the meta l in the product ingot, and (2) the noble meta l content of 
the skull r e su l t s solely f rom the unpoured naetal p resen t . The amount of 
unpoured meta l in the skull is then expres sed as a fraction (X of the total u r a ­
nium in the skull (as meta l and oxide) by the equation 

a = UjMos/UgMoi . (l) 

The subscr ip ts i and s re fer to the ingot and skull, and the symbols U and 
Mo r ep re sen t concentrat ions of these e lements in weight percent . Using 
the appropr ia te combinations of d i rec t exper imenta l data, ma te r i a l ba lances , 
and Equation 1, the distr ibution of uranium was computed in t e r m s of r e ­
covered uranium meta l , unpoured uran ium meta l , oxidized uranium, and 
absorbed uran ium. Where a l ternat ive methods of computation were ava i l ­
able , the procedure was se lec ted that would yield the min imum uncertainty 
in the r e su l t . 

Complete data for the uran ium distr ibution in the five dem­
onst ra t ion exper iments and for Control Exper iment 1 a r e presented in 
Table 2. By means of the methods of smal l sample s t a t i s t i c s , the following 
conclusions can be der ived with a cer ta in ty corresponding to the 95 percent 
confidence level : (l) The amount of uraniumi recovered as meta l in the 
product ingot (Table 2, Column 2) was decreased when i r r ad ia t ed fuel alloy 
was used. (2) The total amount of metal l ic uranium present at the conclu­
sion of mel t refining (Table 2, Column 6) was not affected significantly by 
i r rad ia t ion of the alloy. A coro l la ry which follows frona I tems 1 and 2 is 
that the separa t ion efficiency (Table 2, Column 7) was adverse ly affected 
by i r rad ia t ion of the alloy, indicating that in sma l l - s ca l e exper iments the 
top-pouring technique used for the recovery of the melt refined metal was 
l e s s efficient in the case of the i r r ad ia t ed alloy. 

Yields in the p lan t - sca le operation a r e expected to be higher 
than those found in the s m a l l - s c a l e exper iments with i r r ad ia t ed fuel. Fu l l -
scale mel t refining runs with un i r rad ia ted alloy have general ly resu l ted in 
yields exceeding 95 percent , which may be compared with yields of about 
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85 percent for the snaal l -scale control exper iments with uni r radia ted alloy. 
The 15 percent reduction in yield associa ted with i r radia t ion of the fuel in 
the sma l l - s ca l e exper iments has been shown to resu l t from inefficient 
pouring re la ted to the presence of an oxide film on the surface of the 
molten me ta l . This film is apparent ly composed mainly of fragments of 
uranium oxide from the i r r ad ia ted pins which had to be handled in an air 
a tmosphere pr ior to mel t refining. Since no air exposure will be involved 
in the Argon Cell of the EBR-II Fuel Cycle Facil i ty, a reduction in melt 
refining yields from this cause is not expected. 

Table 2 

URANIUM DISTRIBUTION IN DEMONSTRATION EXPERIMENTS 

D<perlment 

1 
2 
3 
4 
5 

Control (1) 

Uranium Recovered as 
Metal in the Ingot 

(% of charge) 

72.6 
69.1 
52.3 
73.9 
73.5 
86.7 

Urar ium Retained 
in Crucible (% of charge)a 

Unpoured Metal'' 

20.5 ± 2.9 
23.1 ± 3.2 
38.9 ± 5.5 
22.4 ± 2.2 
22.5 ± 2.4 
9.3 ± 1.3 

Oxidized^ 

5.4 ± 2.9 
6.3 ± 3.2 
7.3 ± 5.5 
2.2 ± 2.2 
2.4 ± 2.4 
2.5 ± 1.3 

Absorbed^ 

1.5 
1.5 
1.5 
1.5 
1.5 
1.5 

Total Metallic 
Uranium Present^ 

(% of charge) 

93.1 ± 2.9 
92.2 ± 3.2 
91.2 ± 5.5 
96.3 ± 2.2 
96.1 ± 2.4 
96.0 ± 1.3 

Separation 
Efficiency 

(%) 
78.3 ± 2.4 
74.9 ± 2.4 
57.3 ± 3.5 
76.7 ± 1.8 
76.5 ± 1.9 
90.3 ± 1.2 

^Uncertainties are presented at the 95 percent confidence level. 

bfflethod of computation outlined in text. 

^Uranium retained in the crucible by absorption was determined experimentally in Experiment (5! only; 
the datum observed, 1.5 percent, was assumed to be representative of all experiments. 

The 1.5 percent loss of uranium absorbed in the melt r e ­
fining crucible has not been observed in full-scale 3aielt refining runs 
with uni r radia ted fuel. It has been found during the oxidation of melt r e ­
fining skulls in ful l-scale crucib les that the inside surface of the crucible 
is sloughed off, and the ma te r i a l is recovered along with the oxidized 
skull . Nitr ic acid leaching of the l a r g e - s c a l e crucibles after removal of 
the skull by oxidation has indicated no re ta ined uranium. The s m a l l -
scale c ruc ib les , on the other hand, show little or no degradation during 
the skull-oxidation p rocedure . 

The extent of the effects discussed above in the plant-
scale mel t refining of highly i r rad ia ted fuel alloy can be determined with 
cer ta inty only when the EBR-II Fuel Cycle Facili ty is placed in operation. 
However, the resu l t s of the sma l l - sca le experimients should be of consid­
erable value in developing preventive or correc t ive measu re s if difficulties 
a r e encountered in the p lant -sca le equipment. 

b . Use of Salt Fluxes in Melt Refining 
(G. A. Bennett, W. A, Pehl) 

The possibil i ty of melt refining under salt fluxes has 
previously been considered during development of melt refining p rocesses 
(see ANL-5466, page 42). The possible advantages in using salt fluxes a re 
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high product yields , re la t ively low operating tenapera tures , and short p r o c ­
essing t i m e s . By using a suitable oxidant in the salt flux, r a r e ear th and 
alkaline ear th fission product e lements can be selectively oxidized, thereby 
effecting their t ransfer from the molten metal to the molten salt phase . It 
may ult imately be possible to t es t such al ternat ive melt refining p rocesses 
in the Fuel Cycle Facil i ty, which i s , in effect, a pilot plant for var ious 
pyrometa l lurgica l p r o c e s s e s . 

Both chloride and oxide salt fluxes have been considered. 
The use of oxide fluxes has inherent difficulties. Chief among these a r e find­
ing conabinations of stable oxides with sufficiently low melting points for 
prac t ica l use and finding container ma te r i a l s which a re r e s i s t an t to attack 
by the molten flux and molten uranium. Constituents of the oxide flux must 
be more stable than uranium dioxide, and the flux should have a reasonably 
low melting point (<1400 C), Since all oxides naore stable than uranium di ­
oxide have very high melting points, only binary and t e rna ry conabinations 
of oxides can have sufficiently low melt ing points. As ea r ly as 1955, a 
sea rch for such oxide combinations was made by the Chemical Engineering 
Division at Argonne (see ANL-5466, page 42, and ANL-5494, page 54). 

Peti t and co -worker s in France have discussed-'^ severa l 
low-melt ing (<1400 C) combinations of beryl l ium oxide with calcium oxide, 
bar ium oxide, and s t ront ium oxide. They repor ted that containment of a 
molten oxide flux-molten uranium sys tem was effectedin high-f ired beryl l ia 
c ruc ib les , despite some dissolution ofberyll ia in the moltenflux. In a search 
for a l ternat ive container naater ia ls , only aluminum oxide gave p romise . 

Since it may be possible to contain molten oxide flux-molten 
uranium sys tems in beryl l ia c ruc ib les , three exper iments were conducted 
in which uran ium-5 percent f iss ium alloys containing 0.5 to 0.8 w/o cer ium 
were melt refined under an oxide flux. The oxide conabinations employed, 
their melting points, and other experi inental details a re given in Table 3. 

Table 3 

MELT REFINING OF URANIUM-S PERCENT FISSIUM ALLOYS^ IN THE PRESENCE OF OXIDE FLUXES 

Crucible: Beryllia 

Fissium 
Flux Alloy Charge Operating Conditions 

Ingot Cerium 
Run Composition Est Melting Wf UO2 Added Vllt Cerium Liquation Liquation Yield Removal 
No. Sm/o) Point (C) jg)_ to Flux Ig) jgi_ (w/o) Temp (C) Time (hr) (%) (%i 

OF 4 63 BeO 1380 300 15 1%5 0.82 1400 1 88 47 
37 SrO 

336 42 BeO 1140 300 15 1138 0.49 1300 3 78 95 
58 BaO 

337 66.5 BeO 15m 397 25 1250 0.54 1580^ 1 93 97 
33.5 BaO 

^The uranium-fissium alloy contained about 2.5 * 'o molybdenum, 1.9 w/o ruthenium, 0.3 */o rhodium, 
0.2w,'o palladium, and 0.1 w/o zirconium. 

i'By optical pyrometer; other temperatures were obtained through use of a tungsten/rhenium thermocouple. 

R Peray, A Auriol , and J. F. Pe t i t , "Pyrometa l lurg ica l T rea tmen t of Irradiated Uranium by Oxide Fluxes," 

Presented as Paper B2-2 at XVIIIth In terna t iona l Coagress of Pure and Applied Chemis t ry , Montreal , 

Canada . August 1961 . Abstracts Published by University of Toronto Press (Aug 1961). 
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Uranium dioxide was added to each flux (to a concentrat ion of about 5 w/o) 
to oxidize ce r ium into the flux phase . A liquation time of 1 or 3 hr was 
employed at t e m p e r a t u r e s (between 1300 and about 1600 C) well above the 
es t imated melting point of the oxide flux mix tures which were used. 

A flux nea r ly sa tura ted with berylliujaa oxide was employed 
in Run 33 7 in an a t tempt to reduce dissolution of the beryl l ia crucible in 
the flux. Later examination at the end of the run indicated that this flux 
was not completely mol ten. 

Excellent ce r ium removal from the f iss ium alloy (>95 p e r ­
cent) was obtained with the be ry l l i a -ba r ia mix tu res , but not with the be ry l l i a -
s t ront ia mixture (47 percen t ) . Pouring yields were low with the two 
lower-mel t ing fluxes (78 and 88 percent) because of excess ive attack of the 
beryl l ia crucible by the molten flux. The final run, in which the amount of 
beryl l ia in the flux had been inc reased to 66.5 m / o , gave a higher yield 
(92.5 percent) and resu l t ed in much l e s s react ion with the cruciblei how­
ever , the high liquation t e m p e r a t u r e makes this approach unat t rac t ive . 

Excess ive co r ros ion was found to occur when alumina 
crucib les were used to contain the lower-mel t ing oxide fluxes. Because a 
suitable container m a t e r i a l is lacking, the use of oxide fluxes in a melt r e ­
fining operat ion has been dropped. 

The use of chloride fluxes, which general ly have low melting 
points (<1000 C), was briefly invest igated. Beryll ia , which is r e s i s t an t to 
at tack by uranium, chloride fluxes, and combinations of these , was used as 
a containment m a t e r i a l . 

In the five runs made , two different chloride fluxes were 
used: calc ium chloride containing 13 m / o naagnesium fluoride, and calcium 
chloride containing two m / o u ran ium te t r ach lo r ide . Cer ium in concent ra ­
tions of between about 0.5 and 0.8 w/o was employed in the 700-g charges 
of uranium-f ive percent f i ss ium alloy (see composition of this alloy in 
Table 3). The liquation t e m p e r a t u r e s were var ied between 1100 and 1300 C 

With the uran ium te t rach lor ide oxidant, c e r ium removals 
were about 94 percent,- with the magnesiuna fluoride oxidant (in effect, a 
magnes ium chloride oxidant because of the ionized cha rac te r of the flux), 
a ce r ium removal of 99 percent or be t ter was obtained. 

When it was noted in the f irs t run that a poor product yield 
(90 percent) was obtained on pouring at 1100 C, subsequent pours were miade 
at 1300 C. Yields on pouring at 1300 C var ied between 95.7 and 97.6 p e r ­
cent. Before the meta l was poured, the flux was removed by freezing the 
meta l , pouring off the flux, and vaporizing the res idual flux under reduced 
p r e s s u r e . The loss of uraniumi in the flux was 0.03 percent or l e s s at a 
liquation t empe ra tu r e of 1100 C. A single i sopres sed beryl l ia crucible 
was used for th ree runs without apparent damage. 



Although chloride fluxes may be useful for p rocess ing 
uranium fuels, application to plutonium-containing fuels is quest ionable, 
since McKenzie and c o - w o r k e r s ^ have shown that plutonium is oxidized 
(along with the r a r e ea r th e lements) when in contact with a magnes ium 
chloride flux phase . Therefore , the amount of plutonium that would be 
lost to a flux phase containing a l imited amount of oxidant mus t be d e ­
te rmined before this p roces s can be ser ious ly considered for plutonium-
containing fuels, A few such runs will be made with plutonium presen t to 
a s c e r t a i n the feasibi l i ty of the p r o c e s s for plutonium-containing fuels . 

2. Removal of Nitrogen from Argon by Reaction with Titanium 
Sponge 
( M . Kyle, J . Arntzen, L. Western) 

The p re sence of ni t rogen in the a tmosphere of the Argon 
Cell of the EBR-II Fuel Cycle Faci l i ty could cause problems in process ing 
fuel m a t e r i a l s . Format ion of a n i t r ide coating or "pin shel l" on the en ­
r iched uran ium fuel pins to be used in the f i r s t EBR-II core could cause a 
d e c r e a s e in the mtelt refining pouring yield (see ANL-6333, page 40). The 
full extent of probleins caused by the p resence of ni t rogen in the cell a t m o s ­
phere is not known, but previous data have shown that , by r e s t r i c t ing the 
exposure of the fuel to the n i t rogen-bear ing a tmosphere and by keeping 
fuel t e inpe ra tu res below 300 C to reduce the ni t r idat ion ra te of the fuel, 
mel t refining yields will not be se r ious ly affected by ni trogen concen t ra ­
tions up to five percent (see ANL-6569, page 31, and ANL-6596, page 42). 

Although the Argon Cell includes equipment for the r e ­
moval of oxygen and -water, no provis ions have thus far been made for the 
reraoval of ni trogen f rom the argon a tmosphe re . It is planned to control 
the cell ni t rogen content by in te rmi t ten t ly purging a portion of the cell 
a tmosphere with pure a rgon. Measurements of the ra te of inleakage of 
a i r intothe Argon Cell a r e cur ren t ly being made . Although the ra te has 
not yet been definitely es tabl ished, it is believed that the resul t ing equi l ib­
r ium content of ni t rogen will be well under five percent . 

Neve r the l e s s , the re is the possibi l i ty that for other fuel 
m a t e r i a l s and other fue l - recovery p r o c e s s e s , the removal of ni t rogen 
from the Argon Cell a tmosphere will be r equ i red . This has prompted the 
init iation of a project to invest igate the removal of ni t rogen from argon by 
get ter ing with t i tanium sponge. Titanium sponge was chosen as the g e t t e r ­
ing m a t e r i a l because of i ts low cost per mole of n i t rogen- remova l capaci ty. 
The p resen t study i s being c a r r i e d out in two p a r t s : ( l ) the study of the 
kinet ics of the t i t an ium-ni t rogen reac t ion , and (2) construct ion and o p e r a ­
tion of a scale model of the proposed plant sys tem to tes t equipment des igns , 
to obtain data on equipment re l iabi l i ty , and to obtain operat ing exper ience . 

2 D . E . McKenzie, W. L. Elsdon, and J, W. F le tcher , Can. J . Chem., 
36, 1233 (1958). 



A pre l imina ry study of reac t ion kinet ics has been made 
with the aid of a the rmoba lance . A 20-g sample of t i tanium sponge was 
held in a container made of s ta in less steel sc reen and supported in the 
thermobalance furnace by a rod connected to one a r m of the balance beam. 
Argon gas containing a known concentrat ion of nitrogen (380 ppra, 1160 ppm, 
or 4 v/o) was passed through molecular s ieves to remove water , through 
copper turnings at 600 C to remove oxygen, and finally into the t h e r m o ­
balance and over the t i tanium sample at 900 C. The weight inc rease of 
the sample was used as a m e a s u r e of the r a t e and extent of reac t ion . The 
argon flow r a t e was maintained high enough to provide about twenty t imes 
the r a t e of ni t rogen requ i red for the prevai l ing react ion r a t e , or enough 
to prevent backflow of a i r into the thermobalance . 

At the low ni t rogen concentrat ions of in te res t (50 to 
5000 ppna), the react ion r a t e i s so slow that severa l weeks a r e requ i red 
to r each 50 percent convers ion of the t i tanium to t i tanium n i t r ide . In o rder 
to reduce the ti ine r equ i r ed for high convers ion, the ni trogen concentrat ion 
was inc reased (during pa r t of the run) to 4 v / o . After each resul t ing sharp 
i nc r ea se in the extent of convers ion, gas having low nitrogen concentrat ions 
was passed over the t i tanium sample and the react ion ra te was again 
m e a s u r e d . 

After achieving the des i r ed conversion of the t i tanium with 
a four percent n i t rogen-a rgon gas mix tu re , it was found that two or more 
hours of operat ion with argon of low ni t rogen contents (380 or 1160 ppm) 
were r equ i red before a re la t ive ly constant react ion ra t e was obtained. 
This pa t te rn of reac t ion indica tes a s t rong influence of so l id-s ta te diffusion 
of ni t rogen on the reac t ion r a t e . Because the ni trogen gradient es tabl ished 
in the solid phase is d i rec t ly re la ted to the ni trogen par t ia l p r e s s u r e in the 
react ing gas , accura te reac t ion r a t e s over a t i tanium conversion range 
from zero to 50 percent (as t i tanium ni t r ide) can be es tabl ished only with 
a gas of constant pa r t i a l p r e s s u r e of n i t rogen. Operation of a thermobalance 
for long per iods of t ime at low and constant par t ia l p r e s s u r e s of ni t rogen is 
considered i m p r a c t i c a l . There fore , new exper imenta l apparatus has been 
designed and is being built to obtain the n e c e s s a r y kinetic data. 

In this equipment, an a rgon-n i t rogen mixture of carefully 
control led composit ion (50 to 5000 ppm of nitrogen) will be continuously 
c i rcu la ted through a s e r i e s of smal l t i tan ium beds . The circulat ing ra te 
will be such that only a sma l l fraction of the ni t rogen in the gas will r e a c t 
in a single p a s s . The en t i re ni t rogen content of the gas will be removed 
in each pass by a l a rge t i tanium bed and then will be rep laced to the or iginal 
control led concentra t ion by a slow bleed of ni trogen into the systena jus t in 
front of the t i tanium tes t beds . The ni t rogen concentrat ion will be control led 
by careful regulat ion of the flow r a t e s of the argon and ni t rogen s t r e a m s . 
The extent of reac t ion of the titaniumi t e s t naaterial will be de termined at 
var ious t ime i n t e rva l s . The f i r s t t i tanium bed in the s e r i e s will be removed 
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and analyzed for n i t rogen. The bed will not be replaced , nor will succeed­
ing beds as they a r e success ive ly removed . There fore , the number of values 
obtained will be equal to the number of t es t beds init ially used. The ra t e of 
reac t ion for a pa r t i cu la r t i tanium conversion will be de termined by differen­
tiation of the curve which gives the re la t ionship between the extent of react ion 
and t ime , 

3. P r o c e s s e s Utilizing Liquid Metal Solvents 
( R . K , Steunenberg, L. B u r r i s , J r . ) 

Several p r o c e s s e s a r e under development in which liquid 
me ta l s and sa l t s a r e employed as p rocess ing media . One such is the skull 
r ec lamat ion p r o c e s s for recover ing the fissionable ma te r i a l remaining in 
the crucible res idue (skull) after a mel t refining operat ion. Smal l - sca le 
runs demonst ra t ing this p r o c e s s a r e now in p r o g r e s s , and l a r g e , in tegrated 
p roces s equipment is now being insta l led for conducting runs and evaluating 
equipment per formance at near plant sca le . 

A p r o c e s s has a lso been developed in which liquid meta l 
solutions a r e used to achieve the isolat ion of plutonium bred into the EBR-II 
blanket m a t e r i a l . Labora to ry work is in p r o g r e s s on the development of 
p r o c e s s e s for other fuel m a t e r i a l s , especia l ly future EBR-II fuels, which 
will contain plutonium as a f issionable m a t e r i a l . 

Fundamental s tudies of molten mietal and salt sys tems 
a r e a lso in p r o g r e s s . These include studies of reac t ions in molten sal ts 
and studies of var ious unit operat ions in liquid meta l systemis (e.g., d i s ­
t i l lat ion and m a s s t r a n s f e r ) , 

a. Demonstra t ion of the Skull Reclamation P r o c e s s 
(R. D. P i e r c e , K. R. Tobias) 

The skull r ec lamat ion p roces s i s being developed as 
an auxi l iary p r o c e s s to the mel t refining p roces s of the EBR-II fuel cycle 
in o rde r (l) to r ecove r the f issionable ma te r i a l f rom mel t refining crucible 
r e s i d u e s , and (2) to obtain sufficient separa t ion of this fissionable m a t e r i a l 
f rom fission products to allow r e t u r n to the main EBR-II fuel cyc le . A 
s e r i e s of s m a l l - s c a l e (130-g uranium) demonst ra t ions of this p rocess is 
being per formed to identify and reso lve problems pr io r to the operat ion of 
l a r g e , in tegrated p r o c e s s equipment . During these s tudies , a problem in 
the noble meta l ext rac t ion step of the p rocess was revea led . To allow 
concentra ted study of this problem, demonst ra t ion runs of the en t i re p r o c ­
e s s were suspended during this q u a r t e r . 

In the noble meta l extract ion step which follows oxida­
tion of the crucible skull naaterial and remova l of the oxidized skull f rom a 
mel t refining c ruc ib le , the skull oxides a r e suspended in a chloride flux 



(composition in w / o : 47.5 magnes ium chlor ide , 47.5 calciuna chlor ide, and 
5 magnes ium fluoride), and this flux-oxide suspension is vigorously con­
tacted with molten zinc at 800 C in o rder to leach or ext rac t from the flux 
the following noble meta l fission p roduc t s : ruthenium, rhodium, palladium, 
molybdenum, and technet ium (see flowsheet in las t quar te r ly r epo r t : F i g ­
ure 6, page 46, ANL-6596). As pointed out in ANL-6596, page 45, when all 
noble meta l extract ion operat ions were conducted within an iner t a t m o s ­
phere , noble meta l extract ion was unsuccessful , as typified by poor e x t r a c ­
tion of rutheniuna. These operat ions were c a r r i e d out in new equipment 
instal led in an iner t a tmosphere glove box ( A N L - 6 5 4 3 , page 33). 

Whereas rutheniumi extract ions of 75 to 85 percent 
were exper ienced in runs per formed outside the glove box, ruthenium ex ­
t rac t ions of l e s s than ten percent were rea l ized when all operat ions were 
conducted within the iner t a tmosphere glove box (conajDare Runs SD-126 
and SD-127 with Runs BJ-4A through BJ-lOA in Table 4). All runs (both 
inside and outside the glove box) were made in closed furnaces under an 
argon a tmosphe re ; however , for Runs SD-126 and SD-127 the meta l and 
skull oxides were exposed to an a i r atnaosphere during s torage , and sal t , 
me ta l , and skull oxides were exposed to a i r during loading of the equipment. 

The poor ext rac t ions of ruthenium in runs made in 
the ine r t atmiosphere glove box were init ially at t r ibuted to the lack of 
oxidizing power which had exis ted in previous runs as a resu l t of water 
absorpt ion f rom ai r during loading opera t ions . This hypothesis appeared 
to be confirmed when good ruthenium remova l s (near 100 percent) were 
achieved in runs in the iner t a tmosphere glove box by the addition of a smal l 
quantity of water or zinc chloride oxidant to the flux phase in the noble meta l 
ext ract ion s tep. However, in the runs in which good ruthenium extract ion 
was obtained, l e s s than the no rma l amount of zinc was used in o rder to in ­
c r e a s e the concentrat ion of ru thenium in the zinc ext rac t and thereby effect 
an improvement in the accuracy of ruthenium ana lyses . The resu l tan t 
change in zinc volume lowered the f lux-metal interface from a location 
severa l inches above the agi ta tor blade to a location near the agitator blade. 
This change in mixing conditions may have contributed to the improvemient 
in rutheniuna extract ion, and the effect of this change is cur ren t ly being 
de te rmined . Never the le s s , sufficient zinc chloride (concentrations up to 
10 percent) will be employed as a s tandard constituent in the flux phase in 
the noble me ta l extract ion step to oxidize into the flux phase any metal l ic 
u ran ium that might be p resen t , such a s , for example, any unoxidized u r a ­
nium in the skull oxide. Thereby, loss of uraniuna in the waste zinc phase 
will be prevented. 

F i l t e r ed samples were taken at 800 C at the conclusion 
of each run by p re s su r i z ing a portion of the zinc solution into tantalum tubes 
through tanta lum filter f r i t s . In the course of this work it was discovered 
that some ruthenium was re ta ined on the tube wall after dissolving out the 
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sample with aqua reg ia . The amount retained was significant only when 
the percentage of ruthenium removed was snaall, as in Runs BJ-4A through 
BJ-IOA. The l e s s - than-10 percent ruthenium removals in these runs (see 
Table 4) include a l ibera l allowance for ruthenium retent ion on the tube 
wall s. 

Table 4 

RUTHENIUM REMOVAL IN NOBLE METAL EXTRACTION RUNS 

Runs SD-126 and SD-127 were performed outside the glove box; 
all other runs were performed in equipment located in an argon 
atmosphere glove box. Noble metal extractions were performed 
under argon at 800 C for 4 hr in 4l . - in. tungsten or tantalum 
crucibles . 

Charge (g) 

Run 

SD-126 
SD-127 
BJ-4A 
BJ-6A 
BJ-7A 
BJ-8A 
BJ-9A 
BJ-IOA 
BJ-lOA-1 
B J - l l A 
BJ-12A 
BJ-13A 
BJ-14A 
BJ-15A 
BJ-16A 
BJ-16A-3 
BJ-17A 

Skull Oxide a-

235 
223 
191 
162 
164 
162 
160 
162 
Recharge 
138 
132 
142 
142 
140 
115a 
Recharge 
170^ 

Flux'^ 

1000 
1000 

750 
751 
749 
944 
515 
755 

of BJ-IOA 
751 
752 
750 
750 
750 
750b 

of BJ-16A 
750b 

Zinc 

4000 
2000 
3005 
3003 
3002 
3006 
3002 
3000 

+ 
2003 
2000 
1015 
1006 
1004 
3308 

+ 
3301 

Zinc 
Chloride 

0 
0 
0 
0 
0 
0 
0 
0 
7.5 
0 
0 

16.0 
15.5 

0 
0 

15.8 
0 

Water 
Added 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1.0 
0 
4 .9 
5.0 
0 
0 
0 

Percentage of Ruthenium 
Extracted into Zinc 

90 
95 

< 1 0 
< 1 0 
< 1 0 
< 1 0 
< 1 0 
< 4 0 

63 
< 2 0 
< 4 0 

90 
100 

90 
50 
50 
48 

^The skull oxide employed in all runs except BJ-I6A through BJ-17A was from a single 
batch {SO-68). The skull oxide used in Run BJ-I6A and thereafter was from batch SO-73 
and contained ruthenium-106 t r ace r . Skull mater ia l from several melt refining runs 
was oxidized at between 700 and 800 C with argon containing approximately 25 percent 
oxygen. The compositions in weight percentages of two blends were, excluding oxygen 
which makes xip most of the balance, as follows: 

Uranium 
Cerium 
Zirconium 

Ruthenium 
Molybdenum 

Batch SO-68 

70 
4 
1 

1 
1 

1 
5 

Batch SO-73 

60 
4 .6 

10.4 (high because of large 
inclusion of nnelt r e ­
fining crucible fragments) 

1.3 
1.6 

"The flux composition in mole percent (exclusive of added zinc chloride and water) was: 
47.5 calcium chloride, 47.5 MgCl2, and 5.0 MgF2. A common batch was used for 
Runs SD-126 and SD-127 and Runs BJ-4A through BJ-15A. The same batch of flux 
was used in Run BJ-16A and succeeding runs . All batches of flux were prepared 
in the same way. 
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Two runs (Runs BJ-4A and BJ-7A) were continued through 
the remaining p rocess s t eps . Analyses of the uranium products of these 
two runs for ruthenium also showed no detectable ruthenium removal had 
been achieved. The analyt ical difficulty mentioned above was rectif ied by 
r insing the sample tubes with hydrofluoric acid after the sample had been 
dissolved out with aqua r eg ia . Accurac ies of co lor imet r ic ruthenium ana l ­
yses in Runs BJ- lOA-1 through 15A a re es t imated to be ±10 percent . These 
accurac ies were in par t achieved by increas ing the ruthenium concentrat ion 
in the zinc ext rac t to a concentrat ion m o r e suitable for ruthenium co lo r i ­
me t r i c ana lyses by reducing the amount of zinc employed in the r u n s . By 
use of ru thenium-106 t r a c e r , accurac ie s were improved, and were ±2 p e r ­
cent in Runs BJ-16A, BJ -16A-3 , and BJ-17A, 

Separat ion of the zinc ex t rac t (to be disposed as a waste) 
frona the flux is accompl ished by cooling to 525 C to freeze the flux and 
then removing the zinc (melting point 420 C) by p r e s s u r e siphoning. At 
525 C, mos t of the noble meta l s a r e insoluble in the zinc and, the re fore , 
p rec ip i ta te . In recen t r uns , the zinc phase was not s t i r r e d p r io r to and 
during t r ans f e r , and poor t r ans fe r of the noble meta l s along with the zinc 
phase occur red .* However, it has been shown that the noble meta l s can 
eas i ly be suspended in the zinc throughout the phase - t r ans fe r operat ion by 
s t i r r i ng ; henceforth the zinc phase will be s t i r r e d while being t r a n s f e r r e d . 

Although m o r e study of noble metal extract ion is requ i red , 
r e su l t s have been sufficiently encouraging to war ran t performing new 
demonst ra t ion runs of the en t i re skull rec lamat ion p r o c e s s . 

b . Construct ion of L a r g e - s c a l e Integrated Equipment for the 
Skull Reclamat ion P r o c e s s 
( j . C.Hesson, I, O. Winsch, D. E. Grosvenor , G, L. Roger s , 
N. P . Quattropani) 

Construct ion of in tegra ted equipsaaent for l a r g e - s c a l e (2.5 kg 
of skull oxide) demonst ra t ions of the skull reclanaation p rocess is continuing. 
It is expected that const ruct ion of this equipment will be completed in 
December 1962, It should be possible to commence process ing runs in 
January . P r e l i m i n a r y equipment check-out will be done using cadmium. 

c. Retor t ing of Uranium Concentra tes 
( j . F . Lenc, M. A. Bowden, P . Mack) 

In a late stage of the skull reclanaation p r o c e s s , u ran ium 
metal i s produced by decomposi t ion of the "epsilon" u ran ium-z inc 

*The t r a n s f e r r e d zinc meta l is sampled at 800 C at which t e m p e r a t u r e the 
zinc has adequate solubility for the quanti t ies of ruthenium, rhodium, 
and pal ladium which a r e p r e s e n t . Molybdenum, however, has a ve ry low 
solubility in zinc at 800 C. Its overa l l removal is subsequently d e t e r ­
mined by ana lys is of the uran ium product . 



in te rmeta l l i c compound (approximate composit ion: U2Zn23) when sufficient 
magnes ium is added to bring i ts concentrat ion in the z inc-magnes ium solu­
tion to 50 w/o magnes ium. After removal of the supernatant meta l liquid, 
the u ran ium precipi ta te r ema ins enveloped in the res idual magnes ium-
zinc l iquid. Work has been a imed at achieving easy removal of the uran ium 
in high yield, both before and after re tor t ing to vaporize the res idual m a g ­
nes ium and zinc. The high yield before re tor t ing Avill be n e c e s s a r y if the 
uran ium precipi ta te is t r a n s f e r r e d to separa te re tor t ing equipment. After 
the re tor t ing operat ion, the u ran ium product will be recycled to the mel t 
refining p rocess and therefore mus t be in a form amenable to such r ecyc le . 

Prev ious exper iments have shown that only c e r a m i c c r u ­
cibles pe rmi t easy r ecovery of the u ran ium in high yield e i ther as an i s o ­
lated product after re tor t ing or as a concentra te after decomposit ion of 
the in te rmeta l l i c coixipound. Because beryl l ia has a high the rmal conduc­
tivity (and consequent low suscept ibi l i ty to the rmal shock) and a high c h e m ­
ical stabil i ty, it has been invest igated more extensively than other c e r a m i c s 
for use as a crucible m a t e r i a l in the precipi tat ion and final re tor t ing steps 
of the p r o c e s s . Other l e s s expensive c e r a m i c s , such as alumina and m a g ­
nes ia , a r e a l so being tes ted as a l te rna t ive crucible m a t e r i a l s , 

(l) Pe r fo rmance of an Unjacketed, Thixotropical ly Cast 
Beryl l ia Crucible 

Beryl l ia c ruc ib les a r e being subjected to repet i t ive 
p r o c e s s operat ions in o rde r to de te rmine their probable lifetime in plant 
u se . Four 150-g -u ran ium-sca le runs were conducted during the quar te r 
in an unjacketed, thixotropical ly cas t beryl l ia crucible (4-in. OD by 9 in. 
high by - | - i n . wall). This br ings the total number of runs conducted in this 
crucible to seven and the total t ime at t e m p e r a t u r e s above 450 C to about 
400 hr (see previous runs in ANL-6596, page 54). All runs were conducted 
in genera l accord with the " t h r e e - s t e p " p rocedure* desc r ibed in ANL-6379, 
page 62. One of the recen t runs was a l ong - t e rm tes t , s imi la r to one shown 
schemat ica l ly in ANL-6596, F igure 7, in which the products of the f i rs t two 
steps were repeatedly the rma l ly cycled between approximate ly 450 and 
800 C. 

The uran ium concentra te (enveloped in res idual zinc 
and magnes ium) did not adhere to the crucible in any of these t e s t s . I so la­
tion of u ran ium metal was achieved by vacuum evaporat ion of the res idual 
zinc and magnes ium in a final r e to r t ing s tep. In each run essent ia l ly 
100 percent of the u ran ium was eas i ly r ecovered f rom the c ruc ib le . 

*The th ree s teps , all of which a r e conducted in the same cruc ib le , s imu­
la te the l a s t th ree s teps of the skull rec lamat ion p r o c e s s , namely , (l) p r e ­
cipitation of the u ran ium-z inc in te rmeta l l i c compound and removal of 
supernatant liquid me ta l , (2) decomposit ion of this compound with m a g n e s ­
ium to prec ip i ta te the uran ium, and, following remova l of the supernatant 
liquid me ta l , (3) r e to r t ing to dr ive off res idual zinc and magnes ium. 



No se r ious de ter iora t ion of the thixotropically cast 
beryl l ia is yet evident. In the seven runs , the crucible was subjected to 
conditions simulating 19 in te rmeta l l i c compound precipitat ion s teps , 20 in ­
t e rme ta l l i c conapound decomposit ion s teps , and 5 re tor t ing s teps . The 
400 hr of accumulated exposure to p rocess conditions may be compared with 
an es t imated 20 hr of exposure in process ing a single batch of ma te r i a l on 
a plant sca le . Runs will be continued in the crucible until i ts useful life has 
been de te rmined . The r e to r t ed uranium products from these t e s t s a r e being 
analyzed to identify impur i t i e s and to de te rmine their concentra t ions . 

(2) Pe r fo rmance of Ram-molded Alundum* Crucibles 

Alumina is being considered as an al ternat ive crucible 
ma te r i a l to bery l l ia for the las t th ree steps of the skull rec lamat ion p r o c e s s . 
To date, one run has been conducted in each of two different Alundum* 
(99 percent fused alumina) c ruc ib les , each crucible having an apparent p o r o s ­
ity of 19 percen t . The procedure descr ibed in the footnote on page 44 was 
employed. In the f i r s t run, per formed on a 100-g-uranium scale in a c r u c i ­
ble having dimensions of 4-|--in. OD by 7 in. high by -|--in. wall th ickness , the 
crucible remained intact , but a smal l amount of the z inc-magnes ium process 
solution leaked through the crucible wall . More severe leakage occur red from 
the second cruc ib le , which was slightly l a rge r and which had a slightly thicker 
wall ijg in. ins tead of ^ in . ) . Despite the liquid meta l leakage experienced in 
these runs , the u ran ium concentra te from the in termeta l l ic compoimd decom­
position step (precipitated uran ium enveloped in res idual zinc and magnesium) 
was easi ly removed from the cruc ib le . Isolation of the uranium in the concen­
t r a t e r ecove red f rom each of the two runs was accomplished in a tantalum 
crucible by vacuum evaporat ion of the res idual zinc and magnes ium. 

Because of the ease with which the uranium concentra tes 
were removed from the r a m - m o l d e d Alundum crucibles in these recent t e s t s , 
a more extensive invest igat ion of s imi la r , inexpensive ce ramic crucible m a ­
t e r i a l s is being pursued . Various crucible- forming methods (such as th ixo-
t ropic cast ing, i sos ta t ic p ress ing , and slip casting) also will be evaluated. 

d. P r o c e s s e s for Plutonium Reactor Fuels 
( R . K . Steunenberg) 

The following alloy is considered to be typical of metal l ic 
fuels which may be used in fast b reede r r e a c t o r s : uranium, 70 percent ; plu­
tonium, 20 percent ; f i ss ium e lements , 10 percent . A cr i t ica l separat ion in 
the process ing of i r r ad i a t ed fuels of this type is the adequate removal of 
r a r e ea r th fission products from the plutonium. Two promising methods 
for achieving this separa t ion a r e being invest igated. One involves selective 
extract ion of the r a r e ea r th s from a zinc-xnagneslum solution of uraniuna 
and plutonium by means of a molten halide flux. The other entai ls the use of 
a ca lc ium-zinc solution in which the r a r e ear ths a r e soluble and the uraniuiai 
and plutonium a r e re la t ively insoluble. 

Manufactured by the Norton Co., Worcester. Mass 



The work completed during the past quar te r includes (l) 
further data on the distr ibution behavior of var ious e lements between liquid 
magnes ium-z inc alloys and var ious molten halide fluxes, (2) the separat ion 
of uran ium and plutonium from zirconium by control led reduction from a 
molten halide phase into cadmium-z inc -magnes ium alloy, and (3) s imul tane­
ous coreduction and coprecipi tat ion of uranium and plutonium from a molten 
halide phase into a ca lc ium-zinc alloy. 

(l) Separation of Rare Ear ths from Uranium and Plutonium 
by Molten Salt Extract ion 
( j . B, Knighton, J . D. Schilb, J . W. Walsh) 

The possibi l i ty of separat ing the various e lements that 
may be presen t in spent r eac to r fuels by equil ibrat ion between liquid z inc-
magnes ium alloys and molten halide fluxes is being invest igated. The recent 
work has been concentra ted principal ly on the effects of t empera tu re and the 
composit ion of the sal t phase on the codistr ibution behavior of praseodymium 
and plutonium, but distr ibution data have also been obtained for vanadium and 
i ron, which a r e l ikely to be consti tuents of cladding a l loys . 

Effect of Tempera tu re on the Praseodymium-Plu ton ium 
Separation Fac tor 

The effect of t empera tu re (from 620 to 850 C) on the 
praseodymium-plutonium separa t ion factor between an equimolar l i thium 
ch lor ide -magnes ium chloride flux (m.p. ~600 C) and a 50 w/o zinc-50 w/o m a g ­
nes ium alloy was p resen ted in the previous quar te r ly r epor t (see ANL-6596, 
page 63). The data have been extended to include the t empera tu re range from 
425 to 850 C through use of a flux with a lower melting point, i .e . , 30 m / o s o ­
dium chlor ide , 20 m / o potass ium chlor ide , and 50 m / o magnes ium chloride 
(m.p. 396 C). Resul ts from these two exper iments a r e compared in Figure 1. 
These data show the dis t r ibut ion coefficients for both praseodymium and plu­
tonium to be lower in the t e r n a r y flux sys t em. Also included in Figure 1 a r e 
single points showing the dis tr ibut ion coefficients for plutonium and p r a s e o ­
dymium for an equimolar ces ium ch lor ide-magnes ium chloride flux and a 
50 w/o zinc-50 w/o magnes ium meta l phase . These points fall somewhat b e ­
low the distr ibution curves for praseodymium and plutonium in the other two 
salt s y s t e m s . 

Compar ison of the data for the three different fluxes 
suggests that the dis t r ibut ion coefficients vary in a sys temat ic naanner with 
the atonaic weight of the alkali metal cation used in the flux. Previous ex­
per iments (see ANL-6596, page 64) have shown that the distr ibution coef­
ficients vary with the amount of magnes ium ion in the flux. It is also evident 
from the data in F igure I that the distr ibution coefficients for plutonium and 
praseodymium tend to i nc rease as the t empera tu re is r a i s ed . 
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Figure 1 

EFFECT OF TEMPERATURE ON CODISTRIBUTION OF. 
PRASEODYMIUM AND PLUTONIUM 

Temperature: As indicated 
Mixing Rate: 300 rpm 
Metal: 400 g of 50 w/o Zii-50 w/o Mg 
Flux; 300 g (of indicated composition) 
Atmosphere: argon 
Crucible: tantalum 

Pr SOm SO m/o CsCI-50m/o Mg Clj 

u SOm/oLiCI-SOm/oMgCIa 

Pu 30m/oNoCi-20 m/o KCl-50m/o Mg Cl2 

Pu 50n-/o CsCI-50m/oMgCl2 
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S e p a r a t i o n f a c t o r s for p lu ton ium and p r a s e o d y i n i u m 
a r e shown a s a funct ion of t e m p e r a t u r e in two flux s y s t e m s in F i g u r e 2, 
The s e p a r a t i o n f ac to r i n c r e a s e s to about 60 as the t e m p e r a t u r e i s l o w e r e d 
to 425 C in the 30 m / o s o d i u m c h l o r i d e - 2 0 m / o p o t a s s i u m c h l o r i d e - 5 0 m / o 
m a g n e s i u m c h l o r i d e f lux. 
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Figure 2 

EFFECT OF TEMPERATURE ON PRASEODYMIUM-
PLUTONIUM SEPARATION FACTOR 

Temperature: As indicated 
Mixing Rate: 300 rpm 
Flux: 300 g (of indicated composition) 
Metal: 400 g of 50 w/o Zn-SO w/o Mg 
Atmosphere: argon 
Crucible: tantalum 
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C o d i s t r i b u t i o n of P l u t o n i u m and P r a s e o d y m i u m b e t w e e n 
Z i n c - M a g n e s i u m Al loy and Magnes iuna C h l o r i d e -
M a g n e s i u m F l u o r i d e F l u x 

The effect of f l uo r ide an ion on the d i s t r i b u t i o n coe f f i ­
c i e n t s of p l u t o n i u m and p r a s e o d y n a i u m w a s d e t e r m i n e d in an e x p e r i m e n t 
wi th a flux c o m p o s e d of 10 m / o m a g n e s i u m f luo r ide and 90 m / o m a g n e s i u n a 
c h l o r i d e . The cond i t ions and r e s u l t s of t h i s e x p e r i m e n t a r e shown in F i g ­
u r e 3 . The new da t a ( r e p r e s e n t e d by po in t s ) a r e in good a g r e e m e n t with the 
c u r v e s , p r e v i o u s l y ob ta ined , -which r e p r e s e n t the d i s t r i b u t i o n coe f f i c i en t s 
for t h e i nd iv idua l e l e m e n t s in p u r e m a g n e s i u m c h l o r i d e . Th i s i n d i c a t e s tha t 
the p r e s e n c e of 10 m / o f luo r ide an ion in the flux h a s a neg l i g ib l e effect on 
the d i s t r i b u t i o n coe f f i c i en t s . 

Z CURVES REPRESENT DISTRIBUTION DATA FOR 
I iOO% MAGNESIUM CHLORIDE FLUX, POINTS 

REPRESENT DISTRIBUTION DATA FOR 10 m/o 
MAGNESIUM FLU0RIDE-90 m/o MAGNESIUM 
CHLORIDE FLjy 

Figure 3 

CODISTRIBUTION OF PRASEODYMIUM AND PLUTONIUM 
BETWEEN ZINC-MAGNESIUM ALLOY AND 10 m/o MAG­
NESIUM FLUORIDE-90 m/o MAGNESIUM CHLORIDE FLUX 

Temperature: 
Mixing Rate: 
Atmosphere: 
Crucible: 

800 C 
300 rpm 
argon 
tantalum 

0 10 20 30 40 50 60 70 80 90 iOO 
MAGNESIUtf CONCENTRATION IN ZINC, w/o 

C o d i s t r i b u t i o n of P l u t o n i u m and P r a s e o d y m i u m b e t w e e n 
Z i n c - M a g n e s i u m Al loy and M a g n e s i u m B r o m i d e F l u x 

In a f u r t h e r i n v e s t i g a t i o n of the effect of flux c o m p o s i ­
t ion on the d i s t r i b u t i o n b e h a v i o r of p l u t o n i u m and p r a s e o d y m i u m , m a g n e s i u m 
b r o m i d e w a s s u b s t i t u t e d for m a g n e s i u m c h l o r i d e . The r e s u l t s a r e p r e s e n t e d 
in F i g u r e 4 . The p r a s e o d y m i u m d i s t r i b u t i o n coe f f i c i en t s , i n d i c a t e d by c i r c l e s 
in F i g u r e 4 , differ l i t t l e f r o m the c u r v e ob ta ined with the m a g n e s i u m c h l o r i d e 
f lux. The p l u t o n i u m d i s t r i b u t i o n coef f ic ien t , h o w e v e r , i s i n c r e a s e d by a f a c ­
to r of abou t 20 o v e r tha t for a m a g n e s i u m c h l o r i d e flux a t a m a g n e s i u m c o n ­
c e n t r a t i o n of 10 w / o in the z inc p h a s e . The p l u t o n i u m - p r a s e o d y m i u m 
s e p a r a t i o n f a c t o r s for the m a g n e s i u m b r o m i d e flux r a n g e b e t w e e n 2.4 and 
25 . 
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^ CURVES REPRESENT DISTRIBUTION DATA FOR 

MAGNESIUM CHLORIDE FLUX, POINTS 

- REPRESENT DISTRIBUTION DATA FOR 

< - MAGNESIUM BROMIDE FLUX 

P' 

Figure 4 

CODISTRIBUTION OF PRASEODYMIUM AND PLUTONIUM 
BETWEEN ZINC-MAGNESIUM ALLOY AND 

MAGNESIUM BROMIDE 

Temperature: 800 C 
Mixing Rate: 300 rpm 
Crucible: tantalum 
Atmosphere: argon 

0 10 20 SO 40 50 60 70 80 90 100 

MAGNESIUM CONCENTRATION mZINC,w/o 

C o d i s t r i b u t i o n of P l u t o n i u m and P r a s e o d y m i u m b e t w e e n 
Z i n c - M a g n e s i u m Al loy and M a g n e s i u m C h l o r i d e - B a r i u m 
C h l o r i d e F l u x 

The c o d i s t r i b u t i o n coef f ic ien ts for p lu ton ium and p r a s e o ­
d y m i u m b e t w e e n z i n c - m a g n e s i u m a l loy and e q u i m o l a r m a g n e s i u n a c h l o r i d e -
b a r i u i n c h l o r i d e f lux a r e p r e s e n t e d , with the e x p e r i m e n t a l c o n d i t i o n s , in 
F i g u r e 5. The da t a for a m a g n e s i u m c h l o r i d e flux a r e r e p r e s e n t e d by c u r v e s ; 
da t a for the m a g n e s i u m c h l o r i d e - b a r i u m c h l o r i d e flux a r e r e p r e s e n t e d by 
p o i n t s . The d i s t r i b u t i o n coe f f i c i en t s for both p lu ton ium and p r a s e o d y m i u m 
a r e l o w e r e d by the p r e s e n c e of b a r i u m c h l o r i d e in the m a g n e s i u m c h l o r i d e 
f lux. The p l u t o n i u m - p r a s e o d y m i u m s e p a r a t i o n f ac to r v a r i e s f r o m 17 to 4 3 , 
depending on the m a g n e s i u m c o n c e n t r a t i o n in the m e t a l p h a s e . 

C o d i s t r i b u t i o n of P l u t o n i u m and P r a s e o d y m i u m b e t w e e n 
Z i n c - M a g n e s i u m Al loy and C e s i u m C h l o r i d e - M a g n e s i u m 
C h l o r i d e F l u x 

The effect of a h e a v y a lka l i m e t a l ca t ion , c e s i u m , on the 
c o d i s t r i b u t i o n coef f ic ien t s of p l u t o n i u m and p r a s e o d y m i u m be tween z i n c -
m a g n e s i u m a l loy and c h l o r i d e flux h a s b e e n d e t e r m i n e d by us ing an e q u i m o l a r 
c e s i u m c h l o r i d e - m a g n e s i u i x i c h l o r i d e f lux. The r e s u l t s and cond i t ions of t h i s 
e x p e r i m e n t a r e p r e s e n t e d in F i g u r e 6. T h e s e da ta show tha t the d i s t r i b u t i o n 
coe f f i c i en t s for both p l u t o n i u m and p r a s e o d y m i u m a r e l o w e r e d by the p r e s -
s e n c e of c e s i u m c h l o r i d e in the m a g n e s i u m c h l o r i d e f lux. The p l u t o n i u m -
p r a s e o d y m i u m s e p a r a t i o n f a c t o r s for t h i s s y s t e m a t 800 C v a r y f r o m 36 to 
38 . They a r e in a g r e e m e n t wi th the s e p a r a t i o n f a c t o r s c a l c u l a t e d f r o m d i s ­
t r i b u t i o n da t a for p l u t o n i u m and p r a s e o d y m i u m ob ta ined ind iv idua l ly with a 
p u r e m a g n e s i u m c h l o r i d e flux (see ANL.-6596, p . 64) . 



50 

Figure 5 
CODISTRIBUTION OF PRASEODYMIUM 

AND PLUTONIUM BETWEEN ZINC-
MAGNESIUM ALLOY AND 50 m/o 
MAGNESIUM CHLORIDE-50 m/o 

BARIUM CHLORIDE FLUX 

Figure 6 
CODISTRIBUTION OF PRASEODYMIUM 

AND PLUTONIUM BETWEEN ZINC-
MAGNESIUM ALLOY AND 50 m/o 
CESIUMCHLORIDE-50 m/o MAG­

NESIUM CHLORIDE FLUX 

Temperature: 
Mixing Rate: 
Crucible: 
Atmosphere: 

800 C 
300 rpm 
tantalum 
argon 

Temperatures 800 C 
Mixing Rate: 300 rpm 
Crucible: tantalum 
Atmosphere: argon 

100.0 
CURVES REPRESENT DISTRIBUTION DATA FOR 
100 % MAGNESIUM CHLORIDE FLUX, POINTS 
REPRESENT DISTRIBUTION DATA FOR 50 m/o 
BARIUM CHLORIDE-50 m/o MAGNESIUM 
CHLORIDE FLUX p,. 

CURVES REPRESENT DISTRIBUTION DATA 
FOR 100 % MAGNESIUM CHLORIDE FLUX, 
POINTS REPRESENT DISTRIBUTION 
DATA FOR 50 m/o CESIUM CHLORIDE-
50 m/o MAGNESIUM CHLORIDE FLUX 

. i _ 
0 10 20 30 40 50 60 70 80 90 100 

MAGNESIUM CONCENTRATION IN ZINC, w/o 
• 0 20 30 40 50 60 70 80 90 
MAGNESIUM CONCENTRATION IN ZINC, w/o 

D i s t r i b u t i o n of V a n a d i u m b e t w e e n Z i n c - M a g n e s i u m 
Al loy and M a g n e s i u m C h l o r i d e 

V a n a d i u m i s of p r o c e s s i n t e r e s t s i nce it m a y be a 
c o n s t i t u e n t of fuel c l add ing m e t a l s . E a r l i e r d i s t r i b u t i o n da ta for v a n a d i u m 
(see A N L - 6 5 9 6 , p . 60) showed v e r y l i t t l e v a n a d i u m in a m a g n e s i u m c h l o r i d e 
flux p h a s e and a con t inuous d e c r e a s e in the v a n a d i u m con ten t of the m e t a l 
p h a s e a s m a g n e s i u m c o n c e n t r a t i o n was i n c r e a s e d . It was s u s p e c t e d tha t 
the d i s a p p e a r a n c e of v a n a d i u m r e s u l t e d e i t h e r f r o m v o l a t i l i z a t i o n of v a n a ­
d i u m p e n t a c h l o r i d e , or f r o m the v e r y low so lub i l i ty of v a n a d i u m in the 
z i n c - m a g n e s i u m a l l o y . 

An a d d i t i o n a l e x p e r i m e n t was p e r f o r m e d , wi th 
z i n c - 4 . 8 w / o m a g n e s i u m in the m e t a l p h a s e and m a g n e s i u m c h l o r i d e a s 
the flux p h a s e , to d e t e r m i n e the b e h a v i o r of v a n a d i u m a f t e r v a r i o u s p e r i o d s 
of t i m e . The e n t i r e e x p e r i m e n t l a s t e d 24 h r . F i l t e r e d s a m p l e s of the 
m e t a l p h a s e w e r e t a k e n a f t e r 70, 140, and 164 in in , and a f t e r 24 h r . Unf i l -
t e r e d flux s a m p l e s w e r e t a k e n a f t e r 70 m i n and 24 h r . 
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The r e s u l t s , shown in Table 5, i n d i c a t e a s l igh t d e c r e a s e 
in t h e v a n a d i u m c o n c e n t r a t i o n in the m e t a l p h a s e a f te r 24 h r . Th i s d e c r e a s e 
i s wi th in the a n a l y t i c a l u n c e r t a i n t y , h o w e v e r , and i s not c o n s i d e r e d s i g n i f i ­
c a n t . The b o t t o m p o r t i o n of the z i n c - m a g n e s i u m - v a n a d i u m ingot r e s u l t i n g 
f r o m the e x p e r i m e n t showed a s e g r e g a t e d p h a s e of a vanad ium. -z inc i n t e r -
m e t a l l i c c o m p o u n d . T h u s , vanadiumi w a s no t r e m o v e d f r o m the s y s t e m 
t h r o u g h v o l a t i l i z a t i o n of t h e c h l o r i d e , bu t by p r e c i p i t a t i o n of a r e l a t i v e l y 
i n s o l u b l e i n t e r m e t a l l i c c o m p o u n d . 

T a b l e 5 

DISTRIBUTION O F VANADIUM B E T W E E N ZINC -MAGNESIUM 
A L L O Y AND MAGNESIUM CHLORIDE 

M e t a l P h a s e : 
F l u x P h a s e : 
T e m p e r a t u r e : 
Mix ing R a t e : 
A t m o s p h e r e : 
C r u c i b l e : 
V a n a d i u m : 

T i m e a f t e r V a n a d i u m 
I n t r o d u c t i o n 

(hr) 

I I 
2.3 
2.7 

24.0 

Dis 
and 

z i n c - 4 . 8 w / o m a g n e s i u m (to 
m a g n e s i u m c h l o r i d e (200 g) 
800 C 
300 r p m 
a r g o n 
t a n t a l u m 
2.2 g h i g h - p u r i t y m e t a l 

M e t a l P h a s e 

M a g n e s i u m V a n a d i u m 
(w/o) (ppm) 

4 .81 1175 
4 .80 1185 
4 .72 1115 
4 .76 1032 

t r i b u t i o n of I r on b e t w e e n Z i n c -
M a g n e s i u m C h l o r i d e 

ta l 400 g) 

V a n a d i u m in 
F l u x P h a s e 

(ppm) 

x 0 . 0 2 
-
-

\ 0 . 0 2 

M a g n e s i u m Al loy 

I r o n i s of i n t e r e s t a s a p o s s i b l e i m p u r i t y f r o m s t a i n ­
l e s s s t e e l , a p o t e n t i a l c l a d d i n g m a t e r i a l for n u c l e a r fue l . Two e x p e r i m e n t s 
w e r e p e r f o r r a e d to d e t e r m i n e the d i s t r i b u t i o n b e h a v i o r of i r o n b e t w e e n 
z i n c - m a g n e s i u m a l l o y s and m a g n e s i u m c h l o r i d e . The e x p e r i m e n t a l r e s u l t s 
a r e p r e s e n t e d in T a b l e 6 and F i g u r e 7. The d i s t r i b u t i o n da ta f r o m the two 
e x p e r i m e n t s a r e in f a i r a g r e e m e n t , d e s p i t e the c o n s i d e r a b l e s c a t t e r r e s u l t ­
ing f r o m the a n a l y t i c a l u n c e r t a i n t y in d e t e r m i n i n g the low i r o n c o n c e n t r a ­
t i o n s in the f lux . The i r o n c o n c e n t r a t i o n s in the m e t a l p h a s e in the two 
e x p e r i m e n t s a r e in good a g r e e m e n t ( see F i g u r e 8) . P r o b a b l y t h e s e v a l u e s 
r e p r e s e n t the s o l u b i l i t i e s . The v a l u e o b t a i n e d in p u r e z i n c , h o w e v e r , i s 
l o w e r by a f a c t o r of t h r e e o r four t han the l i t e r a t u r e v a l u e . 3 The i r o n 

^ T r u e s d a l e , E . C , Wi lcox , R. L . , and Rodda , J . L , , T r a n s . AIME 122, 
192 (1936) . 

file:///0.02
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s t r o n g l y f a v o r s t h e n a e t a l p h a s e a n d d o e s n o t r e v e r t t o t h e f l u x p h a s e 

a t l o w m a g n e s i u m c o n c e n t r a t i o n s . 

T a b l e 6 

D I S T R I B U T I O N O F I R O N B E T W E E N Z I N C - M A G N E S I U M 
A L L O Y A N D M A G N E S I U M C H L O R I D E 

M e t a l P h a s e : 
F l u x P h a s e : 
T e m p e r a t u r e : 
M i x i n g R a t e : 
C r u c i b l e : 
A t m o s p h e r e : 

z i n c - m a g n e s i u m ( c o n c e n t r a t i o n a s i n d i c a t e d ) 
m a g n e s i u m c h l o r i d e 
800 C 
3 0 0 r p m 
t a n t a l u m 
a r g o n 

E x p e r i m e n t 

F e E - 1 

M e t a l P h a s e 

M a g n e s i u m I r o n 
( w / o ) ( w / o ) 

< 4 X 10"3 
10 .42 

4 1 . 4 9 
68 .4 

2 . 9 4 
1.72 
0 .24 
0 .14 

I r o n i n 
F l u x P h a s e 

( w / o ) 

8.4 X 10-3 
1.7 X 10-2 
4 . 8 X 10"^ 
1.0 X 10-2 

D i s t r i b u t i o n C o e f f i c i e n t K(j; 

w / o F e in f lux 
w / o F e in m e t a l 

2 .9 X 10-3 
9.9 X 10-3 
2 .0 X 10-2 
7 .2 X 10-2 

F e E - 2 0 .04 
6 .12 

2 9 . 8 8 
6 1 . 2 

^ S a m p l e l o s t 

I.Or 

I I 0-' 

0.01 

0.001 

2 . 3 8 
1.76 
0 . 5 1 
0 .16 

1.0 X 10-2 
6 .1 X 10-3 

a 
1.5 X 10-2 

4 . 3 X 10-3 
3.5 X 10-3 

9.4 X 10-2 

Figure 7 

DISTRIBUTION OF IRON BETWEEN ZINC-
MAGNESIUM ALLOY AND MAGNESIUM 

CHLORIDE 

Temperature: 
Mixing Rates 
Crucibles 
Atmospheres 

800 C 
300 rpm 
tantalum 
argon 

0 10 20 30 40 50 60 70 80 90 
MAGNESIUM CONCENTRATION IN ZIMC, w/o 

100 
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Figure 8 

CONCENTRATION OF IRON IN MAGNESIUM-ZINC 
ALLOYS AFTER EQUILIBRATION Vf ITH MOLTEN 

MAGNESIUM CHLORIDE 

Temperatures 800 C 
Mixing Rates 300 rpm 
Crucibles tantalum 
Atmospheres argon 

""'O 10 20 30 40 50 60 70 80 90 100 
MAGNESIUM CONCENTRATION IN ZINC, w/e 

The r e s u l t s show t h a t r e l a t i v e l y noble m e t a l s , such 
a s v a n a d i u m and i r o n , favor the z i n c - m a g n e s i u m p h a s e , a long with u r a ­
n i u m and p l u t o n i u m , in t h i s type of s y s t e m . In a p r o c e s s involving v a n a ­
d i u m or i r o n (a c o n s t i t u e n t of s t a i n l e s s s t ee l ) a s f ue l - c l add ing m a t e r i a l s , 
s e p a r a t i o n f r o m u r a n i u m and p lu ton ium m u s t t h e r e f o r e be a c c o i n p l i s h e d 
in a n o t h e r p r o c e s s s t e p . If the fuel w e r e d i s s o l v e d in l iquid z i n c , for e x ­
a m p l e , the u r a n i u m and p l u t o n i u m could f i r s t be ox id ized s e l e c t i v e l y in to 
a naol ten c h l o r i d e p h a s e by m e a n s of z inc c h l o r i d e , l eav ing the c ladding 
m e t a l s in the z inc p h a s e . The s a l t p h a s e would then be s e p a r a t e d and c o n ­
t a c t e d with the z i n c - m a g n e s i u m a l loy , wh ich would r e d u c e the e x c e s s z inc 
c h l o r i d e . 

P r e l i n a i n a r y E v a l u a t i o n of D i s t r i b u t i o n Data 

In p r o c e s s t e r m s , the d i s t r i b u t i o n r e s u l t s i nd i ca t e 
tha t a s e p a r a t i o n of p r a s e o d y m i u m f r o m u r a n i u m and p lu ton ium is p o s s i ­
b l e . Since y t t r i u m , c e r i u m , and n e o d y m i u m have l a r g e r s e p a r a t i o n f a c ­
t o r s t han p r a s e o d y m i u m i ( A N L - 6 5 6 9 , page 40), a p r o c e s s emp loy ing th i s 
type of s e p a r a t i o n should be c a p a b l e of r e m o v i n g the Group IIIB and r a r e 
e a r t h f i s s i o n p r o d u c t s f r o m f a s t b r e e d e r r e a c t o r fuels con ta in ing u r a n i u m 
and p l u t o n i u m . B e c a u s e c e r t a i n v a r i a t i o n s in the c o m p o s i t i o n of the s a l t 
p h a s e do not affect the s e p a r a t i o n f a c t o r s s ign i f i can t ly , i t i s p o s s i b l e to 
l o w e r t h e o p e r a t i n g t e m p e r a t u r e we l l be low the m e l t i n g point of m a g n e s i u m 
c h l o r i d e (714 C) . P r e l i m i n a r y e v a l u a t i o n s of p r o c e s s a p p l i c a t i o n s have i n ­
d i c a t e d t h a t two or t h r e e e x t r a c t i o n s t a g e s would be r e q u i r e d to effect 
s a t i s f a c t o r y f i s s i o n p r o d u c t r e m o v a l s and r e c o v e r i e s of u r a n i u m and 
p l u t o n i u m . 

iu.ur 
O FeE- l 
D FeE-2 
A VALUES OF TRUESDALE, E.C.,|tai., 

TRANS. A.I.M.E!2i, 192 (1936). 

J L 



(Z) Separation of Zi rconium from Uranium and Plutoniumi 
in the Lithium Chlo r ide -Po tas s ium Chlor ide-Li th ium 
F luor ide /Cadmium System 
( M . Ader , J . T. Feeney) 

Decontamination of z i rconium from a typical fast 
b r e e d e r r eac to r fuel alloy, which cons is t s of 20 percent plutonium, 70 p e r ­
cent uranium, and 10 percent f iss ium, is a key step in fuel p rocess ing . 
Studies at Ames Labora tory^ on oxidat ion-reduction reac t ions in the l i thium 
ch lo r ide -po tass ium chloride eutec t ic-z inc sys tem showed that ce r ium, u r a ­
nium, and z i rconium meta l s a r e oxidized into the salt phase by zinc chloride 
in the sequence given. Reduction of the sa l ts of these meta l s by magnes ium 
proceeds in 'the r e v e r s e sequence, but in both direct ions some over lap of the 
redox reac t ions o c c u r s . The Ames data indicate excellent separabi l i ty of 
uran ium and z i rconium. Plutonium redox behavior is known to lie between 
that of ce r ium and uran ium. Thus, it was believed that a magnes ium t i t r a ­
tion would be capable of effecting separa t ion of z i rconium frora plutonium 
contained in chlor ide m e l t s . 

P r o c e s s e s for uranium-plutonium alloy fuels appear 
to be readi ly adaptable to p roces s control during t i t ra t ion , i .e . , preventing 
magnes ium overshoot which would r e su l t in reduction of plutonium chlor ide . 
If the amount of excess oxidant (e.g., zinc chloride) in the salt phase is known 
only a slight excess of magnesiura , enough to reduce perhaps one or two p e r ­
cent of the u ran ium t r i ch lo r ide , need be added to a s s u r e g rea t e r than 90 p e r ­
cent z i rconium reduct ion and t r ans fe r to the metal phase . Only a few tenths 
of a percent plutonium would be reduced if the plutonium t i t ra t ion did not 
overlap the u ran ium t i t ra t ion too c lose ly . It should be pointed out, however , 
that a p roces s must achieve high uran ium recovery as well as high plutonium 
r e c o v e r y if enr iched uran ium is uti l ized in the fuel. 

The concept d i scussed above was tes ted in an e x p e r i ­
ment , M A - F L - 4 , c a r r i e d out as a flowsheet demons t ra t ion . It was a s sumed 
that the fuel would be dissolved by zinc chloride oxidation in the p resence of 
a molten chloride sal t and a liquid meta l solvent, with noble e l emen t s , such 
as niobium, molybdenum, technet ium, ruthenium, rhodium, and palladium, 
remaining as me ta l s e i ther dissolved or precipi ta ted in the meta l phase and 
the e lements of Groups lA, IIA, and IIIA together with uranium, plutonium, 
and z i rconium oxidized into the salt phase . Zirconium would then be t r a n s ­
f e r r e d to the meta l phase by t i t ra t ion with miagnesium meta l and would be 
removed along with the noble me ta l s by phase separa t ion . 

A re la t ive ly low t e m p e r a t u r e , 550 C, and a l i thium 
ch lo r ide -po tass ium chlor ide eutect ic raixture containing one weight percent 
l i thium fluoride were se lec ted to min imize volat i l izat ion of z i rconium 

4chio t t i , P . , and P a r r y , S. J. S., Separat ion of Various Components from 
Uranium by Oxidation-Reduction Reac'tioiis~in" a Liquid KCl -L iCl /Z iuc 
System, IS-286 ( l 9 6 l ) . 
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t e t r ach lo r ide . Fluoride was added to the salt to avoid the difficulties p r e ­
viously found by this and other invest igators (see ANL-6379, page 58) in 
obtaining salt samples free of metal d rops . Cadmium ra ther than zinc was 
selected as the metal solvent because of the grea ter solubility of uranium 
in cadmium than in zinc at 500 C, thus allowing an analytical check on the 
amount of uranium reduced into the metal phase during magnesium reduc­
tion. This a lso allowed observat ion, by analys is , of the buildup of zinc in 
the meta l phase which resu l ted from the reduction of zinc chloride. Pieces 
of cadmium-5.04 w/o magnes ium alloy were added as the reductant , since 
the equivalent amounts of pure magnesium were inconveniently smal l . A 
descript ion of the exper iment follows. 

Neut ron- i r rad ia ted zirconium (1.71 g) was dissolved 
in 712 g of cadmium under 306 g of l i thium chlor ide-potass ium chloride 
eutectic containing 3.2 g of l i thium fluoride. The charge was contained in 
a Morganite rec rys ta l l i zed alumina crucible equipped with alumina t h e r m o ­
couple wells and a tantalum s t i r r e r . A Type 304 s ta inless steel perforated 
basket containing 95.7 g of u ran ium-1 .1 w/o plutonium alloy was next lowered 
into the salt phase, and preweighed amounts of zinc chloride sticks were 
added s tepwise . A total of 102 g of zinc chloride, about 15 percent more 
than was requi red in order to oxidize all of the uranium and plutonium to 
t r ich lor ides and all of the z i rconium to te t rachlor ide , was used. The chlo­
r ides of zinc, z irconium, uranium, and plutonium were next reduced by 
stepwise additions of 115 g of cadmium-5.04 w/o magnesium alloy. The 
ent i re exper iment was performed at 547 to 556 C in an argon a tmosphere . 
Samples of salt and metal phases were taken by pressur iz ing the liquids 
through tantalum f i l ters p ress - f i t t ed into tantalum tubes. The analytical 
r esu l t s of Experiment MA-FL-4 a r e given in Table 7. 

Table? 

ANALYTICAL RESULTS OF EXPERIMENT M.A-FL-4 

Conditions: Worganite AI2O3 crjcible and thermowells: tantalum stirrer; argon atmosphere,-
iicjuid samples pressuri7ed through tantalum frits 'nto tantaitn tubes 

Terperature: 547 to 556 C 

Procedure: I. 1.71 g neutron-irradiated Zr dissolved in 712 g Cd, 306 g LiCI-KC] eutectic 
3.2 a LiF 

I . 95,7 g U-1.1 'fl/o Pu alloy suspended in salt phase ftithin SS 304 basket. 
and ZPCIJ added stepwise 

IE. Cd-5.04 Wo Mg alloy added stepwise 

Procedure 

I. Zirconium Bissoluiion 

E. Oxidation 
ZnCI? Addition Igi 

34.3 
33.9 
17.1 
8.5 
8.5 

n . Reduction 
Cd-5 w/o Mg Addition (gi 

28.9 
29.1 
14.3 
14.4 
14.2 
14.5 

Sample 

1 

2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12 

Hrat 
Temp 

2.5 

3.5 
2 

18 
2 
1.5 

18 
1.5 
1.2 
2 
I 
6 

JJ_ 

5.0 
7.1 

19.7 
19.8 
19.9 

19.7 
19.9 
19.8 
18.8 
17.9 
17.0 

Salt Pnaseiw/oi 

Pu_ 

0.053 
0.077 
0.219 
0.206 
0.212 

0.222 
0.217 
0.230 
0.223 
0.223 
0.216 

_Zr_ 

0.00032 

0.165 
0.317 
0.248 
0.278 
0.270 

0.255 
0.209 
0.0055 
0.0044 
0.0038 
0.0039 

iP 

„ 

2.25 
4.72 
0.51 
0.89 
1.56 

0.74 
0.03 
0.01 

-
-
-

Mg 

_ 

-
-
-
-

0.29 
0.54 
0.53 
0.78 
0.99 
1.16 

JL 

_ 

0.0003 
0.0047 
0.0080 
0.13 
0.0g? 

0.062 
0.078 
0.43 
0,48 
1,03 
1,55 

Metal Phase Iw,' 

fM. 

_ 

3x10"^ 
5 X 10-5 
0.00010 
0.0015 
0.00097 

0.00071 
0,00091 
0,0044 
0.0029 
0.0060 
0,0096 

IL 

0.210 

0.077 
0.0004 
0.0002 
0.0005 
0.0003 

0.0003 
0.0012 
0.0091 
0.0104 
0.0113 
0.0112 

V 

M. .Ml 

. 

0.69 
1.32 -
3.8 
5.3 
6.0 

5.5 
6,2 
5,8 
5,1 
5,3 
5.4 <v.a 



The data for Sample 1 m Table 7 show that z i rconium 
distr ibution favors the cadmium phase a lmost completely in the absence of 
an oxidant. After zinc chloride is added, z i rconium is oxidized into the salt 
phase . A m a t e r i a l balance calculation (not given) showed that about 20 to 
30 percent of the original z i rconium was unaccounted for in Samples 2 to 6. 
The absence of any significant t rend in the ma te r i a l balance data, however, 
suggests that z i rconium was not being lost by volati l ization of z i rconium 
t e t r ach lo r ide . 

Dissolution of the u ran ium-1 .1 w/o plutonium alloy 
(Samples 2 and 3) proceeded slowly. The alloy was held in the upper par t 
of the salt phase , and the s t i r r e r was positioned and rotated so as not to 
mix in the cadmium phase . Sample 4, which was taken after the mix ture 
remained overnight with l i t t le s t i r r i ng , indicates that the uranium-plutonium 
alloy was completely dissolved. Fu r the r additions of zinc chlor ide mere ly 
inc reased the zinc chloride concentrat ion in the salt phase (deduced from 
analys is of Samples 5 and 6). 

The f i r s t two additions of cadmium-5.04 w/o magnes ium 
were each intended to reduce about half of the excess zinc ch lor ide . The 
data for Samples 7 and 8 in Table 7 show such a dec rease in the zinc chlo­
r ide concentrat ion but a lso r evea l reduction of smal l fractions of zirconiumi 
ch lor ide . The next magnes ium addition (see data for Sample 9) caused a l ­
mos t all the zirconiumi to d isappear from the salt phase without a c o r r e ­
sponding i nc r ea se in the me ta l phase concentrat ion. A possible explanation 
for this r e su l t is the precipi ta t ion of an i ron -z i r con ium-z inc in te rmeta l l i c 
compound.5 The nickel content of the meta l phase* indicates that sufficient 
i ron to prec ip i ta te the z i rconium was introduced through co r ros ive at tack 
by the sal t phase of the s ta in less s tee l basket used to suspend the u r a n i u m -
plutonium alloy. Fu r the r additions of cadmium-5.04 w/o raagnesium (see 
data for Samples 10, 11, and 12) had l i t t le or no effect on z i rconium concen­
t ra t ion in e i ther the salt phase or the meta l phase . 

The reduct ion of u ran ium and plutonium chlor ides can 
bes t be followed by examinat ion of the meta l phase concentra t ions in Table 7 
The data for Sample 9 show that smal l but appreciable amounts of both u r a ­
n ium and plutonium a re reduced to me ta l at the point of complete reduction 
of zinc and z i rconium ch lo r ides . Fu r the r additions of reductant (see data 
for Samples 10, 11, and 12) cause m o r e uran ium and plutoniumi to appear in 
the meta l phase , the u ran ium being preferent ia l ly reduced. 

The reduct ion data in Table 7, together with ma te r i a l 
balance e s t i m a t e s , were used to plot the t i t ra t ion curves shown in Figure 9. 

^Johnson, I., pr ivate communica t ion . 

Approximately 0.035 percen t nickel was found in the meta l phase of 
Sample 7. 
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D e s p i t e the o v e r l a p tha t o c c u r s d u r i n g t i t r a t i o n , i t i s ev iden t tha t a t i t r a t i o n 
t e c h n i q u e c a n e f fec t ive ly s e p a r a t e z i r c o n i u m f r o m u r a n i u m and p l u t o n i u m . 
H o w e v e r , c r i t i c a l c o n t r o l of the m a g n e s i u m add i t ion m u s t be e x e r c i s e d to 
avo id s e r i o u s l o s s e s of u r a n i u m and p l u t o n i u m . P o t e n t i o m e t r i c m e t h o d s 
e m p l o y i n g i n d i c a t o r e l e c t r o d e s m i g h t p r o v i d e such c o n t r o l . 

PLUTONIUM 

Figure 9 

TITRATION OF THE CHLORIDES OF PLUTONIUM, 
URANIUM, ZIRCONIUM, AND ZINC WITH 

MAGNESIUM METAL 

Experiment MA-FL-4 
(millimoles io salt phase) 

Pu 4.2 
U 400 
Zir 14 
Zn 114 

Salt phases ~475 g (see Sample 6, Table 7) 
Metal phase: ~700 g (see Sample 6, Table 7) 
Temperature: 550 C 

80 120 ISO 200 
MAGNESIUM ADDED, millimoles 

240 

It i s a l s o i n t e r e s t i n g to note tha t d u r i n g r e d u c t i o n (see 
da t a f r o m S a m p l e s 7-12) , the p l u t o n i u m - u r a n i u m s e p a r a t i o n f a c t o r s , d e ­
fined a s 

(w/o P u in s a l t ) / ( w / o Pu in naetal) 
(w/o U in s a l t ) / ( w / o U in m e t a l ) ' 

v a r y be tween 1.0 and 2 . 3 . T h e s e v a l u e s a r e in good a g r e e m e n t wi th t h o s e 
c a l c u l a t e d f r o m p r e v i o u s d i s t r i b u t i o n e x p e r i m e n t s (see A N L - 5 9 5 9 , 
page 131) a t 470 C in the s y s t e m s ( l ) l i t h i u m c h l o r i d e - p o t a s s i u m c h l o r i d e 
e u t e c t i c / c a d m i u m - 1 . 7 w / o u r a n i u m - 0 . 2 w / o m a g n e s i u m and (2) l i t h i u m 
c h l o r i d e - p o t a s s i u m c h l o r i d e e u t e c t i c / c a d m i u m - 1 . 7 w / o u r a n i u m - 2 w / o mag­
n e s i u m . The s e p a r a t i o n f a c t o r s for the l a t t e r e x p e r i m e n t s a r e 3.1 and 1.7, 



respec t ive ly . Similar distr ibution exper iments (see ANL.-5896, page 137) 
with a Dow-230 flux and zinc solvent at 742 C gave plutonium-uranium s e p ­
ara t ion factors of about 100. The dispar i ty in separat ion factors found in 
zinc and cadmium is mos t l ikely explained by a re la t ively g rea t e r inc rease 
in act ivi ty coefficient of u ran ium as compared with that of plutonium when 
cadmium is used r a the r than zinc as solvent. Thus, if magnes ium reduction 
in the p resen t exper iment had been done with a zinc solvent, the amounts of 
plutonium reduced re la t ive to u ran ium reduced would have been considerably 
s m a l l e r . Coreduction and coprecipi ta t ion by ca lc ium-zinc alloy of the u r a ­
nium t r ich lor ide and plutonium t r ich lor ide contained in the final salt phase 
from this exper iment a r e desc r ibed below. 

(3) Coreduction of Uranium Tr ichlor ide and Plutonium 
Tr ich lor ide by Calc ium-Zinc Alloy 
( M . Ader , J . T. Feeney) 

In one of the schemes proposed for p rocess ing u ran ium-
plutonium-f iss ium alloy fuels from fast r e a c t o r s , the uran ium, plutonium, 
and fission product e lements of Groups lA, IIA, and IIIA a r e oxidized into a 
molten halide flux and subsequently reduced by a ca l c ium- r i ch zinc solution. 
The reduction is expected to leave the u ran ium and plutonium coprecipi ta ted 
as the me ta l s and there fore separab le frora the Group lA, IIA, and IIIA meta l s 
which a r e soluble in ca lc ium-z inc solution. The feasibil i ty of separat ing 
ce r i um from uran ium and from uranium-plutonium in ca lc ium-z inc solutions 
has been demons t ra ted previously (see ANL-6379, p . 71, and ANL~6543, 
p . 51). 

A p re l imina ry tes t of the concept of s imultaneously c o -
reducing and coprecipi ta t ing uran ium and plutonium was made at a u r an ium-
to-plutonium ra t io of about 80. Three hundred sixty g rams of the final salt 
phase f rom Exper iment MA-FL.-4 (see Table 7) were mechanical ly separa ted 
from the accompanying cadmium phase at room t empe ra tu r e in a ni t rogen 
a tmosphere and used for the p re sen t exper iment . The sal t phase was reheated 
in a tanta lum crucible in an argon a tmosphere and sampled at 550 and 650 C to 
r ede t e rmine the uran ium, plutonium, and magnesiuin concent ra t ions . (Z i r ­
conium, because of i t s low concentra t ion, was ignored.) The sal t mixture was 
next cooled to room temiperature , and 152 g of calc ium and 78 g of zinc were 
added with the intention of reaching a concentrat ion of about 61 w/o calc ium 
in the meta l phase after reduct ion . The sa l t -me ta l mix ture was heated and 
s t i r r e d . At 530, 646, and 731 C, samples of both phases were taken for ana l ­
ys is by p r e s su r i z ing the liquids through tantalum f i l ters into tanta lum tubes . 
Sampling of the meta l phase at 430 C was abandoned after seve ra l u n s u c c e s s ­
ful a t t emp t s . There were definite indications that a portion of the salt phase 
had solidified at this t e m p e r a t u r e . In addition, it was noticed that s eg rega ­
tion of salt and meta l solutions was poor at both 430 and 530 C, which may be 
a t t r ibutable to the smal l difference in their dens i t i e s . 
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The analytical r e su l t s a re given in Table 8. The data 
for Samples 13 and 14 show that the uranium, plutonium, and magnes ium 
concentrat ions of the s tar t ing salt mixture were about the same as at the 
end of Experiment M A - F L - 4 . The sa l t -phase data for Samples 15, 16, 
and 17 show that the uranium t r ich lor ide , plutonium t r ich lor ide , and m a g ­
nes ium chloride were completely reduced by calcium. However, the ca l ­
cium concentrat ions found in the salt phase, i .e . , 13 to 15 percent , a re 
about 7 percent higher than those calculated to resu l t from the reduction 
of uranium t r ich lor ide , plutonium t r ich lor ide , and magnesium chlor ide. 
This excess calcium concentration in the fltix resul ted from the reduction 
of roughly 20 percent of the l i thium chloride and 7 percent of the potass ium 
chloride by the calcium meta l . The reduction of these alkali metal chlo­
r ides emphasizes the s t rength of calc ium as a reductant in zinc solution 
and the need for investigating more stable salt solvents, e.g., those con­
taining calcium chlor ide . F r o m the standpoint of process ing, however, 
some reduction of the salt solvent is to lerable if the reduced mietal is 
soluble in ca lc ium-zinc solution, since the la t ter is considered a waste 
solution. 

Table 8 

COREDUCTION AND COPRECIPITATION OF URANIUM AND PLUTONIUM FROM 
SALT SOLUTIOM BY CALCIUM-ZINC SOLUTION 

Conditions: Tantalum crucible, thermowell, and stirrer; argon atmosphere; 
liquid samples pressurized through tantalum frits into 
tantalum tubes 

Temoerature: As indicated below 

Procedure,- I . 360 g of salt mixture frora Expt. fflA-FL-4a 
sampled and cooled to room temperature 

I . 152 g of calcium and 78 g of zinc added to salt 
mixture, followed by heating and stirring 

Salt Phase (w/o) Metal Phase Wo) 
Hrat 

Sample Temp (O Temp U Pu Mg Ca J J _ _Pu_ _Mg_ Ca Zn Lib ^i> 

I. Sampling 

13 550 1 16.8 0.203 1.15 - - ' 
14 651 0.5 17.0 0.211 1.10 - -

I . Calcium Reduction 

& 530 19 5xl0"t IxlO"- -'0.001 13 5x10"^ 0.0049 1.2 30 21 4 30 
16 646 3.2 6x10" ' 4x10"* <0.001 15 6 x lO"^ 0.0195 2.4 51 39 2 4 
17 731 15 5x10" 4x10" < 0.001 15 3xl0" 0.0222 2.2 46 38 2 1 

aOriginal composition of salt: 99 w/o LiCI-KCI eutectic-1 w/o LiF. At end of Experiment MA-FL-4 (see Table 7), 
the salt contained 17 w/o uranium, 0.216 w/o plutonium, and 1.16 w/o magnesium. 

''Spectrograph ic analysis, faetor-of-two accuracy. 

•̂ fVletal phase believed to be contaminated with salt phase. 

Analysis of the metal sample taken at 530 C (Sam­
ple 15) shows probable contamination by the salt phase, for comparison 
of the analysis with analyses of the next two metal samples (Samples 16 
and 17) shows low calcium, magnesium, and zinc concentrations and high 
li thium and potass ium concentrat ions for Sample 15. Thus, only the s a m ­
ples taken at 646 and 713 C a re valid for examining the coprecipitat ion 
behavior of uranium and plutonium. 
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By assuming that the uranium and plutonium not p r e s ­
ent in the metal phase (Samples 16 and 17) were precipi ta ted , it can be 
calculated that essent ia l ly 100 percent of the s tar t ing uranium and about 
95 percent of the s tar t ing plutoniumi were precipi ta ted at 646 and 731 C. 
The plutonium data a r e believed to r e p r e s e n t coprecipi ta t ion, r a the r than 
solubility behavior . At these temiperatures , the plutonium solubili t ies in 
zinc solutions containing about 50 w/o calc ium a re believed to be cons ide r ­
ably g rea t e r than those found - of the o rde r of tenths , r a the r than of hun­
dred ths , of a percent . It should be pointed out, however , that the 
coprecipi ta t ion behavior of plutonium may have been influenced by the 
p resence of l i thium and potass ium in the 'meta l phase . 

Although only 95 percent of the plutonium was c o p r e ­
cipitated, this r e su l t is encouraging and further explorat ion of the scheme 
advanced above for separa t ing uranium-plutonium from Group lA, IIA, and 
IIIA elennents is wa r ran t ed . Coprecipi tat ion behavior is l ikely to be in ­
fluenced by the p rec i s e manner in which the precipi ta t ion is c a r r i e d out, 
e.g., by the t e m p e r a t u r e and ra t e of ca lc ium addition, and conditions may 
be found which will r e su l t in coprecipi tat ion of 99 percent or more of the 
plutonium with uraniura . 

e. Recovery of Plutonium from EBR-II Blanket Mater ia l 
(I. O. Winsch, T. F . Cannon, P . J . Mack) 

The blanket ma te r i a l of the EBR-II r eac to r Avill be p r o c ­
e s s e d to r ecover the plutonium when the plutoniumi concentra t ion reaches 
about one percen t . Py rometa l lu rg ica l p r o c e s s e s with liquid meta l solvents 
a r e to be used for the separa t ion of plutonium from u ran ium. In par t i cu la r , 
the separa t ion of plutonium frora u ran ium is based on the high solubility of 
plutonium in m a g n e s i u m - r i c h zinc alloys and the contras t ing low solubility 
of u ran ium in them. 

(l) Blanket P r o c e s s Demonst ra t ion Run 

A sixth blanket p r o c e s s demons t ra t ion run* has been 
completed and is s u m m a r i z e d in Table 9. This run was made in accordance 
with the usual procedure of dissolving the blanket m a t e r i a l in a 12 to 15 w/o 
magnes ium-z inc alloy to produce an approximate ly 13 w/o uran ium solution, 
precipi ta t ing the u ran ium from solution by adding magnesiumi to produce a 
50 w/o concentrat ion, cooling to reduce the u ran ium solubili ty as miuch as 
poss ib le , and then separa t ing the supernatant phase containing the soluble 
plutonium from the prec ip i ta ted u ran ium. 

After the separa t ion of the supernatant , no further p roc ­
ess s teps were c a r r i e d out in this and preceding demonst ra t ion r u n s . In the 

*The r e su l t s of previous blanket p rocess ing runs a r e repor ted in 
ANL-6379, p. 76; ANL-6413, p. 56; ANL-6477, p . 47; ANL-6569, p . 43; 
and ANL-6596, p. 66. 
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final p rocess step, for which equipment is now being designed and installed, 
the bulk of the magnesium and zinc will be evaporated from the t r ans fe r red 
supernatant to produce a plutonium product concentrate suitable for in ­
corporat ion into a core fuel cycle for replenishment of the fissionable 
m a t e r i a l . 

Table 9 

2930 g Zinc 
440 g Magnesium 
501 g Uranium 

5.32 g Plutonium 

Dissolution 
at 

800 C 

Time 
(hr) 

2490 g Magnesium 

Uranium 
Precipitation 

at 800 C 
Followed by 
Cooling to 

400 C 

Temp 
(C) 

770 
582 
415 

Phase 
Separation 

at 430 C 

5200 g 
Mg-Zn-U-Pu 

90% of 
Supernatant 

490 g Uranium 
0.453 g Plutonium 
620 g Magnesium-Zinc 

11 
127 g Magnesium 

2644 g Zinc 

Dissolution 
at 

810 C 

Time 
Ihr) 

8 

SUMMARY OF BLANKET PROCESS DEMONSTRATION RUN 6 

U Cone % of Theoretical 
(w/o) U Concentration 

12.4 95.8 
12.9 100.0 

Concentration in 
fflg-Zn Solution (w/o) 

U Pu 

0.31 0.09 
0.11 0.089 
0.035 0.089 

Concentration In 
Transferred 

Supernatant (w/o) 

U Pua 

0.047 0.0905 
(2.44 g) (4.70 g) 

Pu Cone 
(w/o) 

0.138 
0.137 

% of Theoretical 
Pu Concentration 

100 
99 
99 

% in Transferred 
Supernatant of 

Total Pu Present 

90.0 

% of Theoretical 
Pu Concentration 

100 
100 

UConc 
(w/o) 

12.5 

% of Theoretical 
U Concentration 

95 

Pu Cone 
(w/o) 

0.0129 

^The total plutonium in the supernatant was 4.70 g of a possible 5.21 g or 90 percent of that available. 
This is the theoretical recovery since the percentage of supernatant removal was also 90. A plutonium 
separation factor of 181 was realized. 

% of Theoretical 
Pu Concentration 

105 

The phase separat ion actually achieved in this run 
was 90 percent (see Table 9), which for this scale of operation is consid­
ered to be a reasonably good separa t ion . In the five previous runs at the 
saiTie scale of operation, phase separat ion efficiencies of 70, 87, 72, 97, 
and 92 percent had been rea l ized . Although the scale of these runs was 
smal l (500 g of uranium), it was hoped that a 95 percent phase separat ion 
of the plutonium product solution from the precipi tated uranium could be 
achieved. A 95 percent phase separat ion would resul t in a corresponding 
95 percent plutonium recovery in this step and might be sufficient to 
satisfy the economic requ i rements of the p roces s . Under reasonable r e ­
actor operat ing conditions, the value of the unrecovered plutonium would 



be very low (0.05 mil l /kwh*). If g rea t e r plutonium recover ies a r e desired, 
the uran ium precip i ta te may be washed with additional 50 w/o magnes ium-
zinc alloy. Phase separat ion work on l a r g e - s c a l e runs (one-half full-plant 
scale) has given reasonably good a s su rance that 95 percent phase s e pa ra ­
tions can be achieved on a plant scale (see Table 10). 

Table 10 

PHASE SEPARATION OF MAG^iESIUM-ZINC SUPERNATANT SOLUTIONS 
FROM PRECIPITATED URANIUM METAL 

Scale: 45 kg of 50 w/o magnesium-zinc and 4 kg of uranium 

One hour was allovued for settling of the uranium precipitate. 

Run 
No. 

1 
f 
3 
4 
5 
6C,d 

7fl 
gd 
90 

10'' 

Phase 
Transfer 

Temp 
(0 

420 
415 
430 
475 
450 
450 
450 
450 
450 
455 

Uranium Concentration 

Solubility at 
Transfer Temp^ 

0.027 
0.062 
0.068 
0.085 
0.075 
0.045 
0.048 
0.056 
0,058 
0.070 

Transferred 
Phasel) 

0,03 
0.062 
0,068 
0,090 
0,094 
0.050 
0,056 
0.058 
0,060 
0,066 

(w/oi 

Precipitated 
Phase 

53,5 
45,5 
57,6 
84,0 
82.5 
42.3 
57.0 
59.4 
58.5 
60.0 

Percent of 
Supernatant 

Phase 
Transferred 

92.8 
89.5 
94.0 
99.0 
98.0 
90.5 
94.9 
95,0 
95,0 
95,0 

^Filtered samples of melt before transfer, 

^Grab samples of transferred magnesium-zinc phase. 

cincomplete decomposition of uraniun-zinc intermetallic. 

''Because of the physical carryover of uranium experienced in Runs 4 and 5, a flat metal shield 
or disk was placed about 1/16 in, from the tube opening isee further details in ANL-6543, p. 58). 

The plutonium concentration in the t r ans f e r r ed phase, 
0.0905 percent , is the theoret ica l concentrat ion, indicating no loss of plu­
tonium either on t ransfer or by coprecipitat ion with uranium. The uranium 
concentration of the t r ans f e r r ed supernatant (0.047 w/o) is just slightly 
higher than the uraniuna solubility. This indicates a slight physical c a r r y ­
over of precipi tated uranium, which possibly resul ted from loss of the 
t ransfer line shield (described in ANL-6543, p. 58). A plutonium s e p a r a ­
tion factor of 181 obtained in this run may be compared with values of 80, 
169, 157, and 231 in previous runs . The overal l uranium ma te r i a l balance 
in this run was 96 percent , and the plutonium mate r i a l balance was 
99-5 percent . 

No further blanket p rocess demonstrat ion runs at this 
scale of operat ion and of this type a r e planned. The demonstra t ion runs 
have shown: (l) theoret ical recovery of plutonium to be possible , i .e . , r e ­
covery equivalent to the percent removal of product phase, (2) adequate 

*Calculation based on a 2 percent burnup of fuel, a one percent buildup 
of plutonium in the blanket, and approximately equal core and blanket 
process ing r a t e s . 

Percent of 
Total 

Uranium 
Transferred 

0,33 
0.63 
0,72 
1.01 
1.02 
0.63 
0,74 
0.74 
0.77 
0.75 
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separat ion of uranium from plutonium, and (3) good uranium and plutonium 
ma te r i a l ba lances . Additional blanket demonstra t ion runs will be made 
with lightly i r r ad ia t ed blanket ma te r i a l to determine the behavior of iodine 
and fission products in the p r o c e s s . 

(2) Separation of Magnesium-Zinc Supernatent Solutions 

Ten phase-separa t ion runs have been completed in a 
study of the separat ion of the magnes ium-z inc supernatant from the p r e ­
cipitated uran ium phase at one-half plant scale (about 45 kg of 50 w/o 
magnes ium-z inc and 4 kg of uranium). A cross-sect ional view of the a p ­
paratus used in these runs is shown in Figure 10 and a photograph of the 
assembled apparatus is shown in Figure 11. 

F igure 10 

CROSS SECTION OF EQUIPMENT FOR SEPARATION OF 
SUPERNATANT LIQUID METAL PHASE FROM 

PRECIPITATED URANIUM METAL 

(Fig. 11 is a photograph of equipment) 

THERMOCOUPLE 

SAMPLE 
PORT 

PRESS, 
VAC. 

INDUCTION 
COILS 

TANTALUM 
AGITATOR' 
AND BAFFLES 

410 STAINLESS STEEL 
TRANSFER LINE 

PRESS. 
VAC. 

[I^GRAPHITE MOLD 

STAINLESS STEEL 
INGOT DIVIDER 
(crossed stainless 
steel piates) 

REACTOR RECEIVER 
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Figure 11 

EQUIPMENT FOR SEPARATION OF SUPERNATANT 
LIQUID METAL PHASE FROM PRECIPITATED 

URANIUM METAL 

(Cross-sectional view shown m Fig. 10) 

In t h e s e r u n s , u r a n i u m w a s 
i n i t i a l l y d i s s o l v e d i n a 12 w / o 
m a g n e s i u m - z i n c s o l u t i o n b y h e a t ­
i n g t o 800 C i n a g r a p h i t e c r u c i b l e . 
A f t e r t h e m e l t w a s c o o l e d t o r o o m 
t e m p e r a t u r e , t h e r e b y n o t o n l y 
s o l i d i f y i n g t h e a l l o y b u t a l s o p r e ­
c i p i t a t i n g u r a n i u m a s a u r a n i u m -
z i n c i n t e r m e t a l l i c c o m p o u n d 
(jJ^Zrin)*, a s u f f i c i e n t a m o u n t of 
s o l i d m a g n e s i u m w a s a d d e d t o 
m a k e a 50 w / o m a g n a s l u m - z i n c 
a l l o y . T h i s c h a r g e w a s h e a t e d to 
800 C t o p r o d u c e a m o l t e n a l l o y 
a n d a g i t a t e d f o r 4 h r , d u r i n g w h i c h 
u r a n i u m m e t a l p r e c i p i t a t e d . In 
o n e r u n c o m p l e t e d e c o m p o s i t i o n 
of t h e i n t e r m e t a l l i c c o m p o u n d d id 
n o t o c c u r . A d d i t i o n a l p r e c i p i t a t i o n 
of u r a n i u m w a s e f f e c t e d u p o n c o o l ­
i n g t h e m e l t t o t h e t r a n s f e r t e m ­
p e r a t u r e of 4 1 5 t o 4 7 5 C . T h e 
m a g n e s i u m - z i n c p h a s e w a s 
p r e s s u r e - t r a n s f e r r e d t o t h e g r a p h ­
i t e c r u c i b l e c o n t a i n e d in t h e r e ­
c e i v e r a f t e r a b o u t a o n e - h o u r 
s e t t l i n g t i m e a t t h e t r a n s f e r t e m ­
p e r a t u r e . T h e p r e s s u r e d i f f e r e n ­
t i a l r e q u i r e d f o r t h e s e t r a n s f e r s 

w a s a b o u t 11 t o 12 p s i . T h e e l e v a t i o n of s o l u t i o n i n t h e s e t r a n s f e r s w a s 
p r o b a b l y g r e a t e r t h a n w o u l d b e r e q u i r e d i n a p l a n t . 

108-5434 

W i t h o n e e x c e p t i o n , t h e p e r c e n t a g e of t h e s u p e r n a t a n t 
p h a s e t r a n s f e r r e d v / a s a b o v e 90 p e r c e n t , a n d i n m a n y r u n s w a s 95 p e r c e n t 
o r g r e a t e r ( s e e T a b l e 10 ) . In R u n s 4 a n d 5 , p h a s e t r a n s f e r e f f i c i e n c i e s 
w e r e 99 a n d 98 p e r c e n t , b u t t h e s e w e r e a c h i e v e d a t t h e e x p e n s e of s o m e 
p h y s i c a l c a r r y o v e r of p r e c i p i t a t e d u r a n i u m m e t a l . A f t e r t h i s p h y s i c a l 
c a r r y o v e r w a s e x p e r i e n c e d , a s m a l l m e t a l s h i e l d w a s p l a c e d o v e r t h e t r a n s ­
f e r t u b e o p e n i n g a t a d i s t a n c e of a b o u t -^ i n . f r o m t h e t u b e e n d ( s e e 
A N L - 6 5 4 3 , p . 5 8 ) . In s u b s e q u e n t r u n s , t h e r e w a s v e r y l i t t l e o r n o p 
c a r r y o v e r of u r a n i u m m e t a l . 

p h y s i c a l 

In p l a n t o p e r a t i o n c o o l i n g t o r o o m t e m p e r a t u r e w o u l d n o t b e a p r o c e s s 
s t e p . M a g n e s i u m w o u l d s i m p l y b e a d d e d to t h e s o l u t i o n a t 800 C t o 
b r i n g t h e m a g n e s i u m c o n c e n t r a t i o n u p t o 50 w / o . 
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A t y p i c a l h e e l c o n t a i n i n g p r e c i p i t a t e d u r a n i u m i n t h e 
r e s i d u a l m a g n e s i u m - z i n c a l l o y i s s h o w n i n F i g u r e 12 . S u c h h e e l s , w h i c h 
a r e a b o u t o n e - q u a r t e r t o o n e i n c h t h i c k , a r e b r i t t l e a n d c a n b e b r o k e n i n t o 
s m a l l e r p i e c e s . B o t h i n t h e b l a n k e t p r o c e s s a n d i n t h e s k u l l r e c l a m a t i o n 
p r o c e s s (in w h i c h a s i m i l a r u r a n i u m i p r o d u c t i s o b t a i n e d ) , t h e b r i t t l e n e s s 
of h e e l s miay b e of i m p o r t a n c e i n t h e s i z i n g of r e t o r t i n g c r u c i b l e s o r i n 
p r o v i d i n g f l e x i b i l i t y b y a l l o w i n g t h e u s e of l e s s t h a n a n e n t i r e h e e l . 

Figure 12 

HEEL CONTAINING PRECIPITATED URANIUM AND RESIDUAL 
MAGNESIUM-ZINC ALLOY AFTER REMOVAL OF THE BULK 

OF THE SUPERNATANT LIQUID METAL PHASE 

(Heel IS about one-quarter to one inch thick) 

108-5437 

f. M a t e r i a l s a n d E q u i p m e n t E v a l u a t i o n 
( P . A . N e l s o n ) 

M a t e r i a l s s t u d i e s a r e i n p r o g r e s s t o e v a l u a t e t h e c o m ­
p a t i b i l i t y of v a r i o u s m a t e r i a l s w i t h l i q u i d m e t a l a n d f l u x s y s t e m s of t h e 
t y p e s c o n t e m p l a t e d f o r r e p r o c e s s i n g r e a c t o r f u e l s . T h e m a i n o b j e c t i v e 
of t h e s e s t u d i e s i s t h e s e l e c t i o n of m a t e r i a l s f o r E B R - I I p r o c e s s i n g e q u i p ­
m e n t , b u t d a t a of m o r e g e n e r a l i n t e r e s t a r e a l s o b e i n g a c c u m u l a t e d . W o r k 
i s r e p o r t e d b e l o w o n t h e c o r r o s i o n of t u n g s t e n a n d t u n g s t e n a l l o y s b y m o l t e n 
m e t a l - f l u x s y s t e m s , on t h e a t t a c k of c e r a m i c c o n t a i n e r s b y m o l t e n m e t a l -
f l u x s y s t e m s , a n d o n t h e a t t a c k of s t a i n l e s s s t e e l s b y z i n c v a p o r . 
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(l) Corros ion of Tungsten and Tungsten Alloys by 
Molten Metal -Flux Systems 
( M . Kyle, M. Deerwester ) 

Fur the r data a r e now available for runs , previously 
repor ted in ANL-6596, p. 70, to tes t the cor ros ion r e s i s t ance of tungsten 
and tungsten alloys to the sys tems and conditions of the noble meta l ex­
t ract ion step of the skull rec lamat ion p r o c e s s . In this step a molten chlo­
r ide flux containing suspended skull oxide is contacted with liquid zinc at 
800 C. In the cor ros ion t e s t s , the cor ros ion specimens were fabricated 
into agitator blades and rotated in the corroding media . 

Sintered tungsten and rolled tungsten sheet performed 
well, with no apparent change in size or weight (see Table l l ) . Metal lo-
graphic examination has also shown no significant cor ros ion and no change 
in s t ruc ture of s in tered tungsten (see Figure 13). An apparent inc rease in 
s trength and ductility of tungsten after exposure , probably at t r ibutable to 
surface effects, is shoAwn by the data in Table 11. Under the conditions em­
ployed in testing these samples for rupture s t r e s s , tungsten is normal ly 
notch sensi t ive . Any condition which would tend to smooth the surface 
would inc rease its apparent rupture s t rength. 

Table 11 

CORROSION OF TUÎ GSTEN AND MOLYBDEIMUM-30 wfo TUNGSTEN AHOY EXPOSED TO 

Weiglit Change (percent) 

Tfi idnessCliangeimils) 

Modulus of Rupture (psi)'' 

Before Corrosion 

After Corrosion 

Deflection at Rupture (mils)'' 

Before Corrosion 

After Corrosion 

Deptli of Attack (mils) 

Samples 

SALT-METAL SYSTEM OF THE NOBLE METAL EXTRACTION STEP 

were exposed as agitator blades fastened to a tungsten 

Sample Size: 

Conditions-

0.090x0.090x1.5 in. 

shaft (see ANL-6596, p, 70) 

Time: R u n l - 5 0 0 h r ; R u n 2 - 4 0 0 h r 
Temperature: 800 C 
Metal Phase: 1350 g zinc 
Salt Phase: 425 g of composition (m/o): 46.6 LiCI, 

46.6 MgCl2, 4,8 MgF2, and 2.0 ZnCl j 
Agitation: 460 rpm 
Crucible: Alumina containing four 1/4-in. tungsten baffles 

Sintered and Rolled 
Tungsten Sheet 

Run 1 

a 

0.000 

111,000 

150,000 

5 

7 

<1 

Run 2 

-0.020 

0.000 

111,000 

139,000 

5 

9 

<1 

Pressed and Sintered 
Tungsten 

Run 1 

-0,22 

0.000 

50,(M0 

71,000 

3 

4 

<1 

Run 2 

•^0.078 

0.000 

50,000 

62,000 

3 

4 

<1 

Molybdenum-30 Percent 
Tungsten Alloy 

Run 1 

a 

0.000 

209,000': 

173,000= 

133 

187 

6-8 

Run 2 

-3.8 

0.000 

m.oaf 
176,000<: 

133 

120 

4-7 

'Value not determined. 

"^Calculated value (see ANL-6543, pp. 65 and 66, for method of calculation). 

cvalue should be used for comparison purposes only. The formula used does not strictly apply in 
this instance because of plastic deformation of the sample. 

''Deflection of center of sample at rupture with an effective sample length of 1.25 in. 



67 

Figure 13 

CORROSION OF PRESSED AND SINTERED TUNGSTEN 
EXPOSED TO CONDITIONS OF NOBLE METAL-

EXTRACTION STEP OF THE SKULL 
RECLAMATION PROCESS 

(see conditions in Table 11, Run l) 

Specimen 
Edge 

250X 250X 
Before Corros ion After Corrosion 

The molybdenum-30 percent tungsten alloy was attacked 
somewhat by the noble meta l -ex t rac t ion conditions (see Table l l ) . The 
weight loss noted was equivalent to approximately 5 percent of the molybde­
num content of the alloy. Metallographic examination of the samples indicated 
that a leaching type of at tack had occur red (see Figure 14). Normal to the 
direct ion of swaging of the sample , the depth of attack was about 2 to 4 mils 
in 500 h r . Along the direct ion of swaging (attack from the ends of the s a m ­
ple), the attack was more severe and l e s s uniform, varying from about 3 to 
8 m i l s . The g rea te r depth of at tack para l le l to the direction of swaging 
seems to indicate that attack is along the grain boundaries , although in t e r -
granular at tack was not apparent under metal lographic examination. 

Results of bend tes ts of the molybdenum-tungsten s a m ­
ples showed a dec rease in s t rength after exposure . This is understandable 
in view of the observed extent of at tack. The variat ion of bend deflection is 
probably also due to surface effects. It should be noted that the molybdenum-
30 percent tungsten alloy is significantly more ductile than tungsten. 
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Figure 14 

CORROSION OF MOLYBDENUM-30 PERCENT TUNGSTEN ALLOY 
EXPOSED TO NOBLE METAL EXTRACTION STEP OF THE 

SKULL RECLAMATION PROCESS 

(see conditions in Table 11, Run l) 

h 
2mils 

^ ^ ^ ^ ^ e c x m e o ; 

Leached 
Area 

Metal 

^... .i ~.. 

Before Corros ion After Corros ion 

A molybdenum-30 percent tungsten alloy agitator ex­
posed to conditions of noble metal extract ion for 500 hr and to reduction 
conditions for an additional 500 hr (see ANL-6596, p. 73) underwent g rea te r 
attack, by pitting, than did specimens of the alloy in thd runs repor ted above, 

Although attacked to a slight extent, the molybdenum-30 
percent tungsten alloy is considered the bes t ma te r i a l for applicat ions, such 
as agi ta tors and t ransfe r l ines , because of i ts machinabil i ty. However, 
tungsten appears to be the best ma te r i a l for crucibles because of i ts supe­
r ior cor ros ion r e s i s t ance and rela t ively low cost . 

(2) Containment of Molten Zinc-Magnes ium-Flux Systems 
in Ceramic Vesse ls 
(p . A. Nelson, G. A. Bennett, L. F . Dorsey) 

Consideration is being given to the use of ce ramic 
ves se l s fabricated of stable oxides, such as alumina and magnes ia , b e ­
cause of the possibil i ty that they can be more easi ly fabricated in la rge 
sizes and at lower cost than can tungsten and beryl l ia c ruc ib les . The 
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problems of obtaining vesse l s with the neces sa ry thermal shock res i s t ance 
and impermeabi l i ty to metal and flux sys tems were discussed and some ap ­
proaches to these problems were outlined in the last summary repor t , 
ANL-6596, p. 75. Also of concern if ce ramic oxide crucibles were used 
would be contamination of the meta l phase as a resul t of reduction of 
alumina or other oxides by magnes ium contained in the metal charge . Tests 
made with aluinina and beryl l ia crucibles a re described below. 

In a s e r i e s of exper iments , a r am-molded alumina 
crucible* and two types of dense, s l ip -cas t , high-fired aluraina crucibles ,** 
which were considered to be represen ta t ive of commercia l ly available types 
of alumiina, were tes ted as containers for z inc-magnesium solutions. The 
exper iments were conducted at 800 C for periods of 24, 45, or 48 hr , with 
agitation of the molten m a t e r i a l s at 230 r p m (see Table 12). A zinc-50 w/o 
miagnesium alloy was charged into the r am-molded crucible in an expe r i ­
ment that s imulated the conditions of the uranium precipitat ion step of the 

Table 12 

INTERACTION OF ALUMINA CONTAINMENT CRUCIBLES WITH 
ZINC-MAGNESIUM-URANIUM-FLUX SYSTEMS AT 800 C 

Agitation: 230 rpm 

Type of 
Crucible 

Ram-molded 
alumina*^ 

Slip-cast 
alumina 

Slip-cast 
alumina"^ 

Slip-cast , 
r ec rys t . 
alumina® 

Cha 

Zinc 

50 

89.5 

89.5 

89.5 

rge Compositi 

Magnesium 

50 

10 

10 

10 

on (w/ o) 

Uranium 

0 

0.5 

0.5 

0.5 

Flux^ 
Present 

No 

Yes 

Yes 

Yes 

Time at 
Temp 
(hr) 

48 

24 

45 

48 

xMuininum 
Pickup in 

Metal Phase 
(w o)b 

0.10 

0.02 

0.02 

0.01 

Final 
Condition of 

Crucible 

Walls 
penetrated 
by melt 

Crucible 
cracked 

Crucible 
cracked 

Crucible 
cracked 

^Flux composition (m/o): 47.5 CaCl,, 47.5 MgClj, and 5 MgF;. 

"The aluminum pickup also represents the final aluminum concentration since the 
initial metal charges contained less than 10 ppm aluminum. 

'^Alundum (Norton Co.): 99.0 percent AI2O3, 0.58 percent SiOj. 

•^Cast alumina (Coors Porcelain Co.): 99.0 percent AI2O3, 0.8 percent SiOj, 
and t race percentages of CaO, MgO, and TiOj. 

^Morganite recrys ta l l ized alumina: 99.7 percent AI2O3. 

*An Alundum crucible manufactured by the Norton Co., having a nominal 
composition of 99.0 percent aluminum oxide and 0.58 percent silicon 
oxide. 

**The two types a r e : (l) A cas t alumina crucible manufactured by the 
Coors Porce la in Co., having a nominal composition of 99.0 percent 
alumina, 0.8 percent s i l ica , and t r a c e s of calcia, magnesia , and t i tania. 
(2) Morganite r ec rys ta l l i zed alumina (99.7 percent alurainum oxide). 



skull rec lamat ion p r o c e s s . A zinc-10 w/o magnes ium-0 .5 w/o uranium 
alloy and a 47.5 m / o ca lc ium chlor ide-47.5 m / o magnes ium chlor ide-5 m / o 
magnes ium fluoride flux (f lux-to-metal weight ra t io = 0.4) were charged 
into the s l ip -cas t c ruc ib les in t e s t s that s imulated the conditions in the 
skull oxide reduction step of the skull rec lamat ion p r o c e s s . 

All c ruc ib les failed as container miaterials (as shown 
in Table 12), ei ther by cracking or by penetrat ion of the walls by flux and 
me ta l . Cracking of the high densi ty s l ip -cas t crucibles was m o r e severe 
than in the longer (500-hr) exper iments with s imi la r c rucib les in which 
co r ros ion specimens were tes ted in a zinc-flux medium which did not con­
tain magnesiumi (see Table 11 of this r epor t ) . Therefore , it is possible 
that the cracking of these c ruc ib les was associa ted with at tack by the 
magnes ium. 

Aluminuna contamination of the meta l phase was slight 
(100-200 ppm), except in the case of the ram-raolded (Alundum) crucible , 
for which the aluminum concentrat ion in the meta l phase reached 0.10 p e r ­
cent . This may have resu l ted f rom the high apparent porosi ty (19 percent) 
of the r am-molded crucible or from the higher magnes ium concentrat ion 
used in this run (50 w/o as compared with 10 w/o in the other runs ) . It is 
not believed that u ran ium would be precipi ta ted by the smal l a luminum con-
tamiination. Analytical r e su l t s which inight confirm this a r e not complete . 

A s imi la r exper iment was made with a thixotropically 
cas t beryl l ia crucible supplied by Brush Beryl l ium Co. In manufacture , 
this crucible had been washed seve ra l t imes with a beryl l ia slip (a dilute 
s l u r r y of beryl l iura oxide) to i n c r e a s e the density to approximately 
2.55 g/cc (83 percent of theore t ica l ) . A zinc-50 percent magnes ium solu­
tion was held in this crucible at 800 C for 48 h r . Although bery l l ium pickup 
by the mel t was slight (approximately 200 ppm maximum), hai r l ine c racks 
and slight leakage of the meta l through the bottom of the crucible occurred^ 
The meta l penetrat ion probably did not occur until after a per iod of severa l 
hou r s , for this same crucible subsequently performed sat isfactor i ly in a 
s h o r t - t e r m demionstration of the intermietallic decomposit ion and re tor t ing 
s teps of the skull r ec lamat ion p r o c e s s , for which the conditions were 
s imi la r to those in the above exper iment . 

(3) Cor ros ion of Anodized Beryl l ium by Molten Metal -
Flux Systems 
( M . Kyle, M. Deerwes te r ) 

Beryl l ia has shown p romise as a container ma te r i a l for 
zinc and z inc -magnes ium s y s t e m s , especia l ly for the precipi ta t ion and r e ­
tor t ing steps of the skull rec lamat ion p r o c e s s . Anodized bery l l ium (that i s , 
bery l l ium meta l coated with a bery l l ium oxide coating by an anodization 
p rocess ) has a lso been considered for this application because beryl l ium 
meta l p o s s e s s e s g rea t e r s t rength and density than does bery l l i a . 



Initial test ing of the anodized beryl l ium was done by 
the rma l cycling to de te rmine if repeated t empera tu re changes would cause 
cracking or breaking away of the thin (approximately 1-mil) anodized 
l aye r . After 15 t empe ra tu r e cycles between room t empera tu re and 850 C 
in an argon atmiosphere, the coating broke away from the base meta l at 
the edges of the specimens (which were - | - - in . -d ia , l-^-in.-long, r ight c i r ­
cular cyl inders with a ^ - i n . radius on al l edges) . Despite the breaking 
away of the coating at the re la t ively sharp edges, most of the coating a p ­
peared to be unaffected. 

Additional runs were made to t es t the cor ros ion r e s i s t ­
ance of new specimens of the anodized bery l l ium to zinc-magnesiumi, to 
halide flux, and to combined s y s t e m s . Conditions employed and resu l t s ob ­
tained a r e presen ted in Table 13. Por t ions of the anodized coating were 

Table 13 

CORROSION OF ANODIZED BERYLLIUM BY 
ZINC-A4AGNESIUM-FLUX SYSTEMS 

Condit ions: Tes t : 
T ime : 
Tempera tu re ; 
Spec imens : 

Cor ros ion Capsule; 

Flux Comiposition: 

Metal Composition; 

Static 
100 hr 
800 C 
Beryl l ium, r ight c i r cu la r cy l inders , 
-|.-in. dia x l™-in. long with a . i - i n . 
rad ius on all edges , with 1-mil ano­
dized coating. 

1-in.-dia x 2-in.- longj tantalum 

46.6 m / o LiCl 
46.6 m / o MgClg 

2.0 m / o ZnClz 
4.8 m / o MgF2 

95 w/o Zn 
5 w/o Mg 

Depth of Penet ra t ion 
Metal P r e s e n t Flux P r e s e n t (miils) Renaarks 

Yes No 10 Coating broke awayj 
Be-meta l reac t ion . 

No 

Yes 

Yes 

Yes 

25 

25 

Coating broke away. 

Coating broke away; 
Be-me ta l r eac t ion . 



b r o k e n o r d e s t r o y e d o n a l l s p e c i m e n s b y e x p o s u r e t o t h e z i n c - m a g n e s i u i x i 
a n d / o r h a l i d e f l u x s y s t e m s . T h e a n o d i z e d c o a t i n g m a y h a v e p r o v i d e d s o m e 
p r o t e c t i o n i n a r e a s w h e r e i t d i d n o t b r e a k a w a y , a s e v i d e n c e d b y t h e f a c t 
t h a t o n l y s l i g h t c o r r o s i o n t o o k p l a c e a l o n g s o m e s u r f a c e s ( s e e F i g u r e 15 ) . 
T h e b e r y l l i u i T i s u b s t r a t e w a s a t t a c k e d b y t h e z i n c - m a g n e s i u m m e t a l a n d t h e 
f l u x b y a r e a c t i o n w h i c h r e m o v e d t h e s o l i d m e t a l i n g r o s s a m o u n t s . I t i s 
c o n c l u d e d t h a t t h e a n o d i z e d c o a t i n g s w i l l n o t a d e q u a t e l y p r o t e c t b e r y l l i u m 
f r o m a t t a c k a t f u e l - p r o c e s s i n g t e m p e r a t u r e s b y t h e z i n c - m a g n e s i u m s o l u ­
t i o n s o r h a l i d e f l u x e s u s e d . 

F i g u r e 15 

A N O D I Z E D B E R Y L L I U M A F T E R E X P O S U R E T O 
Z I N C - 5 P E R C E N T M A G N E S I U M A N D H A L I D E 

F L U X F O R 100 H O U R S A T 800 C 
. Zinc-Magnesium Phase y 

Area Partiall] 
Protected by 

Coating 

Reaction Zone 

Beryllium 

n: 

(4) C o r r o s i o n of S t a i n l e s s S t ee l s by Z inc Vapor 
( G . A . Benne t t , L . F . D o r s e y ) 

In exper imien ta l w o r k with zinc s y s t e m s , the c o n t a i n e r 
v e s s e l s a r e n e a r l y a lways h o u s e d in s t a i n l e s s s t e e l e q u i p m e n t , p r i n c i p a l l y 
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to pe rmi t maintenance of an iner t a tmosphere and operation at des i red 
p r e s s u r e s . It has often been observed that s ta inless steel (usually 
Type 304) suffers l i t t le at tack by zinc vapor , but is severely attacked by 
liquid zinc in a r e a s where condensation of zinc occurs . Because s ta inless 
s teel may be considered for equipment which would be exposed to attack 
by zinc vapor only, the extent of attack of severa l s ta inless s teels by zinc 
vapor was de termined. In 500-hr exposures to zinc vapor at 900 C, two 
austenit ic 300 s e r i e s s ta in less s teels (Types 304 and 347) suffered severe 
at tack. Loss of nickel from these s teels indicates the probable formation 
of low-mielting phases . Good cor ros ion res i s t ance to attack by zinc vapor 
was exhibited by a 400 se r i e s s ta inless s teel . Type 405, a fer r i t ic s teel . 
Another 400 s e r i e s s ta inless s teel , Type 440C, a mar tens i t i c s teel , also 
exhibited good cor ros ion r e s i s t ance , although suffering some loss in 
weight. 

Exper imenta l Equipment and Procedure 

The procedure consisted of exposing s ta inless steel 
coupons to static zinc vapor for 500 hr at a t empera ture above the dew 
point of the zinc vapor . The appara tus , shown in Figure 16, consisted of a 

-in.-long, closed tantalum tube, 

Figure 16 

CORROSION APPARATUS FOR EXPOSURE 
OF STAINLESS STEEL COUPONS 

TO ZINC VAPOR 

STAINLESS STEEL 
^ 'T 'HERMOCOUPLE ' 

SCHEO 40 STAIMLESS STEEL 
LONG 

STAIMLESS STEEL 
TUBING-CONNECTION 
TO ANNULUS 

X^FROZEN ZINC-
PLue 

Hi' 
jacketed m Type 304 sta inless steel 
to prevent oxidation of the tantalum. 
In the bottom of the tube, a z inc-
10 w/o magnesium alloy charge , 
maintained at a t empera ture of about 
740 C, was the source of zinc vapor . 

Four s tainless steel coupons 
of var ious compositions were s u s ­
pended in the vapor space in the upper 
par t of the tantalum tube. Through 
proper positioning of the tube in the 
furnace, this space was maintained at 
890to900 C in order to prevent vapor 
condensation. At the conclusion of 
the run, condensation of zinc vapor 
on the steel coupons was prevented 
by f i rs t cooling the lower end of the 
chamber . Thermocouples in a thermo­
well extending axially near ly the full 
length of the tantalunn tube allowed 
t empera tu re measurement over most 
of the tube length. A complete t e m ­
pera tu re profile was taken each24hr . 



M a g n e s i u m w a s added to the z inc to a c o n c e n t r a t i o n of 
10 w / o (al loy p r e p a r e d b e f o r e c h a r g i n g ) to d e c r e a s e the c o r r o s i v e n e s s of 
z inc to tanta lum, ( see A N L - 6 2 8 7 , p p . 74 to 76) and to a p p r o x i m a t e cond i t i ons 
of v a p o r a t t a c k in the skul l r e c l a m a t i o n and b l a n k e t p r o c e s s e s . The v a p o r 
in e q u i l i b r i u m wi th z i n c - 1 0 p e r c e n t m a g n e s i u m i at 740 C would con ta in l e s s 
t han one p e r c e n t m a g n e s i u m , ( see ANL-59965 p p . 77 to 82), and i t w a s a s ­
s u m e d t h a t t h i s s l igh t amiount would no t a p p r e c i a b l y affect the a t t a c k of 
z inc v a p o r on the s t e e l s w h i c h w e r e t e s t e d . The a t t a c k of l iqu id z inc on 
s t a i n l e s s s t e e l s i s only s l i gh t ly r e d u c e d , if a t a l l , by the p r e s e n c e of one 
p e r c e n t m a g n e s i u n a , but i s m o r e s u b s t a n t i a l l y r e d u c e d at h i g h e r m a g n e s i u m 
c o n c e n t r a t i o n s ( see A N L - 6 4 7 7 , p p . 65 to 67). 

No l e a k s in the a p p a r a t u s cou ld be d e t e c t e d wi th a 
h e l i u m m a s s s p e c t r o m e t e r l e a k d e t e c t o r . The annu lu s b e t w e e n the t a n t a l u m 
tube and s t a i n l e s s s t e e l s h e l l w a s a l t e r n a t e l y e v a c u a t e d and f i l led wi th a r g o n 
b e f o r e f ina l ly be ing p r e s s u r i z e d wi th a r g o n to a p r e s s u r e of 20 in . of w a t e r 
for the d u r a t i o n of the r u n . The i n n e r t a n t a l u m c h a m b e r w a s e v a c u a t e d to 
the l i m i t of a m e c h a n i c a l vacuum, p u m p (about 50 jJ. p r e s s u r e ) and s e a l e d off 
u n d e r v a c u u m by m e l t i n g the z i n c - m a g n e s i u m a l loy and a l lowing i t to flow 
into the sm.all ( - j - - in , -diam.eter) ou t l e t t a n t a l u m tube shown in F i g u r e 16, 
w h e r e i t w a s a l l o w e d to f r e e z e . T h i s f r e e z e s e a l , wh ich w a s e x p e c t e d to 
be e f fec t ive b e c a u s e z inc w e t s t a n t a l u m w e l l , w a s b a c k e d up by a m e c h a n i c a l 
v a c u u m p u m p . E x a m i n a t i o n of the f r e e z e s e a l a t the c o n c l u s i o n of the r u n 
showed t h a t i t h a d e f fec t ive ly c l o s e d the ou t l e t l i n e . 

The four t y p e s of s t a i n l e s s s t e e l t e s t e d w e r e a s fo l lows : 

Type N o m i n a l C o m p o s i t i o n (%) 

304 ( a u s t e n i t i c ) F e ; 18-20 C r ; 8-12 N i ; 0.08 m a x . C; 
2 m a x . Mn; 1 m a x . Si ; 0 ,045 m a x . P ; 0.03 m a x . S 

347 ( a u s t e n i t i c ) F e ; 17-19 C r ; 9 -13 Ni ; Cb + Ta (10 x C 
c o n e , m i n . ) ; 0.08 m a x . C; 2 m a x . Mn; 
1 m a x . S i ; 0 .045 m a x , P ; 0 .03 m a x . S 

405 ( f e r r i t i c ) F e ; 1 1 . 5 - 1 4 . 5 C r ; 0.1 to 0.3 Al ; 0.08 m a x . C; 
1 m.ax. Mn; 1 m a x . S i ; 0.04 m a x . P ; 0.03 m.ax. S 

440C ( m a r t e n s i t i c ) F e ; 16-18 C r ; 0.95 to 1.20 C; up to 0.75 Mo; 
1 m a x . Mn; 1 m.ax. Si ; 0.06 m a x . P ; 0 .03 m a x . S 

The coupons w e r e i n i t i a l l y 1 in. long , -f̂  in . w i d e , and 
50 m i l s t h i c k , and w e i g h e d about 2 g e a c h . One s ide of e a c h coupon w a s 
m a c h i n e d to a 3 2 - m i c r o i n c h s u r f a c e f in i sh . 

R e s u l t s and D i s c u s s i o n 

" B e f o r e and a f t e r " p h o t o m i c r o g r a p h s of the s t e e l s a r e 
shown in F i g u r e 17. T y p e s 304 and 347 s t a i n l e s s s t e e l s w e r e s e v e r e l y 
a t t a c k e d . The p h o t o m i c r o g r a p h s show m u c h g r a i n g r o w t h to have o c c u r r e d 

6"Working Data" Carpenter Stainless and Heat Resisting Steels,The Carpenter Steel Co., Reading, 



Figure 17 

PHOTOMICROGRAPHS OF FOUR TYPES OF STAINLESS STEEL 
BEFORE AND AFTER EXPOSURE TO ZINC VAPOR 

(All coupons were exposed at 900 C to zinc vapor for 500 hr. 
Apparatus is shown on Figure 16. Weight and dimensional 
changes of coupons are given in Figure 18.) 

Before Exposure After Exposure 

4 ] _ _ j < Jyi* \ ^ - ^ 

>V Smils 

I 
Type 304 i | 

I 1 ^̂  I • • • ^ t # I 1 ^ 

Type 440C ' 

Before Exposu re 

Type 405 

After Exposu re 

Type 405 



i n t h e s e t w o s t e e l s a n d s h o w l a r g e v o i d s b e t w e e n t h e g r a i n s . T h e o c c u r r e n c e 
of t h e s e v o i d s i s a t t r i b u t e d t o l e a c h i n g of n i c k e l , w h i c h f o r m s l o w - m e l t i n g 
s o l u t i o n s w i t h z i n c . 

T y p e 4 0 5 s t a i n l e s s s t e e l w a s r e l a t i v e l y u n a t t a c k e d , b u t 
o n e r o w of l a r g e g r a i n s w a s f o r m e d a b o u t 3 j m i l s i n f r o m e a c h s i d e of t h e 
s a m p l e . T h e s e a r e b e l i e v e d t o r e p r e s e n t p a r t i a l t r a n s f o r m a t i o n f r o m a n 
a l p h a p h a s e ( f e r r i t i c ) t o a gamixsa p h a s e ( a u s t e n i t i c s t r u c t u r e ) . E x a m i n a ­
t i o n of t h e i r o n - c h r o m i u m p h a s e d i a g r a i n ' s h o w s t h i s t r a n s f o r m a t i o n t o b e 
r e a s o n a b l e a t t h e e x p o s u r e t e m p e r a t u r e of 900 C C o n f i r m a t i o n of t h e 
g a m m a - p h a s e t r a n s f o r m a t i o n i s b e i n g s o u g h t b y m e a n s of m i c r o h a r d n e s s 
a n d X - r a y m e a s u r e m e n t s . 

T y p e 4 4 0 C s t a i n l e s s s t e e l a l s o a p p e a r e d t o b e r e l a ­
t i v e l y u n a f f e c t e d b y e x p o s u r e t o z i n c v a p o r a s d e t e r m i n e d b y m e t a l l o -

g r a p h i c e x a m i n a t i o n . T h e p h o t o m i c r o g r a p h s 
Figure 18 i n d i c a t e a s u r f a c e p e n e t r a t i o n of a b o u t 2 m i l s ; 

WEIGHT AND DIMENSIONAL CHANGES ^ ° " ^ ^ ^ ^ ^^^^^^^^ ^ ^ ^ d i s c e r n i b l e . 
OF STAINLESS STEEL COUPONS AFTER 
EXPOSURE TO ZINC VAPOR AT 900 C 

Original coupons were 1 in. long, 
5/16 in. wide, 50 mils thick, 
and weighed about 2 g. 
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347—;: 
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W e i g h t a n d d i m e n s i o n a l c h a n g e s of t h e 
s t e e l c o u p o n s a r e s h o w n i n F i g u r e 18 . L a r g e 
c h a n g e s o c c u r r e d in t h e d i m e n s i o n s a n d 
w e i g h t s of T y p e s 3 0 4 , 3 4 7 , a n d t h e 4 4 0 C s t e e l s . 
B y c o m p a r i s o n , t h e c h a n g e s in T y p e 4 0 5 w e r e 
s m a l l . D e s p i t e t h e s e r e s u l t s , w h i c h w e r e o b ­
t a i n e d i n l o n g - d u r a t i o n t e s t s a t a h i g h t e i n -
p e r a t u r e , a l l of t h e s t e e l s c o u l d p r o b a b l y b e 
u s e d i n e x p e r i m e n t a l a p p a r a t u s w h e r e t h e e x ­
p o s u r e s t o z i n c v a p o r a r e r e l a t i v e l y s h o r t . 
H o w e v e r , t h e T y p e 405 s t a i n l e s s s t e e l a p p e a r s 
d e f i n i t e l y s u p e r i o r t o t h e o t h e r s i n w i t h s t a n d ­
i n g c o r r o s i v e a t t a c k b y z i n c v a p o r . B o t h of 
t h e 4 0 0 s e r i e s s t e e l s ( T y p e s 4 0 5 a n d 4 4 0 C ) 
o f f e r b e t t e r c o r r o s i o n r e s i s t a n c e t o z i n c 
v a p o r t h a n d o t h e 300 s e r i e s s t e e l s , w h i c h 
s u f f e r a t t a c k b y n i c k e l l e a c h i n g . 

g . S u p p o r t i n g C h e m i c a l I n v e s t i g a t i o n s 

( R . K . S t e u n e n b e r g ) 

L i q u i d m e t a l s a n d m o l t e n s a l t s a r e b e i n g u s e d e x t e n s i v e l y 
i n t h e d e v e l o p m e n t of p y r o m e t a l l u r g i c a l p r o c e s s e s f o r E B R - I I f u e l . 

''HanseE, M., and Anderko, K.. Constitution of Binary Alloys, McGraw-Hill Book Co., Inc., 
New York. N. Y. (1958). 
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Fundamental chemical studies of these ma te r i a l s a re needed to supply data 
for p rocess use and to gain a fuller understanding of the principles involved. 
Work on this p rog ram during the quar ter has been devoted principally to the 
reactions of uranium oxides in molten chloride solvents, and to a rede termin­
ation of the ca lc ium-zinc phase d iagram. 

(l) Reactions of Uranium Oxides in Molten Chloride Media 
( M . D . Adams, D. A. Wenz) 

In previous reac tor fuel-processing studies, the effec­
t iveness of uranium oxide reduction by magnes ium-zinc alloys was found to 
depend markedly upon the composition of molten sal ts used as fluxes (see 
ANL-6287, p. 51). Magnesium chloride proved to be a par t icular ly bene­
ficial flux constituent. The react ions of uranium oxides in molten chloride 
media have been investigated further in an effort to in te rpre t these r e s u l t s . 

It was repor ted previously (see ANL-6569, p. 54) that 
a soluble uranium (v) spec ies , believed to be UOj ion, is formed upon the 
addition of the higher uranium oxides to molten chloride sa l t s . The absorp­
tion spect rum of this species in the visible and nea r - in f ra red regions differs 
decidedly from the spec t ra of uranium (ill) chloride, uranium (iV) chloride, 
and uranyl (Vl) chloride (see Figure 19). More recent observations have 
shown that the same uranium (V) spec t rum is observed when uranyl (Vl) 
chloride is added to molten chloride solvents at elevated t e m p e r a t u r e s . 
This resul t is at t r ibuted to the thermal decomposition of uranyl chloride 
via the react ion 

UO2CI2 (solution) ^ UO2CI (solution) + 1 CI2 (1) 

Figure 19 

ABSORPTION SPECTRA OF VARIOUS URANIUM SPECIES 
IN MOLTEN CHLORIDE SOLVENTS 

1100 1300 
WAVELENGTH, m/i 
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Several exper imental r esu l t s tend to support Reaction 1, 
which is wri t ten as an equi l ibr ium. The behavior of uranyl (Vl) chloride at 
var ious t empe ra tu r e s in equimolar l i thium chlor ide-potass ium chloride and 
in the sodium chlor ide-potass ium chlor ide-magnes ium chloride eutectic was 
examined by spectrophotometr ic methods . The spec t ra of uranyl (Vl) chlo­
ride added to both solvents were measu red at 500, 600, 700, and 800 C in 
sealed quartz ce l l s . In both sys tems the absorbance at t r ibuted to uranium (v) 
inc reased progress ive ly with increas ing t e m p e r a t u r e . The inc reases in the 
absorbances in the t e rna ry eutectic sal t , which were somewhat l a rge r than 
in the binary salt , a r e presented in Figure 20. At constant t empera tu re the 
spect ra did not change with timie. These resu l t s a r e believed to reflect the 
t empera tu re dependence of Reaction 1. 

Figure 20 

EFFECT OF TEMPERATURE ON THERMAL DECOMPOSITION 
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A further indication of the revers ib i l i ty of Reaction 1 
was obtained from an exploratory experiment in which the absorbance was 
measu red as the chlorine p r e s s u r e over the molten chlorides was var ied 
(see Figure 21). When chlorine evolved by the decomposition react ion was 
f i rs t reinoved by evacuating the cel l , a continuous inc rease in the 



absorbance of the uran ium (V) spec t rum was evident. Conversely, when 
chlorine at a p r e s s u r e of 500 m m was la ter added to the cel l , the uranium (v) 
spect rum almost d isappeared . The family of curves presented in Figure 21 
shows an i sosbes t ic point* at about 590 m/i, which implies the presence of 
two absorbing species with a constant total concentration. The two species 
a r e probably UO2 and UO2 ions . 

Figure 21 

EFFECT OF CHLORINE REMOVAL ON THERMAL 
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Future exper imenta l work on this problem is expected 
to include molar absorptivi ty determinat ions for the uraniuin (V) spec t rum. 
Provis ions a r e also being made to prove the stoichiometry of Reaction 1 by 
measur ing the ainount of chlorine evolution associated with inc reases in the 
uranium (v) absorbance . Equil ibr ium constants AAd.ll then be determined by 
varying the chlorine p r e s s u r e over the sa l t . 

*Isosbest icpoint : It frequently happens that species existing in chemical 
equil ibrium have overlapping optical absorption bands, so that their 
curves of molar absorpt ivi ty vs wave length in tersec t at a par t icular 
wavelength. This point of in tersect ion is called the isosbest ic point. 

http://AAd.ll
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(2) Phase Diagram of the System Calc ium-Zinc 
( A . F . Messing, M. D. Adams) 

Liquid ca lc ium-zinc alloys a re being considered as 
media for the separa t ion of uran ium and plutonium from r a r e ear th fission 
products (see ANL-6596, p. 58). During the course of invest igat ions, the 
presen t ly accepted phase d iag ram for the ca lc ium-zinc sy s t em" was found 
to be in e r r o r . A rede te rmina t ion of the major features of the d iag ram was 
therefore undertaken, by means of differential t he rmal analysis p r ima r i l y . 
Supplemental information was obtained from X-ray diffraction data from 
the solid phases , and from vapor p re s su re -compos i t i on i so the rms d e t e r ­
mined by effusion techniques . 

Prev ious t he rma l analys is studies of the ca lc ium-zinc 
s y s t e m ' indicated the occur rence of five compounds: Ca4Zn, Ca2Zn3, CaZn4, 
CaZn^o, and possibly CaZn. Fur the r investigations by microscopic methods •'•'̂  
showed the occur rence of compounds Ca5Zn2, Ca2Zn3, CaZn4, and CaZn^). 
More recen t X- r ay and microscop ic resu l t s have indicated that the compounds 
in the z inc - r i ch region of the sys tem a re CaZn2 instead of Ca2Zn3, •'••'•'•'•̂  CaZns 
instead of CaZn4, ' -̂  and CaZni3 ins tead of CaZnig--^ '̂•'• '̂•'•'̂  Hansen and 
Anderko° p resen t a comiposite phase d iag ram which is based on the data of 
Donski" and P a r i s , •'•̂  and is supplemented by the more recent w o r k - H ' l ^ 

The zinc and ca lc ium used in the exper imenta l d e t e r ­
minations were purified separa te ly by sublimation under reduced p r e s s u r e 
and collection on a cold f inger . A heliumi a tmosphere was used in all of the 
operat ions until the ca lc ium-z inc samples were p repa red for chemical 
analys is after the t h e r m a l analysis de te rmina t ions . 

Emiss ion spect rographic analysis of the zinc showed 
no impur i t i e s in concentra t ions above the l imi ts of detect ion. Emiss ion 
spec t rographic and chemical analyses showed l e s s than 0.1 w/o total 
ba r ium and s t ront ium in the purified ca lc ium. No other meta l l ic impur i t ies 
were p resen t in concentra t ions g rea t e r than 80 ppm. The ni trogen content 
of the ca lc ium was 24 ppm, and the hydrogen content 200 ppm. 

Q 

"Hansen, M., and Anderko, K., Constitution of Binary Alloys, 2nd ed., 
McGraw-Hil l Book Company, Inc., New York (1958), p . 65. 

^Donski, L. , Z. Anorg. Chem. ^ , 185 (1908). 

1 0 p a r i s , R . , Publ . Sci. Tech. Min. Air (France) 45, 41 (1934). 

^ ^ a u c k e , W., Z. Anorg. Chem. 244, 17 (1940). 

l^Wieting, J. , Naturwissenschaf ten 48, 401 ( l96 l ) . 

l^Nowotny, H., Z. Metal lk. 34, 247 (1942). 

l ^Kete laa r , J. A. A., J . Chem. Phys._5, 668 (1937). 
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The differential the rmal analysis apparatus was a 
modified vers ion of a unit designed by Boe r sma- l^ The samples were 
contained in smal l tantalum c ruc ib les , and a helium atmosphere was ma in ­
tained in the sys tem at a small positive p r e s s u r e . Aluminum oxide and 
sodium chloride were used as reference samples . The equipment was 
cal ibra ted with sodium chloride (m.p. 800.4 C), sodium molybdate 
(m.p. 687 C) and zinc (m.p. 419.5 C). The precis ion of the measu remen t s 
was + 2 C, and the accuracy was es t imated to be within ± 5C. 

Each sample of ca lc ium-zinc alloy was p repared by 
weighing the components into the tantalum cruc ib les . Both open and sealed 
crucibles were used, and identical r e su l t s were obtained. Each sample 
was cycled through the t empera tu re range of in te res t at leas t twice, and 
at the conclusion of the the rmal analysis me a s u re me n t s , cer ta in samples 
were selected for X-ray diffraction s tudies .* The redetermined phase 
d iagram of the sys tem is presented in Figure 22. 

F igure 22 
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In 100 percent calcium and at very low zinc concen­
t ra t ions (<5 a /o ) , calcium t rans i t ions were found in the solid. Increases 
in the t e m p e r a t u r e s of these t rans i t ions associa ted with the presence of 
smal l amounts of hydrogen in the ca lc ium were consistent with the 

ISBoersma, S. L., J . Am. C e r a m . Soc. 38, 381 (1955). 

*X-ray diffraction data provided by R. V. Schablaske and B. S. Tani. 



observat ions of Pe te r son and F a t t o r e . At higher zinc concentra t ions , 
however , the p resence of hydrogen in smal l concentrat ions appeared to 
have no effect on the r e s u l t s . 

In the region from zero to 50 a /o zinc, the X- ray 
pa t te rns of the alloy samples were i l l -defined. F u r t h e r m o r e , the vapor 
p r e s s u r e of the sys tem in this composit ion region is too low to obtain r e ­
l iable effusion m e a s u r e m e n t s . With the the rma l analysis and X- ray resu l t s 
avai lable , however, it was possible to dist inguish three compounds. At 
about 25 a /o zinc, evidence was found for a compound melt ing incongruently 
at 394 C and having the probable composit ion Ca3Zn. A second compound 
at 35 to 37 a /o zinc and having the probable composit ion Ca7Zn4 mel ts in ­
congruently at 414 C. The l owes t - t empe ra tu r e eutectic in the sys tem, at 
27.4 a /o zinc and 391 C, falls between these two compounds. In the region 
of 49 to 5 1 a / o zinc, a compound indicated by these as well as e a r l i e r 
s tudies to be CaZn"'-"--^ mel t s incongruently at 439 C. 

The composit ion region from 50 to 100 a /o zinc was 
at f i r s t believed to have been well defined by previous work. The compounds 
CaZnj, CaZng, and CaZni3 were confirmed by comparing X- r ay pat terns 
f rom powder compacts of these composit ions with published in forma­
tion. ^ ^ »l^'•'•4 However, CaZng, which mel t s at 695 Cg ex is ts not as a line 
compound, but over a n a r r o w composit ion range . Also, CaZni3 mel t s in ­
congruently at 669 C, r a the r than congruently as previously r e po r t e d . ° 
The melt ing point of CaZn2 was found to be 704 C instead of 688 C 

Two new compounds were found in the z inc - r i ch 
region: One has the composit ion CaZn^i and mel t s congruently at 724 C; 
the other has the probable coinposit ion Ca7Zn2o. Comparison of the X-ray 
pat tern for CaZnn with those r epor t ed in the l i t e r a tu re for s imi l a r com-
pounds •'• indicates a body-centered te t ragonal s t r u c t u r e . This is very 
l ikely the compound l is ted as CaZnio by Donski^ and P a r i s . The second 
compound, believed to be Ca7Zn2o, appears at about 74 a /o zinc, and the 
X- ray data indicate 26 to 28 a toms per unit cel l . This compound mel t s 
incongruently at 642 C. 

The effusion m e a s u r e m e n t s , * which were successful 
above about 50 a tom percent zinc, were in general agreement with the 
d iag ram in F igure 22. The compounds CaZng, CaZns, C a Z n ^ , and CaZni3 
were confirmed. No break was observed in the vapor p r e s su re -compos i t i on 
i s o t h e r m s for the compound Ca7Zn2o- This observat ion does not neces sa r i l y 
disprove the exis tence of the compound, however, since s imi la r free energies 
of formation for Ca7Zn2o and CaZns could account for this r e s u l t . 

l ^ P e t e r s o n , D. T., and F a t t o r e , V. G., J . Phys . Chem. 65., 2062 ( l96 l ) . 

^"^Sanderson, M. J. , and Baenziger , N. C , Acta Crys t . _6, 627 (1953). 

*Effusion measuremients per formed by E. Veleckis . 
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Two eutect ics were found in the z inc - r i ch portion of 
the d iagram, one between Ca7Zn2o and CaZns at 76.4 a /o zinc and 638 C, 
and the other between CaZns and CaZn^x at 86.4 a /o zinc and 690 C. 

h. Supporting Engineering Studies 
( L . B u r r i s , J r . ) 

Engineering studies of liquid metal sys tems a re in p r o g r e s s , 
principal ly in the a r e a s of dist i l lat ion, heat t r ans fe r , and m a s s t r ans fe r . 

(l) Metal~disti l lat ion Studies 

(a) Pe r fo rmance of L a r g e - s c a l e Cadmium-dis t i l la t ion 
Unit 
( j . F . Lenc, P . A. Nelson, and J. Arntzen) 

Operation of the l a r g e - s c a l e cadmium-dis t i l la t ion 
unit (for descr ipt ion see ANL-6379, p. 95) was continued during the past 
quar te r to gain additional operating data and to evaluate the performance of 
the var ious components of the unit . This unit has a feed tank capacity of 
750 kg of cadmium and is capable of disti l l ing about 100 kg of cadmium per 
hour , 

In a previously repor ted cadmium-dis t i l la t ion run 
(see ANL-6569, p. 5 7, Run 25), cons iderable entra inment of liquid cadmium 
(est imated to be about 15 percent) was suspected because of an unexpectedly 
high apparent ra te of dis t i l la t ion. Attempts have subsequently been made to 
de te rmine the extent of en t ra inment of liquid cadmium through use of tin, a 
nonvolatile solute, at a nominal one percent concentration in the cadmium in 
the dist i l lat ion crucible (see ANL-6596, p . 79). The extent of entra inment 
was de termined from tin analyses of the d is t i l la te . 

The extent of ent ra inment was measu red in six 
runs in which the apparent ra te of evaporation was var ied from 25 to 90 kg /h r 
(see Table 14). Only at a dist i l lat ion ra te of 90 kg /h r (Run 32) did en t r a in ­
ment of liquid cadmium in cadmium vapor (5 to 8 percent of the cadmium 
collected) begin to approach the 15 percent es t imated for Run 25 (apparent 
dist i l lat ion ra te of 102 k g / h r ) . No consis tent pat tern of ent ra inment is 
evident at lower dis t i l la t ion r a t e s . It is possible that bumping begins to 
occur as high dist i l lat ion ra t e s a r e approached (above about 85 kg of cad­
mium per hour) and causes the l a rge ent ra inment values that were observed 
or es t imated in Runs 25 and 32. 

It has been observed, as expected, that power 
efficiencies i nc r ea se as the dist i l lat ion r a t e i n c r e a s e s . Also a high en t ra in ­
ment r a t e , as exper ienced in Run 32, would be expected to inc rease the 
apparent power efficiency. (The apparent ly high power efficiency in Run 25 
is the bas is for assuming that cons iderable entra inment occur red in that 



r u n . ) The low power e f f ic iency a c t u a l l y found in Ru^ 32 i s , t h e r e f o r e , 
a n o m a l o u s and p r e s e n t l y no t u n d e r s t o o d . 

Table 14 

ENTRAINMENT OF CADMIUM IN LARGE-SCALE DISTILLATION UNIT 

(The unit was previously described in ANL-6379, p. 95. 
All distillations were conducted at near 30 mm of p r e s ­
sure and at corresponding tempera tures between 553 and 
562 C. About 200 kg of cadmium was distilled in each run.) 

Power (kw) 

Run 
No. 

25 
26 
27 
28 
30 
31 
32 

Input 

35 
20 
22.5 
18 
30 
35 
40 

Calcd from 
Rate of 

Distillation 

26.8 
9.6 

11.1 
6.7 

18.2 
22.7 
23.7 

Calc 
Loss 

8.2 
10.4 
11.4 
11.3 
11.8 
12.3 
16.3 

Apparent 
Rate of 

Distillation 
(kg/hr) 

102 
36.7 
42.8 
25.4 
69.5 
86.5 
90.0 

Apparent 
Power 

Efficiency 
(%) 

77 
48 
50 
37 
61 
65 
59 

Liquid 
Entrainment 

(% of Cd 
Collected)^ 

_b 

2.5 
1.5 

0.1-0.8 
0.4 
0.8 

5.0-8.0 

^Tin was present as a monitor at a nominal one percent concentration in the 
cadmium in the distillation crucible. The extent of entrainment was deter­
mined by analysis of the distillate for tin. 

"No tin was present in this run. The extent of entrainment was estimated to 
be about 15 percent from a comparison of the power efficiency with that of 
other similar runs . 

Al though not s ign i f i can t f r o m a power ef f ic iency 
s t andpo in t , the e n t r a i n m e n t s o b s e r v e d in Runs 26 t h r o u g h 31 would be e x ­
c e s s i v e if the ob jec t ive of the d i s t i l l a t i o n w e r e e i t h e r the r e c o v e r y of a 
nonvo la t i l e so lven t o r p u r i f i c a t i o n of the m a t e r i a l be ing d i s t i l l e d . T h e r e ­
f o r e , d e s i g n and t e s t i n g of one o r m o r e d e e n t r a i n m e n t d e v i c e s in the 
l a r g e - s c a l e c a d m i u m - d i s t i l l a t i o n uni t i s p l anned . 

(b) Study of M e c h a n i s m s of L iquid M e t a l Boi l ing and 
E n t r a i n m e n t 
(J . Wolkoff, L . F . D o r s e y ) 

The boi l ing and e n t r a i n m e n t p h e n o m e n a in a q u e o u s 
s y s t e m s h a v e been s t u d i e d e x t e n s i v e l y and cont inue to p r o v i d e f e r t i l e a r e a s 
for fundamen ta l i n v e s t i g a t i o n s . C o m p a r a b l e s t u d i e s wi th l iquid m e t a l s a r e 
r e l a t i v e l y s c a r c e even though l iquid m e t a l s y s t e m s h a v e b e c o m e t e c h n i c a l l y 
i m p o r t a n t in r e c e n t y e a r s a s h e a t t r a n s f e r a g e n t s and a s s o l v e n t s for 
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pyrometa l lurg ica l p r o c e s s e s . The na ture and magnitude of the boiling and 
entra inment phenomena in liquid meta l sys tems may differ significantly 
from those in aqueous sys tems as the physical proper t ies (e.g., the rmal 
conductivity and surface tension ) known to affect these phenomena differ 
for the t-wo types of s y s t e m s . 

Vaporization from a vapor-l iquid interface with­
out formation of vapor bubbles (here called nonturbulent vaporization) is 
being studied with m e r c u r y in glass equipment. Vapor formed under these 
conditions should be free of entrained droplets of liquid which a r e en­
countered in normal boiling (where vapor bubbles form below the surface, 
r i s e , and break through the liquid surface , creat ing liquid droplets) . Al ­
though nonturbulent vaporization can take place at low heat fluxes with most 
l iquids, it should be possible to achieve high ra tes of nonturbulent vapor i ­
zation at correspondingly high heat fluxes with many liquid me ta l s . This 
possibi l i ty a r i s e s from the good the rmal conductivity of meta ls and from 
the re la t ively high density of many m e t a l s . A high density causes the boi l ­
ing tenaperature to inc rease rapidly with increased distance from the liquid 
meta l surface . In addition, other fac tors , such as surface tension and 
bubble nucleation tendencies , a r e also important . 

Additional studies have been made with the glass 
boiling loop (see Figure 23). In these and previous studies, the m e r c u r y 
pools of two contrast ing geometr ies were heated by res i s t ance or induction 

Figure 23 
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heat ing. The runs consis ted of vaporizing, condensing, and re turning the 
m e r c u r y to the pool by gravity in a c losed- loop sys tem. The rec i rcu la t ion 
r a t e was m e a s u r e d by means of a ca l ibra ted tube with a smal l orifice through 
which the condensate passed . 

The f i rs t m e r c u r y pool used was re la t ively shallow 
(l™ in. deep and 2— in. in d iamete r ) . The maximum nonturbulent vapor i za ­
tion ra te achieved by r e s i s t ance h e a t e r s before onset of bumping was 
55,000 Btu/(hr)(sq ft), as was previously repor ted in ANL-6569, p . 59. This 
r a t e is equivalent to the vaporizat ion of 2.1 lb -moles of m e r c u r y per hour 
per sq ft. This shallow-pool geometry is not conducive to heat t r ans fe r to 
the surface by na tura l convection. 

With a geometry more conducive to na tura l con­
vection (a 1- in . -diameter by 8—-in.-deep pool heated by cyl indrical r e s i s t ­
ance hea t e r s ) , nonturbulent vaporizat ion r a t e s of about 110,000 Btu / (h r ) ( sq ft) 
were achieved (see ANL-6596, p. 80). 

In recent runs it was found that the ra te of non­
turbulent vaporizat ion froin a shallow pool could be inc reased considerably 
by s t i r r ing the miercury during vaporizat ion to inc rease the r a t e of heat 
t r ans fe r to the m e r c u r y sur face . A flat, four - tu rn induction coil of 3-in. 
inner d iameter (see Figure 23) operating at a frequency of 10 kc provided 
both the heat and the mixing power to a l - i - in . -deep pool of m e r c u r y . The 
sys t em p r e s s u r e was low (l to 10 m m Hg), and the t empe ra tu r e of the m e r ­
cury just beneath the boiling surface was 177 C. Under these conditions, 
nonturbulent vaporizat ion r a t e s as high as 103,000 Btu/(hr)(sq ft) were 
a t ta inable . 

When the boiling r a t e was fur ther inc reased , some 
vapor bubbles began to form within the pool. The liquid droplets which 
formed as the vapor bubbles emerged were vis ib le . However, even at vapo r ­
ization r a t e s as g rea t as 167,000 Btu/(hr)(sq ft), the ra te of droplet formation 
was low and most of the m e r c u r y vaporized nonturbulently. The changeover 
from nonturbulent boiling to turbulent boiling under these conditions was 
gradua l . 

Other methods of improving the heat flow within 
the liquid meta l pool will be studied. Methods a r e also being devised for 
measur ing the degree of en t ra inment occur r ing in the two boiling r eg imes 
(nonturbulent boiling and turbulent boiling). 

(2) Mass Transfer in Agitated Metal Systems 
( R . D . P i e r c e and S. A. Miller*) 

The influence of agitation on the ra te of solution of 
smal l metal cyl inders in a liquid meta l solvent is being invest igated. In 

*Consultant and s u m m e r professor f rom Rochester Univers i ty . 



the cu r ren t exper imen t s , smal l u ran ium cyl inders a r e being dissolved at 
500 C in cadmium contained at a depth of 5 in. in a 5-in.-ID flat-bottom 
cylindrical Type 304 s ta in less s teel tank equipped with four ver t i ca l 
0,5-in.-wall baffles which extend to 0.5 in. above the tank bottom. The 
agitator (Type 304 s ta in less steel) is a two-blade, 45-degree-pi tched paddle 
rotated to deflect downward and located coaxially within the tank; its lower 
edge is 1.25 in. above the tank bot tom. The paddle is 2.5 in. long (tip to 
tip) and 0.625 in. wide (measured in the plane of the blade). The uranium 
right cyl inders (which were of two s i zes , 7 mm in diameter and 7 mm long, 
and 4 m m in d iameter and 4 m m long) were cut from cast uranium rods so 
that c rys ta l orientat ion would be random and were wetted with zinc pr ior to 
use to insure an oxide-free surface for dissolution. 

In each exper iment , the agitator speed was f i r s t adjusted 
to the des i red value, and then the u ran ium cylinders were quickly added to 
the solute-free cadmium and a t imer simultaneously s ta r ted . Samples of 
the solution were withdrawn through graphite f i l ters into Pyrex sample tubes 
at appropr ia te t ime in terva ls and subsequently were analyzed for uranium 
concentrat ion. F r o m the resul t ing data, solution ra te coefficients were 
calculated for each des i red t ime in te rva l . 

After an equa l - sca le simulation model of glass cylin­
ders in water was observed and appropr ia te density cor rec t ions were made, 
it was concluded that at s t i r r ing speeds below about 450 rpin the 7-mm u r a ­
nium cyl inders would not be suspended in cadmium but that suspension 
would be complete above about 1100 r p m . The corresponding values for 
4 - m m cyl inders a r e 390 rpm and 1100 r p m . 

Solution ra te coefficients obtained to date a re presented 
in Figure 24, in which the in tegrated mean solution ra te coefficient k j^ , ex­
p re s sed as g r a m - a t o m s solute/(min)(sq cm of interfacial area)(g solute /g 
solvent), is plotted against the agitator speed. It is hoped that ul t imately 
the data can be co r re l a t ed by d imensionless groups to provide g rea te r 
utility for sca le -up or for application to other s y s t e m s . 

The data in F igure 24 show two reg imes of solution 
r a t e s for the 7-mm cy l inders . In one reg ime of slow solution r a t e s at 
s t i r r ing r a t e s of 400 rpm and below, the cyl inders a r e not suspended but 
may be in motion on the bottom of the tank. In the other reg ime of app re ­
ciably fas ter solution r a t e s at s t i r r ing r a t e s above about 500 rpm, suspension 
of cyl inders begins, with the degree of suspension increas ing with s t i r r ing 
speed. P resumably , the re is a t rans i t ion region between these r e g i m e s . In 
both r e g i m e s , the ra te of solution i n c r e a s e s with s t i r r e r speed. 

Most of the runs were made with charges of seventy 
7-mm by 7 -mm cyl inders , but a few runs were made with different numbers 
of cyl inders in o rde r to invest igate the effect of par t ic le population. Little 



88 

effect of par t ic le population was found in runs made with 35, 114, and 
100 cy l inders . The solution r a t e s for the 4 - m m cyl inders (388 cyl inders 
per run) were slightly higher than those for the 7-mm cy l inders . 

F igure 24 
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A few miore runs a re planned with the 4 - m m and 
7-mm cy l inders . Then the p r o g r a m will be concluded by making a few 
runs with 9-mm cy l inders . 

4 . Reactor Mater ia ls 
( R . K . Steunenberg) 

Pyrometa l lurg ica l p rocedures offer considerable p romise as 
s imple , economical methods for producing ma te r i a l s suitable as nuclear 
fuel. One method of synthesizing re f rac to ry compounds of in t e re s t as 
h igh-performance reac to r fuels is by adding carbon, si l icon, or other e l e -
m.ents to liquid meta l solutions of the actinide me ta l s . The product p r e ­
cipitates from solution and is recovered by suitable phase -separa t ion and 
re tor t ing techniques . Other methods for the prepara t ion of re f rac to ry 
compounds, such as carbides and sulfides, a re also being invest igated. 
An effective procedure for the prepara t ion of metal l ic fuel ma te r i a l s is 
the d i rec t reduction of actinide oxides, ch lor ides , or fluorides from a 
molten halide flux by liquid metal solutions containing naagnesium. 
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The work during the past quar te r has been concentrated mainly 
on the p repara t ion of u ran ium sulfide, the construct ion of a h igh- in tegr i ty 
drybox to be used for the prepara t ion of uran ium carbide and plutonium 
carb ide , the production of thor ium metal d i rect ly from the oxide, and the 
d i rec t reduction of u ran ium ore concent ra tes to the meta l . 

a. P r epa ra t i on of Uranium and Plutonium Sulfides 
(S. Vogler, J. A. Tr ischan) 

Among the re f rac to ry compounds of uranium and plutonium 
which show p romise as h igh-per formance reac tor fuels, the oxides and c a r ­
bides have been invest igated the mos t extensively. Sulfides also appear to 
fulfill the n e c e s s a r y r e q u i r e m e n t s , and they a r e receiving increas ing 
attention as candidate m a t e r i a l s . The thermodynamic p roper t i e s of uranium 
monosulfide have been de te rmined recent ly by the effusion technique.•'•^ P r e ­
parat ive methods and meta l lu rg ica l propert ies '*^ and the therm.oelectric 
c h a r a c t e r i s t i c s 2 1 (see a lso ANL-6569, p . 158) of uranium monosulfide have 
also been invest igated. In view of the impor tance of these ma te r i a l s as 
potential r eac to r fuels, p repa ra t ive methods for uranium monosulfide a r e 
being examined. A subsequent objective will be to extend the techniques to 
the synthesis of plutonium monosulfide. 

Uranium monosulfide can be p repa red by the d i rec t combin­
ation of powdered u ran ium and sulfur, but the react ion is strongly exothermic 
and can become v io len t . ' ^ The p repara t ive method used by Eas tman and c o ­
w o r k e r s , " chosen for our init ial work because it is simple and has been 
amply demons t ra ted , cons i s t s of th ree s t eps : ( l) bulk uraniuna is hydrided 
and dehydrided seve ra l t i m e s to produce a finely divided, react ive uranium 
meta l powder, (2) the u ran ium powder is heated with the s toichiometr ic 
quantity of hydrogen sulfide requ i red to fo rm uranium monosulfide, and 
(3) the react ion m a s s , consis t ing of unreacted uranium metal and higher 
u ran ium sulfides, i s ground, s ieved, and heated in vacuum to about 2000 C 
to fo rm homogeneous u ran ium monosulf ide. 

^^Loch, L. O., Engle, G. B, , Snyder, M. J. , and Duckworth, W. H., 
Survey of Refrac tory Uranium Compounds, BMI-1124 (1956). 

"Ca te r , E. D., The Vaporizat ion, Thermodynamics and Phase Behavior 
of Uranium Monosulfide, ANL-6140 (i960). 

'•^Shalek, P . D., Fabr ica t ion and P r o p e r t i e s of US and ThS Bodies, 
T r a n s . Am. Nucl. Soc. ^ ( l ) , 244 (1962). 

'^J-Blankenship, W. P . , P r e pa ra t i on and P r e l i m i n a r y Thermoelec t r i c 
Evaluation of Uranium Chalcogenides, WCAP-1866 (Oct 1961). 

22Eastman, E. D., B rewer , L., Bromley , L. A., Gil les , P . W., and 
Lofgren, N. A., J . Am. Chem. Soc. 72, 4019 (1950). 
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The n e c e s s a r y equipment for ca r ry ing out these steps has 
been constructed in such a way that the equipment can la ter be used for the 
prepara t ion of plutonium sulfides with min imum modification. A few p r e ­
l iminary prepara t ions of uraniuin monosulfide have been performed in o rde r 
to t e s t the appara tus and techniques . 

b . Reduction of Thorium Dioxide 
(A. V. Har iharan ,* J. B. Knighton, J . W. Walsh) 

Attempts a r e being made to develop a prac t ica l method for 
the d i rec t reduction of thor ium dioxide to the meta l by means of the liquid 
metal- f lux technique. The thor ium dioxide, suspended in a molten halide 
flux of the proper composit ion, is reduced by a liquid magnes ium-z inc alloy. 
Resul ts have been repor t ed previously (see ANL-6477, p. 40; ANL-6569, 
p. 66 | ANL-6596, p. 91) on the effects of flux composit ion, t empera tu re , and 
mixing r a t e of the flux and meta l phases on the reduction react ion. In the 
l abo ra to ry - sca l e equipment used for these exper iments , a react ion t ime of 
about 4 hr was n e c e s s a r y to achieve complete reduction of the oxide at a 
t e m p e r a t u r e of 800 C and a mixing ra te of 800 rpm. In these exper i inents , 
the final thor ium concentrat ion in the metal phase upon complete reduction 
was 1.0 w /o , and the flux was composed of 75 m / o calc ium chlor ide , 
15 m / o magnes ium chlor ide , and 10 m / o calcium fluoride. 

During the past quar te r the effects of the following 
var iab les on the reduct ion react ion have been invest igated: (l) agitation 
of the f lux-metal sys t em, (2) calcination of the thor ium dioxide, (3) the 
final thor ium concentrat ion in the meta l phase , (4) magnes ium concent ra ­
tion in the metal phase , and (5) the quantity of flux used. The solubility 
of thoriuin meta l in z inc -magnes ium solutions was also determined in the 
composit ion range of i n t e r e s t . 

Agitati on 

Resul ts p resen ted in the previous qua r t e r ly r epor t 
(ANL-6596, p . 91) showed that efficient mixing is requ i red in order to 
achieve sa t i s fac tory reduct ion r a t e s . The e a r l i e r data at 200, 400, 600, 
and 800 r p m have been extended to include a reduction ra te curve at 
1000 rpm (see F igure 25). It is c lear that the t ime requi red for complete 
reduction is dec reased considerably by increas ing the mixing ra te to at 
l eas t 1000 rpm in the l abo ra to ry - sca l e equipment used for the exper iments . 
Although these data a r e unlikely to be d i rec t ly applicable in scaling up the 
p r o c e s s , they indicate that efficient mixing will be a p r i m a r y considerat ion 
in equipment on a l a r g e r s ca l e . 

^Affiliate, Internat ional Institute of Nuclear Science and Engineer ing. 



Figure 25 
EFFECT OF MIXING RATE ON THE REDUCTION 

OF THORIUM DIOXIDE 

600 g alloy 

Conditions 
Zinc 570 g T 
Magnesium 30 g j 

Flux; 300 g (75 m/o CaClg-lS m,/o MgCl2-
10 m/o CaF2) 

ThOo: 6.83 g (to give a 1 w/o alloy on com­
plete reduction) 

Temp: 750 C 

Crucible: tantalum 

Agitator: tantalum paddle 1 1/2 in. wide x 
3/4 in. high x 50 mils thick; located 
1/8 to 9/16 in. from bottom of 
crucible. 

Atmosphere: argon 

C a l c i n a t i o n of T h o r i u m D i o x i d e 

It i s l i k e l y t h a t e i t h e r c a l c i n e d o r u n c a l c i n e d t h o r i u m d i ­
o x i d e c o u l d b e u s e d a s a f e e d m a t e r i a l f o r t h i s p r o c e s s . T h e c a l c i n e d 
m a t e r i a l i s o b t a i n e d b y h e a t i n g t h o r i u m o x a l a t e t o 1000 C ; t h e u n c a l c i n e d 
i n a t e r i a l i s p r e p a r e d b y h e a t i n g t h e o x a l a t e t o 350 C . It w a s c o n s i d e r e d 
p o s s i b l e t h a t s o m e s i n t e r i n g o c c u r s a t 1000 C , w i t h a r e s u l t i n g d e c r e a s e 
i n t h e s u r f a c e a r e a a v a i l a b l e f o r r e a c t i o n . R e d u c t i o n r a t e s f o r t h e t w o 
t y p e s of t h o r i u m d i o x i d e w e r e m e a s u r e d u n d e r t h e f o l l o w i n g c o n d i t i o n s : 

Z i n c : 

M a g n e s i u m : 

F l u x : 

T h O , : 

5 7 0 g 

30 g 

3 00 g (75 m / o C a C l z -
15 m / o M g C l z " 
10 m / o C a F z ) 

6 .83 g ( c a l c i n e d a n d 
u n c a l c i n e d ) 

T e m p : 

M i x i n g R a t e : 

A p p a r a t u s : 

A t m o s p h e r e : 

800 C 

800 r p m 

t a n t a l u m 

a r g o n 

A l t h o u g h t h e u n c a l c i n e d t h o r i u m d i o x i d e a p p e a r e d to r e a c t s o m e w h a t f a s t e r 
i n t h e i n i t i a l s t a g e s of t h e r e d u c t i o n , a 4 - h r p e r i o d w a s r e q u i r e d f o r 100 p e r 
c e n t r e d u c t i o n of b o t h t y p e s of t h o r i u m d i o x i d e . 

F i n a l T h o r i u m C o n c e n t r a t i o n i n t h e M e t a l P h a s e 

In a l l of t h e p r e v i o u s e x p e r i m e n t s , t h e q u a n t i t y of t h o r i u m 
d i o x i d e a d d e d t o t h e s y s t e m w a s a d j u s t e d t o y i e l d a t h o r i u m m e t a l 
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c o n c e n t r a t i o n of 1.0 v^/o in the m e t a l p h a s e on c o m p l e t e r e d u c t i o n . A d d i ­
t i o n a l e x p e r i m e n t s h a v e now been p e r f o r m e d in which the f inal t h o r i u i n 
c o n c e n t r a t i o n s in the m e t a l p h a s e w e r e i n c r e a s e d to about 3 , 5, 7, and 
9 w / o . T h e s e e x p e r i m e n t s u t i l i z e d 600 g of z i n c - 5 w / o m a g n e s i u m , p lus 
the add i t i ona l a m o u n t of m a g n e s i u m r e q u i r e d to r e d u c e e a c h load ing of 
t h o r i u m d iox ide- The t e m p e r a t u r e w a s 800 C and the m i x i n g r a t e was 
800 r p m . Af ter a 4 - h r r e a c t i o n p e r i o d , the e n t i r e flux p h a s e w a s a n a l y z e d 
for t h o r i u m dioxide to d e t e r m i n e the ex ten t of r e d u c t i o n . 

One c o n s e q u e n c e of the h i g h e r t h o r i u m load ings in the 
s y s t e m w a s tha t h i g h e r c o n c e n t r a t i o n s of m a g n e s i u m c h l o r i d e w e r e n e e d e d 
in the flux to a c h i e v e c o m p l e t e r e d u c t i o n of the thor ium, d iox ide . The i n t e r ­
r e l a t i o n s h i p of the t h o r i u m load ing and the flux c o m p o s i t i o n i s shown in 
F i g u r e 26 . 

70 J L J I L 

^20 m/o Mg Gig 

J L 
I 2 3 4 5 6 7 8 9 
THORIUM CONCENTRATION, weight percgnt 

10 

Figure 26 

EFFECT OF FLUX COMPOSITION AND THORIUM 
CONCENTRATION ON THORIUM 

DIOXIDE REDUCTION 

Conditions 

Zinc-50 w/o magnesium (at end of reduction): 600 g 
Flux: 300 g (CaClg-MgClg-lO m/o CaPg) 
Temp: 800 C 
Mixing rate: 800 rpm 
Time: 4 hr. 
Atmosphere: argon 

T h e e f f e c t of t h e m a g n e s i u m c h l o r i d e c o n c e n t r a t i o n in t h e 
f l u x on t h e r e d u c t i o n of t h o r i u m d i o x i d e t o p r o d u c e 9 .1 w / o t h o r i u m i n 
z i n c - 1 0 w / o m a g n e s i u m w a s i n v e s t i g a t e d . T h e r e s u l t s of v a r y i n g t h e 
m a g n e s i u m c h l o r i d e c o n c e n t r a t i o n i n a c a l c i u m c h l o r i d e - m a g n e s i u m 
c h l o r i d e - 5 . 0 m / o c a l c i u m f l u o r i d e f l u x a r e s h o w n b e l o w : 

Magnesium 
in Flux 

30. 
35 . 
47 . 

Chlorj 
, m / o 

0 
0 
5 

de P e r c e n t Reduc t ion of 
T h o r i u m Dioxide 

94 
96 
99 

In t h e s e e x p e r i m e n t s the r e a c t i o n m i x t u r e w a s r a i s e d to a t e m p e r a t u r e of 
850 C a f t e r a 4 - h r r e d u c t i o n p e r i o d a t 800 C and the m i x t u r e was p o u r e d 
in to a m o l d . By us ing the z i n c - 1 0 w / o m a g n e s i u i n a l loy and p o u r i n g at 
850 C, p o u r i n g y i e l d s a s high a s 95 p e r c e n t w e r e p o s s i b l e . In a b a t c h -
type p r o c e s s , the 5 p e r c e n t h e e l r e m a i n i n g in the c r u c i b l e would b e c o m e 
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a p a r t of t h e c h a r g e f o r t h e f o l l o w i n g b a t c h . T o a c h i e v e f i n a l t h o r i u m c o n ­
c e n t r a t i o n s i n t h e r e g i o n of 9 w / o , m a g n e s i u m c h l o r i d e c o n c e n t r a t i o n s of 
a b o u t 4 7 . 5 t o 50 m / o a r e n e e d e d i n t h e f l u x . 

M a g n e s i u m C o n c e n t r a t i o n i n t h e M e t a l P h a s e 

T h e e f f e c t of m a g n e s i u m c o n c e n t r a t i o n i n t h e m e t a l p h a s e 
o n t h e r e d u c t i o n of t h o r i u m d i o x i d e i s i l l u s t r a t e d in F i g u r e 2 7 . A d i s t i n c t 
m a x i i n u m i n t h e c u r v e s h o w s t h a t t h e o p t i m u m m a g n e s i u m c o n c e n t r a t i o n 

l i e s in t h e r a n g e of 5 t o 10 w / o f o r 
t h e t w o s y s t e m s u s e d . T h e m a r k e d 
d e c r e a s e i n t h e e x t e n t of t h o r i u m 
d i o x i d e r e d u c t i o n a b o v e 10 w / o m a g ­
n e s i u m i s a t t r i b u t e d to t h e i n c r e a s ­
i n g a c t i v i t y of t h o r i u m in t h e l i q u i d 
m e t a l s o l v e n t . 

Q u a n t i t y of F l u x 

Figure 27 

EFFECT OF MAGNESIUM CONCENTRATION IN 
METAL ON THE EXTENT OF REDUCTION 

OF THORIUM DIOXIDE 

Conditions 

Zinc 1 600 g at end of reduction 
Magnesiumi (concentration varied) 
Flux: 300 g (composition as given in key) 
Th02: 68.27 g (to give a 10 w/o alloy ou 

lOOfo reduction) 

Crucible: Tantalum (baffled) 

Stirrer: Tantalum 

Atmosphere: Argon 

Reduction at 800 C for 4 hr, with liquid metal-
flux phases mixed at 800 rpm; equilibrated at 
850 C before pouring 
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WEIGHT PERCENT MAGNESIUM IN ZINC-MA6NESIUM 
SOLUTION AT THE END OF REDUCTION 

F i g u r e 28 shows the effect 
of v a r i a t i o n s in the quant i ty of flux 
on the p e r c e n t r e d u c t i o n of t h o r i u m 
dioxide and pou r ing y i e l d s . In t h e s e 
e x p e r i m e n t s 600 g of z i n c - 1 0 w ' o m a g ­
n e s i u m plus the amoun t of m a g n e s i u m 
r e q u i r e d to r e d u c e the 68 .3 -g c h a r g e 
of t h o r i u m dioxide was u sed with a 
flux c o n s i s t i n g of 47.5 n i / o c a l c i u m 
c h l o r i d e , 47.5 n i / o m a g n e s i u m c h l o ­
r i d e , and 5.0 m- o c a l c i u m f l u o r i d e . 
The extent of r educ t ion a f te r 4 h r 
d e c r e a s e d only s l igh t ly a s the amoun t 
of flux was d e c r e a s e d . Beyond the 
r a n g e c o v e r e d in t h e s e e x p e r i m e n t s , 
h o w e v e r , it i s s u s p e c t e d tha t t h e r e 
migh t be a c r i t i c a l a m o u n t of flux 
be low which the r e d u c t i o n d r o p s off 
s h a r p l y . Also shown on F i g u r e 28 i s 
the p e r c e n t a g e of the final t h o r i u m -
m a g n e s i u i n - z i n c a l loy tha t was r e ­
c o v e r e d by p o u r i n g . In g e n e r a l , b e t t e r 
p o u r s of the m e t a l p r o d u c t w e r e o b ­
t a ined when s m a l l e r quan t i t i e s of flux 
w e r e u s e d . 
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Figure 28 

EFFECT OF THE AMOUNT OF FLUX ON THE EXTENT OF REDUCTION OF 
THORIUM DIOXIDE AND ON TOURING YIELDS 

Conditions 

150 200 250 300 

FLUX WEIGHT, g 
380 

Zinc-10 w/o magnesium (at end of reduction): 600 g 

Flux: 47.5 m/o CaCl2-47.5 m/o MgCl2-5 m/o CaFg 

Th02: 68.3 g (to give 10 w/o alloy on complete reduction) 

Temp: 800 C 

Mixing rate: 800 rpm 

Time: 4 hr 

Atmosphere: argon 

Mixture heated to 850 C and poured. 

S o l u b i l i t y of T h o r i u m i n Z i n c - M a g n e s i u m S o l u t i o n s 

In t h e s t u d y of t h o r i u m l o a d i n g s t h a t c a n b e a c c o m m o d a t e d 
i n z i n c - m a g n e s i u m s o l u t i o n , t h e s o l u b i l i t y of t h o r i u m i s of i n t e r e s t . F o r 
t h e s o l u b i l i t y d e t e r m i n a t i o n s , t h o r i u m m e t a l s p o n g e w a s d i s s o l v e d i n t h e 
z i n c - m a g n e s i u m s o l u t i o n . S a m p l e s w e r e t a k e n a f t e r e q u i l i b r a t i n g t h e 
s o l u t i o n a t 8 5 0 , 8 0 0 , a n d 750 C f o r 30 t o 45 m i n ; t h e n t h e c o m p o s i t i o n of 
t h e s o l u t i o n w a s c h a n g e d b y t h e a d d i t i o n of z i n c . T h e l i q u i d m e t a l s a m p l e s 
w e r e w i t h d r a w n i n t o t a n t a l u m t u b e s e q u i p p e d w i t h f i l t e r s . A f t e r c o o l i n g , 
t h e s o l i d i f i e d s a m p l e s w e r e d i s s o l v e d a n d a n a l y z e d f o r t h o r i u m a n d 
m a g n e s i u m . 

T h e s o l u b i l i t y d a t a a r e p r e s e n t e d i n F i g u r e 2 9 , i n w h i c h 
t h o r i u m s o l u b i l i t y a t 7 5 0 , 8 0 0 , a n d 850 C i s p l o t t e d a g a i n s t m a g n e s i u m 
c o n c e n t r a t i o n . T h e r e s u l t s s h o w t h a t t h o r i u m s o l u b i l i t y i n c r e a s e s b y a 

100 

Figure 29 

SOLUBILITY OF THORIUM IN ZINC-
MAGNESIUM SOLUTIONS 

0 5 10 15 20 
MAGNESIUM CONCENTRATION, wgiaht percent 

25 
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factor of about two with a t empe ra tu r e i nc rease of about 50 degrees in the 
range from 750 to 850 C, and that it i n c r e a s e s markedly with magnes ium 
concentrat ion in the region of 5 to 15 w / o . 

The data obtained thus far on the reduction of thor ium 
dioxide indicate that suitable conditions for the l abora to ry - sca le equipment 
used in the s tudies a re as follows: 

Reduction T e m p e r a t u r e : 800 C 

Mixing Ra te : 800 rpm 

Atmosphere : argon 

Final Magnesium Concentrat ion 
in Metal P h a s e : 10 w/o 

Flux Composit ion: 47.5 to 50 m / o MgCljl 
5 to 10 m / o CaFjj 
balance, CaCl2 

Reduction T ime: 4 hr 

Pouring T e m p e r a t u r e : 85 0 C 

Future work is expected to consis t mainly of a few l abora to ry - sca le 
demonstra t ion exper iments to evaluate the yields and the puri ty of the 
thor ium meta l product . 

c . Direc t Reduction of Uranium Ore Concentrates 
( R . B. Subramanyam,* J . B. Knighton) 

The reduction of u ran ium oxides to the metal by z inc-
magnes ium alloy in the p resence of molten halide flux consti tutes one of 
the s teps used in the r ecove ry p roces s for melt refining skul ls . The s u c ­
cessful demonstra t ion of the miethod in skull process ing has led to its con­
s iderat ion for the d i rec t production of u ran ium metal from ore concent ra tes , 
thereby bypassing a number of chemical conversion s teps . A p rocess of 
this type, in addition to reducing the u ran ium oxides efficiently, must be 
capable of removing the gangue e lements to the extent requi red for a p rod­
uct of sa t i s fac tory purity^ 

Two p re l imina ry exper iments were performed in which a 
typical u ran ium ore concentra te was reduced in an alumina crucible by 
zinc-5 w/o magnes ium in an air a tmosphere at 750 C. The flux consisted 
of 47.5 m / o magnesiu3xi chlor ide , 47.5 m / o calc ium chloride, and 
5.0 m / o magnes ium fluoride. The r e su l t s were general ly encouraging, 
but they showed that sil icon, which is p resen t in the ore concentra te to the 
extent of about 1.1 w /o , is coreduced with the uranium. Several exploratory 

^Affiliate, International Institute of Nuclear Science and Engineering. 
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exper iments have therefore been performed in an effort to a r r i v e at a 
s imple , economical p r e t r ea tmen t step for the removal of s i l ica from the 
ore concent ra te . All of the exper iments involved the addition of f luor i -
nating agents to volati l ize the si l icon as the te t ra f luor ide . 

Fusion with Sodium Carbonate and Calciuna or Magnesium 
Fluoride 

One of the methods evaluated for removing sil icon from 
uranium ore concentrate pr ior to reduction involved the use of sodium 
carbonate (m.p. 850 C) as a flux, and ei ther calcium fluoride or magnesium 
fluoride as a source of f luorine. In exper iments in which beach sand was 
used in place of ore concent ra te , fusions were conducted at 900 C for periods 
of 0.5, 1.0, 1.5, 2.0, and 3.0 h r , with 100 percent excess sodium carbonate 
and 100 percent excess ca lc ium fluoride. After the t r ea tmen t , the solid 
mix ture was leached with a boiling n i t r ic ac id-hydrochlor ic acid solution 
to dissolve consti tuents other than any si l ica which might r ema in . In all 
ins tances , complete removal of the s i l ica was achieved, both with the ca l ­
c ium fluoride mixture and with the magnes ium fluoride mix tu re . 

Uranium Tetraf luoride Trea tment 

A second method of s i l ica removal involves roast ing the 
ore concentrate at 900 C with uranium te t raf luor ide . Again, beach sand 
was used to simplify the expe r imen t s . The exper imenta l r e s u l t s , shown 
in Table 15, indicate that 100 percent s i l ica removal is effected by roast­
ing the m a t e r i a l with 100 percent excess uran ium tet raf luor ide for 3 h r . 

Table 15 

REACTION OF URANIUM TETRAFLUORIDE 
WITH SILICA 

Silicon Dioxide: 
Atmosphere : 
Crucib le : 
Uranium Tetrafluori 
T e m p e r a t u r e : 

Time 
(hr) 

1 
2 
3 
4 

d e : 

1 g beach sand 
a i r 
platinum 
10.4 g 
900 C 

(100% excess ) 

Pe rcen t Silica 
Removed 

94.4 
98.1 

100.0 
100.0 



A m m o n i u m B i f l u o r i d e T r e a t m e n t 

A m i T i o n i u m b i f l u o r i d e a l s o a p p e a r s t o b e a c o n v e n i e n t s o u r c e 
of f l u o r i n e f o r t h e r e m o v a l of s i l i c a f r o m o r e c o n c e n t r a t e s . T h e a m m o n i u m 
b i f l u o r i d e a n d o r e c o n c e n t r a t e a r e s i m p l y h e a t e d t o g e t h e r , v o l a t i l i z i n g s i l i ­
c o n t e t r a f l u o r i d e a n d t h e e x c e s s a m m o n i u m b i f l u o r i d e . In p r e l i m i n a r y e x ­
p e r i m e n t s w i t h 50 p e r c e n t e x c e s s a m m o n i u m b i f l u o r i d e ( b a s e d o n t h e a m o u n t 
of s i l i c a p r e s e n t ) , 77 p e r c e n t of t h e s i l i c a p r e s e n t w a s r e m o v e d f r o m b e a c h 
s a n d , c o m p a r e d w i t h 71 p e r c e n t r e m o v a l f o r t h e o r e c o n c e n t r a t e . T h e t e m ­
p e r a t u r e of t h e m i x t u r e w a s r a i s e d f r o m 25 C t o 500 C o v e r a 2 - h r p e r i o d ; 
t h e n i t w a s m a i n t a i n e d a t 5 0 0 C f o r o n e h o u r . In s i m i l a r e x p e r i m e n t s w i t h 
100 p e r c e n t e x c e s s a m m o n i u m b i f l u o r i d e , t h e s i l i c a r e m o v a l s w e r e 78 p e r ­
c e n t f o r b e a c h s a n d a n d 74 p e r c e n t f o r t h e o r e c o n c e n t r a t e . 

E x p e r i m e n t s w e r e c o n d u c t e d a t v a r i o u s t e m p e r a t u r e s w i t h 
b e a c h s a n d t o d e t e r m i n e t h e c o n d i t i o n s of m a x i m u m s i l i c a r e m o v a l , u s i n g 
100 p e r c e n t e x c e s s a m m o n i u m b i f l u o r i d e . T h e r e s u l t s , p r e s e n t e d i n F i g ­
u r e 3 0 , i n d i c a t e t h a t n e a r l y c o m p l e t e v o l a t i l i z a t i o n of t h e s i l i c a i s e f f e c t e d 
i n 3 h r a t a t e m p e r a t u r e of a b o u t 140 C . 

Figure 30 

REMOVAL OF SILICON DIOXIDE BY AMMONIUM 
BIFLUORIDE FUSION 

Conditions 

Temperature: 
Atmosphere: 
Crucible; 
Silicon Dioxide: 
Ammonium Bifluoride: 
Time: 

as indicated 
air 
platinum 
1 g beach sand 
3.8 g (100% excess) 
as indicated 

75 100 125 150 175 200 225 250 275 300 325 350 375 400 
TEMPERATURE, C 



All of the fluoride t r ea tmen t s were effective in converting 
beach sand to volati le sil icon te t raf luor ide . The ammonium bifluoride t r e a t ­
ment , however , appears to be the mos t convenient and effective method for 
the removal of sil icon from the ore concent ra te . 

Attention is present ly being di rected to techniques for the 
separat ion of cer ta in other gangue e lements , such as vanadium and 
molybdenum, which would be expected to accompany the uran ium product 
through the oxide-reduct ion p rocedure . 

B. Fue l -p roces s ing Fac i l i t i es for EBR-II 
( j . H. Schraidt , M. Levenson, L. F . Coleman) 

A d i rec t -cyc le fue l - reprocess ing plant based on pyrometa l lurg ica l 
p rocedures was designed and is being const ructed as par t of the E x p e r i ­
mental Breeder Reactor No. II ( E B R - I I ) P ro jec t . Melt refining, liquid 
meta l extract ion, and p r o c e s s e s involving fractional crys ta l l iza t ion from 
liquid meta l sys t ems a r e being examined for the recovery and purification 
of EBR-II fuels . Based on these s tudies , p rocess equipment is being d e ­
signed and tes ted . 

1. Status of Fuel Cycle Faci l i ty 

a. Building and Building Services 
( E . J . Pe tkus , M. A. Slawecki, H. L. Stethers) 

(1) Construct ion 

Work on the instal lat ion of equipment and cor rec t ion 
of fabrication and construct ion deficiencies, which is being done by the 
J. F . P r i t c h a r d Company under a cos t -p lus-f ixed-fee contract (see ANL-6543, 
p . 77), is near ing complet ion. 

A shielding plug supplied by the original construct ion 
con t rac to r . Diversif ied Bui lders , to seal the 7-f t -square hatch in the roof 
of the Argon Cell has been welded into p lace . Leaks have been found in the 
plug. Cor rec t ive m e a s u r e s to e l iminate these leaks a r e being invest igated. 
A new plug may be requ i red if these leaks cannot be sa t isfactor i ly r epa i r ed . 

(2) Radiographing of Air Cell and Argon Cell Shielding 

An init ial radiographing* of the Air Cell and Argon 
Cell shielding has been completed. Several deficiencies in the shielding 
have been found. Radiation leakage of a substant ial na ture was detected 
in two p laces , one below the Air Cell sample t r ans fe r por t , and the other 

*More than 700 readings were taken to check the 11,000 sq ft of 
shielding. 



above the l a rge shielding door leading to the Air Cell. Radiation leakage 
of a l e s s ser ious nature was found below one of the shielding windows in 
the Argon Cell . A detailed analys is of the radiographic data is being made 
to evaluate the integri ty and adequacy of the p rocess cell shielding and to 
a sce r t a in the need for additional radiographing. Diversified Bui lders , Inc. , 
the or iginal construct ion con t rac to r , has been advised of these shielding 
deficiencies and has been reques ted to propose suitable cor rec t ive 
m e a s u r e s . 

(3) Emergency E lec t r i ca l Power 

E lec t r i ca l power for the Fuel Cycle Faci l i ty p rocess 
and serv ice equipment i s provided by th ree e lec t r ica l feeder l ines from the 
EBR-I I - s i t e power plant. One feeder l ine supplies power to a 480~v d i s t r i ­
bution panel and to a 600-amp dis t r ibut ion sys tem (busway) that enc i rc les 
the Air Cell and Argon Cell on the se rv ice floor. Power for most of the 
p roces s equipment located in the cel ls is supplied from this source . The 
other two feeders supply power to two sections of a motor control cen te r .* 
One feeder supplies the no rma l section and one the emergency section of 
the rnotor -cont ro l cen te r . The equipment operated from the emergency 
section, such as ins t rument power, suspect exhaust fans, and rad ia t ion-
monitoring equipment, is of a c r i t i ca l n a t u r e . To provide for continuous 
operat ion of c r i t i ca l equipment in case of an e lec t r ica l power fa i lure , a 
d iese l genera tor and r equ i r ed swi tch-gear have been insta l led on the 
se rv ice floor of the Fuel Cycle Faci l i ty (see ANL-6477, p . 76| ANL-6543, 
p . 78). The diesel genera tor s t a r t s automatical ly when a power i n t e r r u p ­
tion o c c u r s . The genera tor is connected to the Fuel Cycle Faci l i ty e m e r ­
gency sys tem by means of an autonnatic t r ans fe r switch which is act ivated 
as soon as the genera tor output voltage is sufficient to serv ice the feeder . 
F r o m in ter rupt ion of power to t r ans fe r of load to the d iese l genera tor r e ­
qui res 11 s e c . This per iod can be shortened by reducing the t ime delays 
in the automatic t ransfe r switch. The d iese l genera tor goes from s tand­
sti l l to full speed in l e s s than 5 s ec . 

b . Argon Cell and Air Cell Cranes 
(J. Graae , W. Voss , R. Vree) 

One 5-ton c rane has been instal led in the Air Cell and two 
c r anes have been insta l led in the Argon Cell . The design of the Air Cell 
c rane br idge differs from the design of the Argon Cell crane br idges in 
that the movement of the bridge in the Air Cell is r ec t i l inea r , whereas the 
movement of each bridge in the Argon Cell is radial about a center pivot. 
The t ro l leys for these c r anes a r e , however, identical in design and a r e 
in te rchangeable . 

*A motor control center is an a s sembly of cubicles in an enclosed 
s t r u c t u r e , each cubicle being a complete unit containing equipment 
r equ i red for control and protect ion of one motor or one power 
subfeeder . 
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Difficulties were encountered with the crane gea r s and the 
e lec t r i ca l equipment in the operat ion of these c ranes (see ANL.-6596, p . 93). 
The status of the m e a s u r e s to c o r r e c t these difficulties is as follows: 

1) The supports for the bus ba r s on the three c rane 
br idges have been redes igned and a re being o rde red . 

2) The sliding e lec t r i ca l collector a s sembl i e s on the th ree 
c rane t ro l leys have been redesigned and detail drawings a r e being made . 

3) New drive units for the c rane b r idges , in which Master 
w o r m - g e a r m.otor uni ts* will be used, a r e being developed. Separate power-
supply leads to the solenoid clutches on the bridge dr ive units a r e also 
planned. In the presen t ly insta l led uni ts , each solenoid is connected to two 
of the power-supply leads for each moto r . Thus, when the motor is s ta r ted , 
the solenoid is energized, and the clutch engages as the motor t u r n s . When 
the power to the motor is cut off, the solenoid becomes de-energ ized , and 
the clutch d isengages . This makes accura te positioning of the br idges dif­
ficult. Therefore , by connecting the solenoid to a separa te power supply, 
the solenoid can be kept energized while the c rane is in use . This change, 
made on c rane No. 2 in the Argon Cell , has great ly facili tated close posi t ion­
ing of the b r idge . 

After 10 hr of additional operat ion, ab r idge drive gear reducer 
unit on one of the Argon Cell c r anes has again failed. This same bridge 
dr ive unit had failed previously after 5 h r of operat ion and had been r e ­
conditioned by replacing the ring gea r s which had been worn out (see 
ANL-6596, p . 94). The fai lure of the gear r educer unit is a t t r ibuted to 
the high s tar t ing torque of the motor , which exceeds the ra ted torque of 
the gear r e d u c e r . The bridge dr ive unit is being repa i red by the 
manufac ture r . 

c. Air Cell and Argon Cell Manipulators 
(J. Graae , E . Pe tkus , W. Voss, R. Vree) 

(1) E lec t romechanica l Manipulators 

There a r e two e lec t romechanica l manipula tors in the 
Air Cell and six in the Argon Cel l . The designs a r e bas ica l ly the same ex ­
cept that the movement of the br idge in the Air Cell is r ec t i l inear whereas 
the movement of the bridge in the Argon Cell i s radia l about a center pivot. 
Al ternate b r idges in the Argon Cell a r e at two different elevat ions** to p e r ­
mit par t i a l over lap of adjacent b r idges . The c a r r i a g e s of the manipula tors 
a r e in terchangeable with each other , although three of them a r e especia l ly 
adapted to the low br idges in the Argon Cell . 

*A product of the Master E lec t r i c Co., Dayton, Ohio. 

**Three br idges a r e 11 ft 8 in. above the cell floor; the other th ree 
br idges a r e 13 ft 5 in above the cell f loor. 



All br idge and c a r n a g e dr ive units for the manipula­
tors have been checked for inter changeability and dimensional alignment 
with special t empla tes (see ANL-6596, p . 95). Of the sixteen drive uni ts , 
six did not meet these r equ i rement s and cor rec t ive m e a s u r e s a r e being 
made . Otherwise, the manipula tors opera te sat isfactori ly and a r e being 
used for the remote instal lat ion of equipment in the ce l l s . 

(2) Master-Slave Manipulators 

Two s leeves , which will permi t installat ion of a pair 
of sealed-type naas te r - s lave manipula tors* in the existing wall pene t ra ­
tions in the Argon Cell have been fabr icated. The s leeves and the manipu­
la tors a r e being ins ta l led . 

Nine pa i r s of slave end mounts for the genera l -purpose 
m a s t e r - s l a v e manipula tors (Model B ) * * a r e to be modified to insure proper 
low-friction motion in the h igh-radia t ion field. The g rease in the bearings 
will be rep laced with a r ad i a t ion - re s i s t an t g rease ( N R R G - 1 5 9 ) and the 
bearing shaft will be coated with molybdenum disulfide. The NRRG-159 
grease should provide low-friction lubricat ion for about 2 y r . When the 
grease becomes thickened due to radiat ion damage, the miolybdenum disulfide 
should provide adequate lubr icat ion, although the friction will be grea te r than 
that with f resh g r e a s e . 

d. Cell Viewing and Lighting 
(T. W. Ecke l s , J. Graae) 

(1) Shielding Windows 

The final inspection of all the Fuel Cycle Faci l i ty 
shielding windows was made by r ep re sen ta t ives of Argonne National Lab­
ora to ry and of Pi t t sburgh Pla te Glass Company. The light t ransmi t tance 
of the windows, tes ted with a light source (illuminant A''"'), was determined 
to be from 15 to 17 percent , which exceeds the guarantee of 9 percent . 
Clar i ty of view and resolut ion of detail a r e exceptionally good. 

*Model A, manufactured by Central Resea rch Labora to r i e s , Inc., 
Red Wing, Minnesota. 

**Model B, manufactured by Cent ra l Resea rch Labora to r i e s , Inc., 
Red Wing, Minnesota. 

t 
'A r ad ia t ion - re s i s t an t g r e a s e , a product of Standard Oil Company of 
California. 

t t n i u m i n a n t A is light of color t empe ra tu r e 2848 K as defined by the 
Internat ional Commission on Illumination (CIE). 
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(2) Shielding Window Shutters 

Fifteen additional s teel shut te rs for the shielding win­
dows and shutter drive units to raove these shut ters have been o rde red . 
When these a r e instal led, each of the 31 shielding windows in the p rocess 
cel ls will be provided with a shu t te r . These shut te rs will be used to p r o ­
tect the windows from radiat ion damage when the windows a r e not in use . 
In the cu r r en t design of the shut ter dr ive uni ts , chat ter ing of the motor 
dr ive gear on the shutter gear r ack occurs when the shutter r eaches the 
end of i ts t r ave l because of the high stalling torque of the dr ive motor . 
The use of a slip clutch on the motor drive shaft is being investigated to 
e l iminate the problem of the chat ter ing . 

(3) Wide-angle Viewers 

Four wide-angle v iewers have been instal led in ex is t ­
ing s leeves in the roof and wall of the Argon Cell to view locations within 
the cel l not readi ly vis ible through the Argon Cell shielding windows (see 
ANL-6569, p. 75). Two var iab le -power spotting te lescopes which were 
modified for use with the wide-angle viewers have been del ivered to the 
Faci l i ty . The viewing capabil i t ies and quality of image of the wide-angle 
v iewers a r e repor ted to be excel lent . 

(4) Pe r i scope for Air Cell 

The instal la t ion of the KoUmorgen per iscope for use 
in the wall of the Air Cell has been completed (see ANL-6287, p . 84). The 
horizontal leg of the per i scope was modified to pe rmi t a double offset in 
the optical path and to incorpora te m o r e effective in te rna l , annular lead 
shielding. A hemispher i ca l , nonbrowning-glass protect ive dome to avoid 
radioact ive contamination of the per iscope was instal led on the hot side of 
the ce l l . 

e. Cell Transfer Locks 
(G. Berns te in , A. Chilenskas, J . Graae , J . Ludlow, 
E Petkus) 

Mater ia l t r a n s f e r s in and out of the Argon Cell will be 
through t ransfer locks (see ANL-6569, p . 70j ANL-6596, p. 97). Two 
smal l t r ans fe r locks penet ra te the wall between the Air Cell and Argon 
Cell , and a la rge t ransfe r lock pene t ra tes the floor of the Argon Cell and 
connects to the Air Cell through a Transfer Cell . 

(1) Large Transfer Lock 

The la rge t ransfe r lock, which is bas ical ly a cylinder 
(6 ft in d iameter and 8 ft long), is composed of th ree major sec t ions . The 
upper section (see Figure 31) cons is t s of a 41-in.- long spool piece to which 
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is attached a counterbalanced hinged lid. The middle section is inabedded 
in the 4-ft- thick concrete cell floor. The bottom section of the lock is a 
steel platform which can be elevated by a hydraulic r a m and seals to the 
lower flange of the center lock section. 

Figure 31 

LARGE TRANSFER LOCK IN ARGON CELL: 
UPPER SECTION 

CLO! 
GUIC 

In the original instal lat ion of the lock, the upper 
(spool piece) section was bolted to the middle embedded section u i th a 
soft steel gasket between the flanges of the sect ions. This seal leaked 
continuously. Efforts to reduce the leakage by additional tightening of 
the flange bolts were unsuccessful . This leakage problem has been sa t ­
isfactori ly solved by welding a steel band on the inside circumference of 
the t ransfe r lock at the original gasket sea l level between the two sect ions . 
The weld a r ea of the steel band was tes ted m t h heliuin and was found to 
be free of l eaks . With this new method of sealing between the two sections, 
the spool piece is now not remote ly removable . The bolted flange con­
struction of the original design naade this possible . However, the remote 
removal and replacement of the spool piece would have been a major op­
erat ional undertaking and would have necess i ta ted the shutdown of the 
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ent i re Argon Cell and the opening of the roof hatch. Therefore , the weld­
ing of a steel band to make the seal between the two sections was accepted 
as a compronaise in o rder to get the Argon Cell into operating condition as 
soon as possible . 

(2) Transfer Cell 

Figure J2 

SMALL TRANSFER LOCK END ASSEMBLY 

Correc t ive work on the Transfer Cell equipment (see 
ANL-b59b, p. 97) is a lmost completed. Limit switches for the t ransfer 
lock have been instal led and changes in the wiring have been made . The 
dr ive units for lifting the hinged lid of the large t ransfer lock were in­
stalled and a r e in operating condition. The controls for the Transfer Cell 
ca r t and for the hydraulic r a m s have been integrated into the t ransfer 

lock control sys tem. The sys tem is 
operating sat isfactor i ly . However, 
the hydraulic r a m s require additional 
bal last in order for them to be able 
to lower. A new motor brake must 
also be instal led on the ca r t dr ive . 
An operating procedure for the Trans ­
fer Cell has been wri t ten. All future 
t rans fe r s of la rge i tems into or from 
the Argon Cell will be naade using the 
Transfer Cell and will be ca r r i ed out 
completely by remote control 
operat ions . 

(3) Small Transfer Locks 

The two small horizontal 
t ransfer locks between the Air Cell 
and the Argon Cell will accept smal l 
ca r t s containing i tems 20 in. high and 
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'16 in. in d iameter for t r ans fe r . A 
ca r t or s e r i e s of ca r t s moves between 
cells on inclined ra i l s mounted in the 
t ransfer lock. The ca r t s a re gravity 
operated and one lock is provided for 
each direction of t rave l . The end a s ­
sembly of one of the smal l t ransfer 
locks is shown in Figure 32. 

The installation of the 
drive units for opening the covers on 
the small t ransfer locks and of the 
associated l imit switches has been 
completed. Remote operation of the 



t ransfer locks has been demonst ra ted and an operating procedure is being 
wri t ten. During the radiographing of the shielding of the Air Cell and Argon 
Cell, the smal l t r ans fe r locks were used for between cell t r ans fe r s of the 
radioact ive sodium sources used in the survey. The t ransfer locks will con­
tinue to be used routinely for the remote t ransfe r of all smal l i t ems into and 
from the Argon Cell . 

(4) Transfer Lock Vacuum Systems 

Since both the l a rge t ransfe r lock and the smal l t r a n s ­
fer lock sys tems connect the Argon Cell d i rect ly to the Air Cell , and since 
the p r e s s u r e in the Argon Cell is negative compared with the p r e s s u r e in 
the Air Cell , it is n e c e s s a r y to insure isolat ion between the ce l l s . This is 
accomplished by the use of inter lock switches which permi t only one of the 
t ransfe r locks to be opened at any given t i m e . This sys tem is integrated 
with a vacuum and venting sys tem which insures that the a tmosphere in a 
given lock is appropr ia te for the d i rec t ion of t r ans fe r . The vacuum valves 
(Saunders type) do not seal sufficiently well to permi t proper a tmosphere 
control . New diaphragms have been purchased, and an at tempt is being 
made to polish the valve wei r s in o rde r to provide proper c lo su re . If proper 
c losure is not obtained, new valves will have to be instal led. Leakage will 
not prevent the use of the vacuum valves until an iner t a tmosphere is i n t r o ­
duced into the Argon Cell . 

(5) Air Cell Hatch Cover 

A new hatch cover has been designed for the opening 
in the Air Cell f loor. The hinged cover will be opened by an e lec t r ic motor 
drive that is r emote ly opera ted . Since the hatch cover (7 ft square) occupies 
a l a rge port ion of the floor a r e a , the load-ca r ry ing capacity of the new cover 
has been designed for 5 tons to pe rmi t i ts use as a t empora ry s torage s t a ­
tion for m a t e r i a l or equipment. 

f. Instal lat ion of P r o c e s s Equipment 

Two inject ion-cast ing furnaces which were designed and 
tes ted by the Argonne National Labora tory Metallurgy Division have been 
insta l led in the Argon Cell under thei r supervis ion. These furnaces will 
be used to in jec t ion-cas t pins from reconst i tu ted fuel alloy. 

Components of the furnaces were t r a n s f e r r e d into the Argon 
Cell by means of the cell t r ans fe r equipment and were remote ly assembled 
by means of the operat ing manipula tors controlled from the operating a r e a s 
outside the p roces s ce l l s . Color motion p ic tures were taken within the 
Argon Cell of the r emote instal lat ion of the inject ion-cast ing furnaces . 
These motion p ic tures will be used as a visual aid for t raining purposes and 
as information for future maintenance when access to the Argon Cell by p e r ­
sonnel i s no longer poss ib le . Motion p ic tu res were also made during the in ­
stal lat ion of the mel t refining furnaces in the Argon Cell . 



g. Miscellaneous Cell Service Equipment 
( E . J . Petkus , M. A, Slawecki, H. L. Stethers) 

Most of the pumps, valves , and s imi la r se rv ice equipment 
n e c e s s a r y for the operat ion of p r o c e s s e s in the cel ls is located in the sub-
cell a r e a under the Argon Cell and in the adjacent basement (see ANL-6596, 
p . 96). The instal lat ion of this equipment is complete . Operational testing 
of this equipment is in p r o g r e s s . 

Fuel subassembl i e s , equipment, and other i t ems a re moved 
into and out of the Air Cell through an opening in the floor at the west end of 
the Air Cell . The maximum opening is 6 ft in d iamete r . Three 6-in.- thick 
s teel s labs which fit within the floor opening a r e used for biological shield­
ing. In the center of the shielding slabs a r e two concentr ic (6- and 24- in . -
d iamete r ) removable plugs. The t r ans fe r of l a rge i t ems which cannot be 
accommodated by the 24- in . -d iamete r plug involves the removal of the 6-ft-
d iameter steel s l abs . Removing the 6-f t -diameter s teel shielding slabs is 
t ime consuming and c r e a t e s problems in providing adequate shielding to the 
space beneath the opening. In addition, equipment in the Air Cell may have 
to be moved in o rder to provide t empora ry s torage space for the shielding 
s l abs . Therefore , a 36- in . -d iamete r removable plug has been designed for 
these shielding s l abs . The plug will be fabricated from the s tee l cut out of 
the exist ing 6-f t -diameter s l abs . The weight of the 36- in . -d iamete r plug will 
be within the 5-ton load capacity of the Air Cell c rane , so that the plug can be 
removed in one piece . The availabil i ty of a 36- in . -d iamete r plug will reduce 
the number of occasions when the full 6-f t -diameter opening wi l lhave to be used. 

Two argon c o m p r e s s o r s , each ra ted 60 scfm at 120 psig, 
have been instal led on the se rv ice floor outside the subce l l s . These com­
p r e s s o r s will be used to compres s cell argon for use with pneumatic equip­
ment located in the Argon Cell . The use of rec i rcu la ted cell argon instead 
of cylinder argon in equipment such as cylinder opera to rs and ring gauges * 
will provide substant ial savings . 

An isolat ion wall has been erec ted around the compres so r 
a r e a , and separa te venti lat ion facil i t ies for this enclosure have been in ­
s ta l led. After the c o m p r e s s o r s were instal led, they were tes ted by the 
vendor and they a r e now ready for operat ing s e rv i ce . 

2. Development of Service Equipment 

a. Interbuilding Fuel Transfer Coffins 
( G . J . Berns te in , A. A. Chilenskas) 

Fuel subassembl ie s containing spent or reconst i tu ted fuel 
will be t r ans f e r r ed between the Reactor Building and the Air Cell of the 

*Fuel-pin d i ame te r s a r e de te rmined by inser t ion of the pin into a r ing 
gauge. Argon flowing into the r ing gauge develops a back p r e s s u r e when 
the pin is inse r ted , and the amount of back p r e s s u r e indicates the fuel-
pin d iamete r . 
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Fuel Cycle Faci l i ty in 20-ton, interbuilding fuel- t ransfer coffins. Two 
interbuilding coffins will be built (see ANL-6596, p . 98). One coffin, d e ­
signed and fabricated by O. G. Kelley and Company of Boston, Massachu­
se t t s , was shipped to Idaho on October 29, 1962. P re l imina ry t e s t s 
conducted at the f ab r i ca to r ' s shops indicated that the specifications for 
heat-rennoval per formance and leakt ightness can be met . More detailed 
mechanical and heat removal per formance tes t s will be made at the EBR-II 
site in Idaho. 

The other coffin i s being designed by the Chemical Engineer ­
ing Division of the Argonne National Labora tory and is being built at Argonne. 
Fabr ica t ion of the coffin shell and in ternal piping is complete . The coffin 
shell is being p repared for lead filling. The motor and sealed blower which 
will be used to c i rcula te the coolant gas through the fuel subassembly have 
been rece ived . The r e su l t s of p re l imina ry t e s t s show that the drive motor 
is overloaded when the blower is performing at ra ted output. This problem 
is being studied. 

When a spent fuel subassembly is d ischarged from the 
EBR-II r eac to r , the subassembly will be coated with a thin film of sodiumi. 
Because of its pyrophorici ty , this sodium mus t be removed before the sub­
assembly is moved into the Air Cel l . To accomplish th is , a sod ium-removal 
station is to be located in the enclosed passageway between the Reactor 
Building and the Fuel Cycle Faci l i ty . The design and layout of p rocess 
equipment have been completed. 

The p roces s (see ANL-6596, p . 98) consis ts of converting 
the sodium to sodium oxide by the addition of a smal l amount of humidified 
a i r to the circulat ing argon in the t r ans fe r coffin and converting the oxide 
to sodiura hydroxide by passing humidified air through the coffin. The 
sodium hydroxide will be removed by a water wash, and the coffin and sub­
assembly will be dr ied by an a i r purge . The argon, a i r , and water vapor 
will be passed through a ventur i sc rubber unit and absolute f i l ters before 
d ischarge to the suspect s tack. 

b . Mater ia l s Testing 
( G . J . Berns te in , A. A. Chilenskas) 

The suitabil i ty of o i l - impregnated , s intered bronze sleeve 
bear ings for use in high-intensi ty radiat ion a r e a s of the Fuel Cycle Faci l i ty 
has been invest igated. In this study, the bear ings were lubr icated with 
ei ther a commerc ia l ly available SAE-10 oil recommended by the bear ing 
manufacturer or a r ad i a t i on - r e s i s t an t oil (NRRO-358*). The NRRO-358 
was chosen because of i ts r e s i s t ance to radiat ion damage and i ts s imi la r i ty 
in absolute viscosi ty to SAE-10 oil , A lathe was modified to pe rmi t ma in ­
taining a p rec i se al ignment of the bear ing and the shaft while testing the 

*A product of Standard Oil Company of California. 



sleeve bear ings under radia l load. The bear ings* a r e supplied impregnated 
with an oil which was removed for these t e s t s . The bear ings were washed 
with t r ichloroethylene , dr ied, and then reim,pregnated by being i m m e r s e d in 
the test oil at 140 F for 3 h r . In o rde r to i nc r ea se the amount of oil a b ­
sorbed by the bear ings , the bear ings were a lso subjected to severa l rough 
vacuum cycles while i m m e r s e d in the oil and then allowed to remain in the 
oil overnight under a par t i a l vacuum. The oil was not heated for the o v e r ­
night i m m e r s i o n s tep. The vacuum t rea tment resul ted in about a 50 percent 
i nc rease in the weight of oil that was absorbed by the bear ing . 

Bear ings impregnated with these tes t oils were wrapped 
in aluminum foil and were i r r ad ia t ed in an a i r - f i l led i r rad ia t ion urn to a 
gamma- rad ia t ion level of 1 x lO' r ad . Measurements of wear and bearing 
t e m p e r a t u r e were made while un i r rad ia ted and i r r ad i a t ed bear ings were 
subjected to an axial load of 160 lb at a shaft speed of 310 r p m . Under 
these conditions, the axial load was about 50 percent of the manufac tu re r ' s 
max imum ra t ing . The t e m p e r a t u r e of the bear ing was continuously 
r eco rded . 

An uni r rad ia ted , SAE-10 o i l - impregnated bearing p e r -
forraed sa t is factor i ly for 100 h r . At this t ime , the tes t was voluntari ly 
t e rmina ted . Two i r r ad ia t ed , SAE-10 o i l - impregnated bear ings ( i r radia ted 
to 1 X lO' rad) failed after run durat ions of about 34 hr each. Two un i r ­
radia ted, NRRO-358 o i l - impregnated bear ings failed after run durat ions of 
about 20 hr each. Two i r r ad ia t ed NRRO-358 o i l - impregnated bear ings 
( i r rad ia ted to 1 x lO ' rad) failed after run durat ions of 2 and 20 h r , 
r espec t ive ly . 

During operat ion, the t empe ra tu r e of each bear ing nornaally 
fluctuated between room t empe ra tu r e and about 130 C, with gradual changes . 
Degradation of the bear ing was always indicated by an abrupt t empera tu re 
r i s e . For purposes of compar ison , fai lure in these t e s t s was considered to 
occur at the t ime the bear ing t empe ra tu r e reached 170 C, for operation of 
the bear ing after the bear ing t empera tu re had reached 170 C resu l ted in 
squeaking and rapid wea r . 

The r e su l t s of these t e s t s indicated that the performance 
of un i r rad ia ted , SAE-10 o i l - impregnated bear ings was much bet ter than 
that of uni r rad ia ted or i r r ad ia t ed , NRRO-358 oil-im.pregnated bea r ings . 
The r e su l t s a lso showed a marked de te r io ra t ion in per formance for i r r a ­
diated, SAE-10 or NRRO-358 oi l - i inpregnated bea r ings . 

These explora tory t e s t s have shown no specific des i rab le 
per formance c h a r a c t e r i s t i c s of o i l - impregnated , s in te red bronze sleeve 
bear ings that would be subjected to high-intensi ty radiat ion which would 

*Oilite bea r ings , a product of Amplex Division, Chrys le r Corporat ion. 



justify continued invest igation. Fur the r testing of these bear ings has 
therefore been discontinued. 

c. Miscel laneous Cell Service Equipment 
(W. E. Mil ler , M. A. Slawecki) 

(1) Storage Racks 

Small i t ems which a r e used in melt refining p r o c e s s ­
ing will be brought into the Argon Cell in ba tches . These i tems will be 
s tored on r acks (see ANL-6569, p . 71) that Avill be mounted on the outside 
walls between the shielding windows. A prototype rack was built at 
Argonne for test ing of the design in the Argon Cell in Idaho. Based on 
the in -ce l l t e s t s , a final design for the rack was completed, and eight racks 
were o rde red . 

(2) Hea te r s for Solder Pots (Fusible Metal Seals) 

A prototype c lamp-on- type solder pot hea ter has been 
built and is being tes ted for mel t ing of the fusible metal in solder pots that 
a r e used to obtain a leaktight seal for the gas and vacuum tubing connections 
between serv ice feed throughs and p r o c e s s equipment. 

3. Development of P r o c e s s Equipment 

a. Skull Oxidation Equipment 
(W. E. Mil ler , M. A. Slawecki, H. Stethers) 

After the mel t refining step is c a r r i e d out, a skull r ema ins 
in the z i rconia c ruc ib le . This skull contains significant quantit ies of f iss ion­
able ma te r i a l which will be r ecove red by means of the skull rec lamat ion 
p r o c e s s . In o rde r to remove the skull f rom the crucible , the skull will be 
oxidized to a powder and the powder t r a n s f e r r e d to an oxide-s torage con­
ta ine r . Equipment for the skull oxidation step and for the t ransfe r of the 
oxide powder is being developed. 

The prototype skull oxidation furnace has been operated 
for some 590 hr (see ANL-6596, p . 102). During this period, about 48 kg 
of skull m a t e r i a l and u ran ium-f i s s lum alloy sc rap has been oxidized. This 
is equivalent to oxidizing about 95 skulls from plant -sca le mel t refining 
runs of 95 percent yield. 

During the operat ing per iod, severa l runs were made to 
de te rmine if the skull oxidation furnace could also be used to oxidize 
m a s s i v e pieces (9 to 10 kg) of alloy s c r ap (uranium-5 w/o f iss ium and 
uran ium-0 .35 w/o f i ss ium) . Stainless s teel conta iners were used to hold 
each 9- to 10-kg piece of alloy sc rap while being oxidized in the skull 
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oxidation furnace . At 10- to 12-hr in te rva l s , the oxidation of the alloy 
s c r ap was in ter rupted , and the oxidized alloy sc rap (about 1 kg) was poured 
off. The res idua l , unoxidized alloy sc rap was then re turned to the skull 
oxidation furnace for further oxidation. 

In each of two runs , 9-6- and 8.5-kg mass ive pieces of 
u ran ium-5 w/o f iss ium were used. About 83 percent of the charge in 
each run was oxidized to uranium oxide (U3O8) in runs of 100- and 74-hr 
durat ion, respec t ive ly . In one run, a 9.5-kg mass ive piece of u r a n i u m -
0.35 w/o f i ss ium was used. Ninety-five percent of the charge in this run 
was oxidized. The gain in weight of the oxidized alloy sc rap was used to 
calculate the percent of uranium in the alloy s c r ap which had been oxidized. 
It was a s sumed that the product formed was UsOg. These runs have shown 
that the skull oxidation furnace could be used to oxidize mass ive pieces of 
u ran ium-f i s s ium alloy s c r ap . The g rea tes t amount of oxidation was shown 
with the uranium-0.35 w/o f iss ium alloy s c r a p . 

The skull oxidation furnace, an oxygen-removal unit, and 
assoc ia ted gas -con t ro l equipment will be com.bined into an integrated 
operat ing unit and tes ted at Argonne. Instal lat ion of the va lves , piping, 
and ins t ruments for the gas -con t ro l sys tem is essent ia l ly complete . F a b ­
r ica t ion of the panelboard for the gas -con t ro l sys t em has s ta r ted . F a b r i c a ­
tion of the remote ly rechargeab le oxygen-removal unit, which uses a heated 
copper bed to remove oxygen from the gas d ischarged from the oxidation 
furnace, is essent ia l ly complete . 

b . Skull-oxide P rocess ing Equipment 
(G . J . Berns te in , W. E. Mil ler) 

The f i r s t model of the skull-oxide process ing furnace was 
ins ta l led in the EBR-II mockup a r e a at Argonne. A 30-kw high-frequency 
(10,000 c y c l e s / s e c ) mo to r -gene ra to r unit is being used to furnish the 
power to the skull-oxide process ing furnace. The coupling of the power 
from the motor genera tor to the induction coil of the furnace was s a t i s ­
factory. With this power-supply sys t em, about 4 hr were requi red to heat 
an empty 20-gal . graphite crucible to 800 C This is a ra ther long heatup 
t i m e . A shor te r heatup t ime is not possible because of the smal l power-
supply unit being used. However, this long heatup t ime is not expected to 
be a problem in future development work with the skull-oxide process ing 
furnace. 

c. Collection of Metal Vapors 
(W. E. Mil ler) 

The product from the precipi ta t ion step of the skull r e c ­
lamation p r o c e s s is u ran ium coated with magnes ium-z inc . Disti l lat ion is 
a convenient means of removing the magnes ium-z inc coating from the 
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u r a n i u m . If p o s s i b l e , t h e m e l t r e f i n i n g f u r n a c e w i l l b e a d a p t e d f o r t h i s 
d i s t i l l a t i o n . T h e m a i n p r o b l e m i n t h i s a p p r o a c h i s t h e d e s i g n of a c o n ­
d e n s e r to c o l l e c t t h e d i s t i l l a t e . 

In p r e v i o u s l y r e p o r t e d m a g n e s i u m - z i n c d i s t i l l a t i o n r u n s 
( s e e A N L - 6 5 9 6 , p . 102) m a d e w i t h a g r a p h i t e c o n d e n s e r w h i c h r e s t e d 
d i r e c t l y o n t h e g a s k e t e d l i p of t h e c r u c i b l e , t h e c o n d e n s e r a n d c r u c i b l e 
w e r e f o u n d a t t h e e n d of e a c h r u n t o b e b o n d e d a t t h e g a s k e t . T h e b o n d w a s 
f o r m e d b y d e p o s i t i o n of d i s t i l l e d m e t a l a t t h e g a s k e t s u r f a c e s . S u c h b o n d ­
i n g w o u l d h i n d e r r e m o t e d i s a s s e m b l y of t h e e q u i p m e n t . A n e w d e s i g n w i t h 
a g r a p h i t e c o n d e n s e r a n d a s e p a r a t e g r a p h i t e d i s t i l l a t e c o l l e c t o r h a s b e e n 
t e s t e d i n t h e m e l t r e f i n i n g f u r n a c e . - T h i s n e w d e s i g n ( s e e F i g u r e s 33 a n d 
34) e l i m i n a t e s t h e n e e d f o r a g a s k e t b e t w e e n t h e c o n d e n s e r a n d t h e c r u c i b l e , 
a n d i s m o r e a d a p t a b l e t o t h e r e m o t e d i s a s s e m b l y of t h e c o n d e n s e r f r o m 
t h e c r u c i b l e . In t h i s n e w d e s i g n , t h e c o n d e n s e d m a g n e s i u m - z i n c v a p o r s 
a r e c o l l e c t e d i n t h e g r a p h i t e c o l l e c t o r w h i c h r e s t s d i r e c t l y on t h e l i p of 
t h e g r a p h i t e c r u c i b l e . T h e c o n d e n s e r f i t s o v e r t h e g r a p h i t e c o l l e c t o r a n d 
r e s t s o n t h e s t e p p e d p o r t i o n of t h e c r u c i b l e , t h a t i s , b e l o w t h e l i p of t h e 
c r u c i b l e . T h e c o l l e c t o r w i l l b e d i s c a r d e d a f t e r e a c h r u n . T h e c o n d e n s e r 
a n d t h e c r u c i b l e , h o w e v e r , w o u l d b e u s e d f o r m o r e t h a n o n e r u n . 

Figure 33 

DISTILLATION CONDENSER AND COLLECTOR FOR 
MELT REFINING FURNACE 

Crucible: 6 3/8 in. in CD by 9 in. high 
Condenser: 6 3/8 in. in OD by 19 in. high 

Figure 34 

DISTILLATE COLLECTORS USED IN MELT 
REFINING FURNACE RUNS 

GRAIN V I 
RETAINER 

MELT REFINING 
FURNACE SUSCEPTOR^ 

, „ -FIBERFRAX 
T y K INSULATOR 
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The resu l t s of a s e r i e s of magna s lum-zinc dist i l lat ion runs 
made with the new design a r e summar ized in Table 16. Four collector de ­
signs which differed from each other only in the shape of the bottom of the 
collector (see Figure 34) were evaluated in these runs . A new collector was 
used in each of the six r u n s . The shape of the bottom of the collector was 
found to be important for the dist i l lat ion of the final t race amounts of 
magna s lum-zinc alloy from the crucible and for preventing the formation 
of a magnes ium-zinc bond between the collector and the crucible , which 
would make their separat ion by remote handling difficult. In some runs , 
it was not possible to dist i l l all the magnes ium-zinc from the cruc ib le . 
Even prolonged heating after a disti l lation run was apparently thought to 
be complete, as indicated by terminat ion of the tempera ture a r r e s t , was 
not helpful. On cooling down at the end of some of the runs, drops of d i s ­
tilled magnes ium-zinc alloy that were clinging to the bottom of the co l lec­
tor solidified and bridged the junction formed by the collector and the 
crucible . In Runs 5104 and 5105, such bridging made it difficult to remove 
the col lec tors (see Figures 34a and 34c) from the c ruc ib les . In Runs 5103, 
5107, and 5108, however, there was no bridging, and the col lectors (see 
Figures 34b and 34d) could be readi ly separa ted from the c ruc ib les . 

Table 16 

RESULTS OF MAGNESIUM-ZINC DISTILLATIONS 

Charge: 
Pressure: 
Tempera tu re 

A r r e s t : 
Power input: 

1 kg of 50 w o magnes ium-zinc 
Atmospheric (Argon blanket) 

1030 to 1090 C 
14 kw 

Run 
No. 

Duration of 
Temp 

A r r e s t 

Pe rcen t 
Charge 

Distilled 

Percen t 
Distillate Found 

in Collector 

Pe rcen t 
Distillate Found 

on Condenser 
Surfaces 

Percen t 
Distillate Found 

on Fiberfrax 
Insulator 

Pe rcen t 
Distillate 

Unaccounted 
For 

5100 
5103 
5104 
5105 
5107 
5108 

1 hr 50 min 
1 hr 25 rr.in 
2 hr 15 min 
2 hr 25 min 
2 hr 25 min 
2 hr 45 mi in 

97.5 
^7.6 
96.3 
9'3.4 
99.7 
98.7 

83.0 
85,2 
84.0 
59.5 
74.1 
81.8 

7.1 
6.2 
0.3 
0.2 
q.l 
6.1 

8.q 
8.2 

11.0 
22.q 
12.5 

2.8 

1.0 
0.4 
4.7 

17.4 
4.3 
9.3 

In Runs 5100, 5103, 5104, and 5105, the same condenser 
and crucible were used for all the exper iments . Continued r euse of the 
same condenser , however, resul ted in some buildup of metal on the con­
denser wall immediately adjacent to the col lector . In Runs 5107 and 5108 
the same condenser and crucible were used; however, a different F i b e r ­
frax insulator was used in each of the runs . The use of different insula­
to rs could account for the slight difference in distil lation tinnes noted for 
these two r u n s . This effect is being investigated fur ther . 



T h e i n c o n s i s t e n c i e s i n t h e a m o u n t s of m e t a l w h i c h e s c a p e 
f r o m t h e c o n d e n s e r e n c l o s u r e ( suna of t h e l a s t t w o c o l u m n s o n t h e r i g h t 
i n T a b l e 16) c a n n o t b e e x p l a i n e d a t t h i s t i m e . It i s b e l i e v e d t h a t t h e a m o u n t 
of m a g n e s i u m - z i n c v a p o r w h i c h e s c a p e s ( s e e T a b l e 16) s h o u l d b e l e s s i n 
f u t u r e e x p e r i m e n t s w h e n c o m p o n e n t p a r t s of t h e c o n d e n s e r m a d e w i t h a 
i n o r e i m p e r v i o u s g r a p h i t e b e c o m e a v a i l a b l e . T y p e CS g r a p h i t e w a s u s e d 
a s t h e m a t e r i a l of c o n s t r u c t i o n i n t h e c o n d e n s e r d e s i g n s t u d i e d i n t h i s c u r ­
r e n t i n v e s t i g a t i o n . L i q u i d s a n d v a p o r s r e a d i l y d i f f u s e t h r o u g h T y p e CS 
g r a p h i t e . 

d . I n d u c t i v e H e a t i n g a n d M i x i n g 
( A . A . C h i l e n s k a s ) 

T h e s k u l l r e c l a m a t i o n p r o c e s s r e q u i r e s t h e h e a t i n g a n d 
m i x i n g of m e t a l - s a l t s y s t e m s a t t e m p e r a t u r e s u p t o 800 C . A l t h o u g h c o n ­
v e n t i o n a l m i x i n g a n d h e a t i n g m e t h o d s h a v e b e e n f o u n d s a t i s f a c t o r y f o r t h e 
d e m o n s t r a t i o n of t h e p r o c e s s on a s m a l l s c a l e , t h e u s e of l o w - f r e q u e n c y 
i n d u c t i v e p o w e r t o p r o v i d e b o t h h e a t i n g a n d m i x i n g i s b e i n g i n v e s t i g a t e d . 
A p p r e c i a b l e s i m p l i f i c a t i o n of p l a n t e q u i p m e n t i s a n t i c i p a t e d if i n d u c t i v e 
h e a t i n g a n d m i x i n g s h o u l d p r o v e f e a s i b l e . 

A n e x p e r i m e n t ( IM-IO) w a s p e r f o r m e d in w h i c h a 2 4 . 2 - l b 
c h a r g e of m a g n e s i u m w a s m e l t e d a n d m i x e d i n d u c t i v e l y i n a g r a p h i t e c r u ­
c i b l e w h i c h w a s h e a t e d b y a 1 7 - t u r n , w a t e r - c o o l e d c o i l . T h e g e o m e t r y 
a n d t h e c h a r g e d a t a f o r t h i s r u n a r e s h o w n o n F i g u r e 3 5 . T h i s e x p e r i m e n t 
w a s c o n d u c t e d i n a c l o s e d f u r n a c e w i t h a r g o n u s e d a s t h e b l a n k e t g a s . 
( T h i s f u r n a c e i s d e s c r i b e d i n A N L - 6 5 9 6 , p . 1 0 4 ) . 

Figure 35 

APPARATUS FOR INDUCTIVE MIXING OF 
MAGNESIUM RUN IM-10 

Charge: Magnesium, 24.2 lb 

Coil: Copper bar, 1/2 in. x 1 in., 
17 total turns, water-cooled. 

Power: 60 cycle 

O b s e r v a t i o n of t h e m e l t s u r f a c e t h r o u g h t h e f u r n a c e w i n d o w 
s h o w e d t h a t t h e m o l t e n c h a r g e u n d e r w e n t v i g o r o u s a g i t a t i o n a t m o d e s t p o w e r 
i n p u t s . A t a p o w e r i n p u t of 4 . 5 k w t o t h e c o i l , * t h e l i f t * * w a s e s t i m a t e d t o 

* T h i s i s e s t i m a t e d f r o m t h e m e a s u r e d p o w e r i n p u t t o t h e p r i m a r y of t h e 
t r a n s f o r m e r . A 10 p e r c e n t l o s s i s a s s u m e d f o r t h e t r a n s f o r m e r a n d 
l e a d s t o t h e c o i l . 

* * A n i n d e x of t h e v i g o r of a g i t a t i o n i s t h e h e i g h t t o w h i c h t h e m o l t e n 
m e t a l c h a r g e s u r f a c e r i s e s w i t h r e f e r e n c e to i t s e d g e . T h i s r i s e i s 
r e f e r r e d t o a s " l i f t . " 

CS. GRADE 
'GRAPHITE CRUCIBLE 
INSULATED WITH 1/4 in. 
FIBERFRAX 

21" 

^ 8 i " 4 -

10-t-

C O I L : COPPER BAR 

ELECTRICAL 
CONNECTIONS 
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be between 2 and 3 in. At a power input of 8.1 kw, the agitation became 
vigorous enough to throw magnes ium out of the cruc ib le . It was not possible 
to see the surface of the molten charge c lear ly enough to es t imate the lift 
at this power input because of the condensed fumes which had accumulated 
on the furnace window. 

A compar ison of Run IM-10 with Run IM-8,* in which the 
molten charge was zinc, shows that the lift obtained with magnes ium was 
about th ree to four t imes that obtained with zinc for the same power input 
of 4.5 kw. This behavior is consis tent with the expected performance in that 
the th rus t developed (for s imi la r geomet r ies ) is d i rect ly proport ional to the 
power del ivered to the charge and that the lift is d i rect ly proport ional to 
the th rus t and inverse ly proport ional to the density of the liquid me ta l . This 
suggests that, as the proport ion of magnes ium inc reases in z inc-magnes ium 
m i x t u r e s , an inc rease in the vigor of agitation should r e su l t . 

An exper iment (lM-12) has been completed in which 40 lb of 
miagne s lum-zinc (50 w/o) was mixed with 14.4 lb of flux (47.5 w/o CaCl2, 
47.5 w/o MgClj, 5 w/o MgF^). The molten meta l charge was about 7 in. deep 
by 9 in. in d iamete r , while the molten salt was about 3 in. deep. With a power 
input of about 8.5 kw to the coil , the meta l charge was observed to break 
through the salt layer on top of the charge and cause ve ry vigorous agitation 
of the sal t . 

A run ( IM-I l ) has been completed in which 66 percent r e ­
duction of a skull oxide charge of 2.7 lb was obtained. The charge was heated 
and mixed inductively at a t e m p e r a t u r e of 800 C for about 2 hr p r io r to s a m ­
pling. The charge consis ted of 54.6 lb of zinc, 9 lb of magnes ium, 2.6 lb of 
Dow 230 flux,** and 6.2 lb of flux consist ing of 47.5 w/o CaClg, 47.5 w/o MgClg, 
and 5 w/o MgFj- The geomet ry of the sys tem was as shown for Run IM-10 
(see F igure 35) except that the meta l charge height was 7 in. and the salt 
height was 2.2 in. The fume-control sys tem for the furnace (see ANL-6596, 
p . 104) did keep the furnace a tmosphere clean so that at the operating t e m ­
pe ra tu re of 800 C the charge could be observed through the furnace window. 
The molten meta l phase was seen to b reak through the molten salt layer 
and to agitate it v igorously . 

An exper iment (Run IM-13, P a r t l) has been coinpleted in 
which a new coil was tes ted for power del ivery to a zinc cha rge . The coil 
cons is t s of 32 turns of -f- in. x 1 in. bar stock and has an 11-in.-ID. E l e c -

O 

t r i c a l taps were copper welded on turns 17 and 24 for test ing with different 

*Run IM-8 gave a lift of -^ in. for a power input of 4.5 kw to the coil 
(see ANL-6596, p. 105). The same coil was used for IM-8 and IM-10 
and the crucib les differed only slightly in their inside d i a m e t e r s . 

**A flux manufactured by the Dow Chemical Company. The flux con­
tains 55 percent KCl, 34 percen t MgCl2, 9 percent BaClj , and 2 p e r ­
cent C a F j . 



effective number of coil t u r n s . The zinc charge of 129 lb was contained m 
a graphite c ruc ib le . The charge diam.eter was 9-|- in. and its height was 
7-i. in. The coil was e lec t r i ca l ly connected at the bottom and at the 24th 
turn for an active coil height of 10-i in. For a power input of 10.8 kw to 
the coil and with the mel t at 450 C, the developed thrus t lifted the center of 
the zinc about 1.7 in. higher than i ts edge. For a power input of 16.2 kw, 
the lift was about 2.5 in. This r e p r e s e n t s the l a rges t th rus t developed for 
a zinc sys t em thus fa r . Fu r the r i n c r e a s e s in power input a r e l imited by 
the p re sen t power-supply sys t em. Most of the components for a l a rge r 
power-supply sys tem have been received, and i ts installat ion will begin 
shor t ly . 

C. Chemis t ry of Liquid Metals 
(l. Johnson and H. M. Feder ) 

The chemis t ry of liquid meta l sys tems is being investigated to 
provide basic concepts and data for the design of methods for the r e p r o c e s s ­
ing of r eac to r fuels . The r e su l t s of these studies also provide ideas and data 
for the formulation and test ing of theor ies of liquid inetal solut ions. 

1. Solubilities in Liquid Metals 

Of pr ime impor tance in the prac t ica l design of fue l - reprocess ing 
methods a r e the solubil i t ies of the me ta l s whose separat ions a r e being a t ­
tempted. These solubil i t ies need to be known as a function of both t e m p e r a ­
ture and solvent composi t ion. Since the solubility and t empera tu re coefficient 
of solubility of a meta l l ic phase in a liquid metal solvent a re dependent on 
the in te ra tomic forces opera t ive in the solution, sys temat ic studies may lead 
to g rea t e r insight into the na tu re of these forces and their var iat ion with 
the basic p rope r t i e s of the solute and solvent a t o m s . For such fundamental 
s tudies , it is n e c e s s a r y to know the constitution of the solid phase in equi­
l ib r ium with the sa tu ra ted liquid phase . 

Z inc-Technet ium System 
( M . G . Chasanov and P . D. Hunt) 

The solubility of technet ium in liquid zinc was determined by 
taking f i l tered sainples of the sa tu ra ted solution. The charge consisted of 
90 g of h igh-pur i ty zinc (99.999 percent) and 0.4 g technet ium-99. The 
technet ium, obtained as a po-wder f rom Oak Ridge National Laboratory , 
had been a r c - m e l t e d to r emove volati le impur i t i e s . Spectrographic ana l ­
ys is of the product showed that sodium at a concentrat ion of 0.1 percent 
was the pr incipal impur i ty . 
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The exper imenta l data a r e given in Table 17 and shown in Fig­
ure 36. The bes t fit to the solubility data was obtained by the following 
empir ica l equations: 

(428 to 527 C) log (atom percent technetium) = 6.431 - 7159 T"-̂  

(552 to 758 C) log (atom percent technetium) = 9.431 - 15690 T~^ 

+ 4.979 X 10^ T-2 

The re la t ive s tandard deviations for these equations a r e 5 and 8 percent , 
respect ive ly . These data indicate a per i tec t ic at about 544 C 

Table 17 

SOLUBILITY OF TECHNETIUM IN LIQUID ZINC 

Temp 
(C) 

4Z8a 
470 
507 
527 
552 
580 
601 

Technetium 
(a/o) 

4 X 1 0 - * 

1.32 X 1 0 " ^ 
1.85 X 1 0 - 3 

3.O1 X 1 0 - ' 

5 . I 4 X 1 0 - 3 

6 .74 X 1 0 - 3 

I .O3 X 1 0 - 2 

Temp 
(C) 

630 
662 
684 
718 
734 
758 

Technetium 
(a/o) 

1 . 5 6 X 1 0 - ^ 

1.95 X ZO-2 

2 . 6 9 X 1 0 - 2 

4 . 4 4 X 1 0 - 2 

5 .53 X 1 0 - 2 

7 . 7 , X 1 0 - 2 

a o a t u m not used in computing solubility equation. 

Figure 36 

SOLUBILITY OF TECHNETIUM IN LIQUID ZINC 
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Differential t he rmal ana l ­
ysis of a zinc-about 3 a /o t echne­
t ium alloy yielded a r r e s t s on heating 
at 417, 540, and 953 C The a r r e s t 
at 417 C corresponds to the melting 
point of zinc. The a r r e s t at 540 C 
is a per i tect ic t ransformat ion , which 
is in good agreement with the p e r i ­
tect ic t ransi t ion indicated at 544 C 
by the solubility data. Metal lo-
graphic examination indicates that 
the a r r e s t at 953 C is a lso a s s o c i ­
ated with a per i tec t ic t rans i t ion . 

X-ray analysis of these a l ­
loys showed the presence of at leas t 
two in termeta l l ic compounds in this 
sys tem. These compounds have the 
approximate compositions of TcZn^ 
and TcZnjs. The charac te r iza t ion 
of these compounds has not yet been 
completed. 

In a previous r epor t 
(ANL-6029, p. 47), the solubili t ies 
of severa l meta l s of the second 
t ransi t ion se r i e s in liquid zinc at 
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600 C were plotted against the atomic numbers of the elements in this 
s e r i e s . The resul t ing graph suggested that a minimum solubility would 
occur at the position of technet ium. Data obtained in the p resen t expe r i -
naents verify this predict ion. 

Zinc-Tanta lum System 
( M . G . Chasanov, R . Schablaske,* P . D. Hunt, and B. S. Tani*) 

Zinc- tanta lum alloys were p repa red by heating mix tures of 
the component me ta l s in a rocking furnace and also by powder me ta l l u rg i ­
cal methods . The in teract ion between these meta l s is very sluggish, and 
samples heated for per iods as long as two months gave evidence that equi­
l ibr ium had not been at ta ined. X- ray diffraction analyses of these alloys 
indicated the existence of at l eas t five in te rmeta l l ic compounds in the s y s ­
t em. A Laves phase const i tutes one of these phases ; the other i n t e r m e t a l ­
lic compounds have not yet been cha rac t e r i zed . 

Thermal analysis of z inc- tanta lum alloys gave the a r r e s t s 
repor ted in Table 18. These a r r e s t s were obtained on heating the samples 
at about one to two C per minute . Essent ia l ly the same a r r e s t s were ob­
served in differential t h e r m a l analys is of a 13 a /o tantaluna alloy.^^ It 
appears that a numiber of the in te rmedia te phases in this sys tem decompose 
per i tec t ica l ly . 

Table 18 Zinc-Tungsten System 

THERMAL ANALYSIS OF ZINC- (M. G. Chasanov and P .D.Hunt ) 

It has been repor ted previously 
(see ANL-6243, p. 4) that tungsten is 
iner t to attack by molten zinc. Hen-
mann'^'* indicated that in te rmeta l l ic 
compounds may exist in this sys tem. 
To invest igate the possible occur ­
rence of in te rmedia te phases in this 
sys tem, a s e r i e s of alloys was p r e ­
pared by powder meta l lurg ica l t ech­
niques . Pe l l e t s , ™ in. in d iameter , 
were p repa red by compacting 
99-95 percent tungsten powder and 

^Melting point of z inc. 98.8 percent zinc powder. The com­

pac ts , which had the following nominal 
composi t ions : WZn2o. WZnig, WZng, WZng.g, WZn, and Wj.sZn, were 
heated at about 430 C for 2 weeks in ampoules containing hel ium. 
Metallographic examination of the specimens showed that the meta l s 

TANTALUM ALLOYS 

Thermal A r r e s t s Ob 

7.4 a /o Ta 

(c) 
420^ 
610 

_ 

700 
755 

Heating 
served on 

60 a /o Ta 
(C) 

B B 

600 
670 
700 
760 

*Members of the X- ray Diffraction and Spectroscopy Group. 
23 

Martin, A. E. , pr ivate communicat ion. 
24Henmann, T., Z. Metallkunde 39. 51 (1948). 



had not reac ted . This was confirmed by X-ray diffraction studies,"^^ which 
showed that e lemental tungsten and zinc accounted for the pat terns obtained 
with the compacts . 

These compacts were then reheated to 650 C for 31 days. Metal­
lographic examination showed no interact ion and the X-ray pa t te rns were 
again that of tungsten and zinc. Thus, no evidence for the existence of inter­
mediate phases in the zinc-tungsten sys tem was found. 

Figure 37 

THE SOLUBILITY OF URANIUM IN ZINC-
MAGNESIUM MELTS IN THE TEMPERA­

TURE AND COMPOSITION RANGE IN 
WHICH THE EQUILIBRIUM SOLID 

PHASE IS URANIUM 

lOO.Orr 
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The Zinc-Magnesium-Uranium 
System 
( A . E . Martin and C. Wach) 

Additional solubility expe r i ­
ments were ca r r i ed out with the z inc-
magnes ium-uran ium sys tem at 
magnesium levels of about 47.1 and 
67.6 w/o . At these re la t ively high 
inagnesium contents, all of the data 
obtained were in the t empera tu re 
range where the equi l ibr ium solid 
phase was elemental uranium. In 
previous studies (see ANL-6543, 
pp. 93 to 94; ANL-6477, pp. 93 to 94), 
uranium was the equi l ibr ium solid 
phase only for data obtained at r e l a ­
tively high t e m p e r a t u r e s . 

All of the solubility data ob­
tained in experiments in which u r a ­
nium was the equil ibrium solid phase 
a re plotted in Figure 37 together with 
s imilar data from the l i t e r a tu re 
about the magnes ium-uran ium sys tem. 
F rom the figure it may be deduced 
that the t empera tu re coefficient of 
solubility inc reases with increas ing 
magnesium content, and that the u r a ­
nium solubility dec r ea se s with in ­
creas ing inagnesium content at a 
given t empera tu r e . Thus, in the range 
in which the p r imary crysta l l iz ing 

phase is uranium, the solubility relat ionships a re relat ively s imple . How­
ever , as indicated in a previous repor t (ANL-6477, pp. 93 to 94), the solu­
bility relat ionships a r e more complicated in composition and t empera tu re 
regions where other solid phases a r e in equil ibrium with the mel t . 

25schablaske, R., and Homa, M., private communication. 

^^Chiotti, P . , and Shoemaker, H. E., Ind. and E n g . C h e m . ^ , 137-140 (1958). 

T.K 
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A t e r n a r y in te rmeta l l i c phase has been observed in the z inc-
magnes iu in -uran ium sys t em. Crys ta l s of the t e rna ry phase have been 
isolated from ingots by electrolyt ic etching. Chemical analyses of samples 
recovered f rom two ingots were as follows: 

Uranium Zinc Magnesium 
(w/o) (w/o) (w/o) 

Ingot No. 1 22.83 64.14 10.06 

Ingot No. 2 23.0 65.7 10.12 

Average 22.9 64.9 10.09 

This average composit ion of the t e r n a r y phase cor responds to the empir ica l 
formula UZnio,3Mg4.3. X- r ay diffraction examination* indicated that this 
phase has a hexagonal la t t ice with p a r a m e t e r s a = 14.58 A and c = 8.68 A. 
Thernaal ana lys is and meta l lographic examinations have shown that the 
p r i m a r y c rys ta l l i za t ion field of this t e r n a r y phase in the t e r n a r y d iagram 
is bounded by the fields of u ran ium, MgZng, and the delta phase (U2Zni7). 
This t e r n a r y phase does not have a maximum melting point but, instead, 
decomposes per i tec t ica l ly on heat ing. The per i tec t ic t empe ra tu r e s range 
from 400 to about 5 70 C. This phase cannot form, on cooling from mel ts 
containing m o r e than 41 percent magnes ium. The t e r n a r y phase has most 
commonly been observed as a per i tec t ic react ion layer on delta-phase 
c r y s t a l s . 

2. Thermodynamic Studies 

Thermodynamic functions for key e lements in liquid metal 
solvents and for the m o r e impor tan t solid in termeta l l ic phases a re being 
m e a s u r e d by two methods . The use of galvanic cells has proved to be e s p e ­
cial ly useful for the m e a s u r e m e n t of act ivi t ies in liquid metal solutions as 
well as for the de terminat ion of the free energy of formation of the equil ib­
r ium solid phase in sol id-l iquid, two-phase regions . On the other hand, 
for sys t ems composed of s eve ra l well-defined in termeta l l ic phases , m e a s ­
u remen t of the decomposi t ion p r e s s u r e by the recording effusion balance 
is proving to be very useful. The two methods suppleinent each o ther . 

Studies of the plutonium-zinc sys tem a re underway by means of 
the galvanic cel l method. The effusion method is being used to study s y s ­
temat ica l ly the light r a r e ea r th me ta l - z inc and -cadmium s y s t e m s . The 
r e su l t s for the neodymium-zinc sys tem a re presented below. 

*The X- r ay diffraction studies were performed by R Schablaske and 
B. S. Tani of the X- r ay Diffraction and Spectroscopy Group. 
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Z i n c - N e o d y m i u m S y s t e m (Effusion S tud ies ) 
( E . V e l e c k i s and E . Van D e v e n t e r ) 

No l i t e r a t u r e i n f o r m a t i o n i s a v a i l a b l e p e r t a i n i n g to the p h a s e 
r e l a t i o n s h i p s in the z i n c - n e o d y m i u m s y s t e m . The b e h a v i o r of the s y s t e m 
i s g e n e r a l l y e x p e c t e d to be s i m i l a r to t ha t of o the r l ight r a r e e a r t h - z i n c 

s y s t e m s . R e c e n t effusion s t u d i e s . 
Figure 38 

ZINC-NEODYMIUM SYSTEM. ISOTHERM AT 531 C 
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h o w e v e r , h a v e i n d i c a t e d t h a t s ignif­
i c a n t v a r i a t i o n s m a y o c c u r a m o n g 
the r a r e e a r t h s in t h e i r ab i l i t y to 
f o r m compounds with z i n c . In the 
p r e s e n t r e p o r t , the effusion r e s u l t s 
for the z i n c - n e o d y m i u m s y s t e m a r e 
p r e s e n t e d , and a c o m p a r i s o n of the 
da ta with t h o s e a v a i l a b l e for o the r 
l igh t r a r e e a r t h - z i n c s y s t e m s i s 
m a d e . 

A t y p i c a l effusion i s o t h e r m 
a t 531 C i s shown in F i g u r e 38 , in 
which the l o g a r i t h m of the effusion 
r a t e ( g / s e c ) i s p lo t t ed a g a i n s t the 
z i n c : n e o d y m i u m a t o m r a t i o . The 
c u r v e i s c o m p r i s e d of a s e r i e s of 
d e s c e n d i n g s t e p s , of which the h o r i ­
zonta l p o r t i o n s c o r r e s p o n d to the 
h e t e r o g e n e o u s p h a s e f i e l d s . The 
po in t s a t which the h o r i z o n t a l p o r ­
t ions of the c u r v e i n t e r s e c t the 
d e s c e n d i n g p o r t i o n s c o r r e s p o n d to 
the c o m p o s i t i o n s of the i n t e r m e t a l l i c 
c o m p o u n d s . The f i gu re shows tha t 
at 531 C the following p h a s e s s u c ­
ceed one a n o t h e r : NdZn^^, NdZng^g, 
NdZn^.g, NdZn4.3, NdZnj.g, NdZu j , 
and NdZii j . 

8 6 4 
ATOM RAT(0, Zn/Nd This effusion e x p e r i m e n t 

w a s nriade with a z i n c - n e o d y m i u m 
a l loy tha t was not h e a t e d above 500 C du r ing i t s p r e p a r a t i o n . E x p e r i m e n t s 
m a d e with s a m p l e s tha t w e r e e x p o s e d to h i g h e r t e m p e r a t u r e s (e .g . , s a m p l e s 
h e a t e d for 2 h r a t 900 C fol lowed by a 14-day annea l ing p e r i o d a t 500 C) 
fa i led to y ie ld NdZnj^j^. I n s t e a d , a p h a s e wi th a wide c o m p o s i t i o n r a n g e which 
e x t e n d e d f r o m NdZng.5 to NdZn^j w a s f o r m e d . X - r a y d i f f rac t ion a n a l y s i s 
showed tha t t h i s p h a s e i s a n a l o g o u s to a p h a s e o b s e r v e d in the z i n c - u r a n i u m 
s y s t e m . A p p a r e n t l y , the z i n c - n e o d y m i u m s y s t e m u n d e r g o e s a s o l i d - s t a t e 

^ ^ V e l e c k i s , E . , R o s e n , C. L . , and F e d e r , H. M., J . P h y s C h e m . 65, 
2127 (1961). 
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t r a n s f o r m a t i o n above 500 C Al though the c o n v e r s i o n of N d Z n n to NdZng^s . j j 
i s r e a d i l y a c c o m p l i s h e d , the r e v e r s e p r o c e s s a p p e a r s to be v e r y s l ugg i sh 
and cou ld no t be a c h i e v e d e v e n a f t e r p r o l o n g e d annea l ing a t 500 C of a l l oys 
which h a d b e e n e x p o s e d to h i g h e r t e m p e r a t u r e s . 

A s u m m a r y of t h e i n t e r m e t a l l i c p h a s e s found in the l a n t h a n u m - , 
c e r i u m - , p r a s e o d y m i u m - and neodymiu ix i - z inc s y s t e m s i s shown in T a b l e 19. 
P r e v i o u s effusion da ta for the l a n t h a n u m - z i n c s y s t e m (see A N L - 6 5 9 6 , 
p . 114) and r e v i s e d d a t a * for the c e r i u m - z i n c and p r a s e o d y m i u m - z i n c s y s ­
t e m s a r e i n c o r p o r a t e d in the t a b l e . X - r a y d i f f rac t ion a n a l y s i s h a s shown 
tha t a t o t a l of t w e l v e d i f f e ren t p h a s e t y p e s e x i s t in t h e s e s y s t e m s . In 
T a b l e 19, the p h a s e s be long ing to a p a r t i c u l a r type a r e l i s t e d in the h o r i ­
zon t a l r o w s . C o m m o n to a l l four s y s t e m s a r e the t y p e s MZn, MZnj , MZn^.^, 
MZng^g, and M Z n ^ . The p h a s e s MZn4 and MZn^s a r e p e c u l i a r to l a n t h a n u m , 
MZn3.5„j^2 o c c u r s only with n e o d y m i u m , and only c e r i u m , p r a s e o d y m i u m , 
and n e o d y m i u m exhib i t MZn3, MZn3.5, and M Z n 4 3 . The MZns^js p h a s e o c ­
c u r s wi th l a n t h a n u m , c e r i u m , and p r o b a b l y with p r a s e o d y m i u m , but not with 

T a b l e 19 

I N T E R M E T A L L I C P H A S E S FOUND IN SOME LIGHT 
R A R E E A R T H - Z I N C SYSTEMS 

L a Ce P r Nd 

LaZni3 

( L a Z n n ) ^ C e Z n i i 

LaZng_5 CeZn3_5 

LaZn7.25 CeZn7 

LaZn5.25 CeZn5.25 

CeZn4.4 

LaZn4 

C e Z n 3 . j 

(CeZns) 

LaZng CeZn2 

L a Z n C e Z n 

^ P a r e n t h e s e s r e p r e s e n t p a r t i a l i d e n t i f i c a t i o n . 

„ 

-

P r Z n i i 

PrZng ,5 

P r Z n ^ 

(PrZng.zs) 

PrZn4.3 

P rZn3 .6 

P r Z n j 

P r Z n 2 

P r Z n 

™ 

(NdZng.s-iz) 

N d Z n i i 

NdZng.s 

NdZn6.5 

-

NdZn4.3 

NdZnj.g 

NdZns 

NdZn2 

(NdZn) 

si-
Recent re-runs of the cerium-zinc and praseodymium-zinc systems with smaller effusion crucible 
orifices (0.008-in. dia as compared with 0.016-in. dia) have necessitated revision of some of the 
results of previous effusion studies (see ANL-6333, p. 116; ANL-6413, p. 96). 
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neodymium. The phases MZn, MZn5_25! MZng^s, MZng_5_i2, MZnji, and MZni3 
a r e of known s t ruc tura l type. The remaining phases exhibited dis t inguish­
able diffraction pa t te rns , but were not s t ruc tura l ly identified. Small v a r i a ­
tions in the s toichiometry of the MZn4_3 and MZn3_5 phase types a r e 
at tr ibuted to the exper imental e r r o r s . The significant changes observed 
for the MZn~7 type, however, a r e outside the e r r o r l imits and may indicate 
a solubility range . 

3. Magnetic Studies of Intermetal l ic Compounds 
( F . Cafasso and D. Gruen*) 

The magnetic suscept ibi l i t ies of a se r i e s of isomorphous and 
naagnetically dilute in termeta l l ic coinpounds A B ^ where A is ei ther a r a r e 
ear th or actinide element and B is cadmium, a r e being m e a s u r e d in a joint 
effort of the Chemical Engineering and Chemist ry Divisions. Measurements 
with the sys tems CeCdn, NdCdu and UCd;^! were repor ted ea r l i e r . ** P r e ­
l iminary measu remen t s on the ThCdn sys tem a re repor ted below. 

An ingot of ThCdn was p repared by melting the pure metals in 
the indicated proport ion together . Examination by X-ray powder methods 
showed this prepara t ion to be ThCdij. A section of this ingot was powdered 
and used for the magnetic m e a s u r e m e n t s . 

P re l imina ry measu remen t s were made at both room t e m p e r a ­
ture and 77.2 K. The data collected at maximum field strength a r e given 
below for both t e m p e r a t u r e s . A smal l negative force was measu red on a 
ThCdii sample which was contained in a quartz ampoule and which in turn 
was enclosed in a copper capsule . When the correc t ions for the quartz 
and copper containers were made , a small positive force of about 0.2 mg 
resu l ted . The magnitude of this force did not change significantly with 
t e m p e r a t u r e . 

Measured Force 
on Sample and 
Containment 

Temp Mater ia ls 
(K) (mg) 

295.2 -0.162 

77.2 -0.127 

Quartz 
Correct ion 

(mg) 

-0.182 

-0.182 

Copper 
Capsule 

Correct ion 
(mg) 

-0.184 

-0.169 

Correc ted 
Force on 

Sample 
(mg) 

0.204 

0.224 

Gram 
Susceptibility 

gy ThCd„^ ^ ° ' 

0.40 

0.44 

*Cooperating Chemist - Chemis t ry Division. 

**Measurements may be found for the CeCdu sys tem in ANL-6287, 
p . 118, for the NdCdu sys tem in ANL-6333, p. 118, and for the 
UCdii sys tem in ANL-6596, p . 114. 



The susceptibi l i ty of ThCdji appears to be reasonably t e m p e r a ­
ture independent. Magnetic behavior of this type is indicative of a sys tem 
with no unpaired sp ins . The smal l positive force which was measu red is 
no doubt assoc ia ted with the weak tempera ture- independent pa ramagne t i sm 
of the conduction e lec t rons in this alloy sys t em. When a cor rec t ion for the 
d iamagnet i sm of cadmium in the alloy is made , the susceptibi l i ty of 
thor ium in ThCdn is calculated to be 0.54 x 10" e m u / g . This value is in 
fair ag reemen t with the value of 0.42 x 10" emu/g which has been repor ted 
for the susceptibi l i ty of thor ium meta l at room t e m p e r a t u r e . 



11. FUEL CYCLE APPLICATIONS OF VOLATILITY 
AND FLUIDIZATION TECHNIQUES* 

The development of a Di rec t Fluorinat ion Volatility P r o c e s s for the 
recovery of uranium and plutonium from i r rad ia ted nuclear r eac to r fuels 
was continued. In this procesSj, u ran ium and plutonium dioxides a re f luor i -
nated to produce hexafluoride products , which are then decontaminated by 
volatility techniques. 

Labora to ry studies have been concerned with the development of a 
fluorination scheme whereby optimum removals of uran ium and plutonium 
from the iner t solids can be achieved. This phase of the investigation is 
economical ly important , since the ine r t solids will be d i sca rded as was te . 

In the development of the Direc t Fluor inat ion p r o c e s s , cu r r en t 
emphasis is placed on the evaluation of a two-zone p roces s technique as a 
means of avoiding caking tendencies . In this scheme, a mixture of oxygen 
and ni trogen is introduced into the lower react ion zone formed by the u r a n i ­
um dioxide pellet bed, and fluorine is introduced into the upper zone which 
consis ts of a fluidized bed of alumina grain. The alumina, which also fills 
the voids of the pellet bed, is fluidized by the mixture of oxygen and ni trogen 
This mix ture is in t roduced into the sys tem at the bottom of the pellet zone, 
while fluorine is introduced at the top of the pel let zone. Uranium oxide 
(UsOg) fines are formed in the lower zone and t r anspor t ed into the upper 
zone, where they are removed by fluorination. 

Additional studies of a f luidization-volati l i ty scheme for r e ­
process ing enr iched u ran ium-z i r con ium alloy fuels were c a r r i e d out. This 
p rocess ing scheme involves f i r s t a d i rec t hydrochlorinat ion (or ch lor ina-
tion) reac t ion while the alloy is submerged in an iner t fluid-bed medium 
(current ly Norton Type RR Alundum). This step produces volatile z i r ­
conium te t rach lor ide and pernaits ready separat ion of the uranium from 
the bulk alloying m a t e r i a l . A subsequent fluorination step to volati l ize the 
uran ium as the hexafluoride provides the means of product r ecovery . 

Studies of a f luid-bed pyrohydrolys is react ion of z i rconium t e t r a ­
chloride with s team were continued. The t e t rach lor ide , which is produced 
during the chlorinat ion of u ran ium-z i r con ium alloy fuels, is converted to 
the solid dioxide, a fo rm which is more convenient for u l t imate waste 
disposal . 

Additional studies "were made of the convers ion of uran ium hexa­
fluoride to high-densi ty u ran ium dioxide by the s imultaneous react ion of the 
hexafluoride with s t eam and hydrogen. 

Supporting s tudies a re also underway to obtain design data and to 
clarify fluidization mechan i sms involved in par t icu la r equipment configura­
tions used in the Di rec t F luor ina t ion P r o c e s s . 

*A sumnaary of this sect ion is given on pages 19 to 25. 
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A. Labora to ry Investigations of Fluor ide Volatility P r o c e s s e s 
( j . F i sche r ) 

1. Fluor inat ion of P lu tonium-Uranium Oxides 
(R. L. J a r r y , T. D. Baker , J . J . Stockbar) 

In the Direc t Fluor inat ion Volatility P r o c e s s , ^ ° declad uranium 
dioxide fuel will be f luorinated in a fluidized Alundum bed to convert the 
uranium and plutonium to thei r respec t ive hexafluorides. In the procedure 
as now conceived, a typical charge to the fluid bed fluorinator contains 
100 kg'of uranium, 0.4 kg of plutonium, about one kg of fission product 
e lements , and 30 kg of Alundum as the iner t fluidized solid. The labora tory 
work has been d i rec ted toward devising a fluorination scheme to achieve 
the removal of uran ium and plutonium as hexafluorides from synthetic mix­
tu re s , the composit ions of which a re s imi la r to those of the charge which 
will be used in the fluid-bed f luorinator . After fluorination, the solids r e ­
maining in the f luorinator will be d i scarded as was te . 

"Work outlined in previous quar te r ly r epor t s (see ANL-6379, 
pp. 137-145; ANL-6413, pp. 110-115; ANL-6477, pp. 106-113; ANL-6543, 
pp. 108-114; ANL-6569, pp. 93-99) has led to the conclusion that Alundum 
is a sa t is factory iner t m a t e r i a l for use in the fluidized bed. This conclu­
sion is based on the fact that u ran ium and plutonium can both be ra ther 
completely volati l ized by fluorination. In addition, the work has shown that 
the fluorination is bes t c a r r i e d out in two stages with low fluorine content 
(10 v/o) and re la t ively low t empera tu re (450 C) initially, followed by a 
higher fluorine content (50-75 v/o) and a higher t empera tu re (550 C). The 
use of this p rocedure has r e su l t ed in r emova l of essent ia l ly all of the uran ium 
and about 99 percent of the plutonium from the mixtures of uranium dioxide-
plutonium dioxide containing fission product oxides AA/ith Alundum. 

Exper imenta l work with a two-stage procedure in which the 
uranium dioxide-plutonium dioxide solid solution was oxidized pr ior to 
fluorination is desc r ibed below. Oxidation of the solid solution of plutonium 
dioxide in u ran ium dioxide r e su l t s in a mixture of plutonium dioxide in 
uranos ic oxide (U30g). The u ranos ic oxide is in the form of a free-flowing 
powder which has a surface a r e a of 6.2 m y g . 

Oxidation of u ran ium dioxide fuel pr ior to fluorination can se rve 
two other purposes . F i r s t , since the spent uranium dioxide r eac to r fuel 
may contain c racked pel le ts and f ragments of pel le ts , the oxidation, in addi­
tion to allowing less severe fluorination conditions, s e rves to produce a 
uniform feed for the fluidized bed f luorinator . Secondly, the oxidation step 

'Jonke, A. A., F i s c h e r , J . , and Mecham, W., Fluor ide Volatility 
P r o c e s s i n g of Low Enr iched Fue l s , T r a n s . Am, Nuclear S o c , _4 (2), 
184-185 (1961). 
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m a y a l so be e m p l o y e d as a m e a n s of in i t i a t ing the s e p a r a t i o n of the u r a n i u m 
and p l u t o n i u m ox ides f r o m s t a i n l e s s s t e e l c ladding as c o n s i d e r e d by A t o m i c s 
Inte r n a t i o n a l . " 

Solid so lu t i ons of p lu ton ium dioxide in u r a n i u m d iox ide , wh ich 
c o n t a i n e d about 0.4 w / o p l u t o n i u m and about 0.8 w / o of f i s s i on p r o d u c t e l e ­
m e n t o x i d e s , w e r e u s e d in e x p e r i m e n t s . The p r e p a r a t i o n of the f i r s t m i x ­
t u r e , d e s i g n a t e d B a t c h IV, w a s d e s c r i b e d in a p r e v i o u s r e p o r t ( s e e A N L - 6 5 6 9 , 
p . 97) .* The u r a n i u m d i o x i d e - p l u t o n i u m dioxide m i x t u r e w a s f a b r i c a t e d into 
p e l l e t s , - | - i n . in d i a m e t e r and ^l-in. long, and s i n t e r e d at about 1700 C by 
J . H a n d w e r k of the M e t a l l u r g y D iv i s i on . 

A s e c o n d m i x t u r e , B a t c h V, w a s p r e p a r e d by the c o p r e c i p i t a t i o n 
of a m m o n i u m d i u r a n a t e and p l u t o n i u m h y d r o x i d e , fo l lowed by r e d u c t i o n at 
1000 C. This m e t h o d of p r e p a r a t i o n of a so l id so lu t ion of p l u t o n i u m dioxide 
in u r a n i u m dioxide w a s d e s c r i b e d in a p r e v i o u s r e p o r t ( see A N L - 6 3 7 9 , 
p . 139). A p o r t i o n of the m i x t u r e of ten f i s s i o n p r o d u c t e l e m e n t ox ides u s e d 
for B a t c h IV w a s b l e n d e d w i th the so l id so lu t ion p o w d e r . The r e l a t i v e q u a n t i ­
t i e s of t h e s e f i s s i o n p r o d u c t e l e m e n t ox ides in the m i x t u r e w e r e g iven in a 
p r e v i o u s r e p o r t ( s e e A N L - 6 4 7 7 , p . 110). 

The f l u o r i n e u s e d in t h e s e e x p e r i m e n t s w a s about 99 p e r c e n t 
p u r e . The oxygen and n i t r o g e n u s e d w e r e p a s s e d t h r o u g h M o l e c u l a r S ieves 
to r e m o v e w a t e r . 

The h o r i z o n t a l t u b u l a r r e a c t o r and a s s o c i a t e d a p p a r a t u s u s e d in 
the e x p e r i m e n t s have been d e s c r i b e d p r e v i o u s l y (ANL-61455 p . 10 l ) . The 
u r a n i u m d i o x i d e - p l u t o n i u m dioxide so l id so lu t ion w a s p l a c e d in a n i c k e l boa t 
in the h o r i z o n t a l t u b u l a r r e a c t o r , h e a t e d to 450 C, and a gas con ta in ing 
20 v / o oxygen in n i t r o g e n w a s p a s s e d o v e r the s a m p l e for a p e r i o d of 3 h r . 
Fo l lowing the ox ida t i on p e r i o d , the n i c k e l boa t con ta in ing the ox id ized m i x ­
t u r e w a s r e m o v e d f r o m the r e a c t o r . After adding the p r o p e r a m o u n t of 
60 m e s h Alundum to the m i x t u r e , the b o a t w a s r e t u r n e d to the r e a c t o r for 
the f l uo r ina t i on c y c l e . Upon c o m p l e t i o n of the f l u o r i n a t i o n r e a c t i o n , the e n ­
t i r e Alunduna r e s i d u e w a s s u b m i t t e d for u r a n i u m and p lu ton ium a n a l y s e s . 

Tab le 20 s u m m a r i z e s the r e s u l t s ob ta ined for v a r i o u s c o m b i n a ­
t i ons of f l u o r i n a t i o n t i m e , t e m . p e r a t u r e , and g a s m i x t u r e . In s o m e c a s e s , 
the i t e m s l i s t e d a r e a v e r a g e v a l u e s for s e v e r a l e x p e r i m e n t s . The c o m p l e t e 
d a t a a r e l i s t e d in T a b l e s 2 1 , 22, and 2 3 . F l u o r i n a t i o n of the ox id ized m i x ­
t u r e of B a t c h V wi th A lundum for 2 h r at 450 C, by 10 v / o f l u o r i n e , r e s u l t e d 
in the r e m o v a l of about 84 p e r c e n t of the p lu ton ium o r i g i n a l l y p r e s e n t in the 

on 
'̂Guon, J., et al., Low Decontamination Reprocessing Studies on Irradiated Uranium Dioxide Reactor 
Fuels. NAA-SR-7136 (Dec 15, 1961). 

^Prepared by the addition of UOg and FP III mixture (which contains the following oxides; BaO, ZrO„, 
La203, Ce02, Y2O3, Nd203, Sm203, PrgOji, EU2O3, and Gd203) to the UO2-PUO2 solid solution 
containing about 4 w/o Pu. Analyses of Batch i / gave 89 percent U and 0.33 percent Pu. 
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solid mixture (see Itenm 2, Table 20, and Exper iments 178 and 182, Table 21). 
The enhanced react iv i ty of the oxidized uran ium dioxide-plutonium dioxide 
solid solution is made evident when the r e su l t s given in Item 2, Table 20 
are compared with the r e su l t s given in Itenn 1, Table 20 (Experiment 187, 
Table 21). The la t te r r e su l t s were obtained in an experinaent in which the 
uran ium dioxide-plutonium dioxide solid solution was not oxidized pr ior to 
fluorination. In this experim.ent, only 31 percent of the original plutoniuna 
was removed from the solid mix tu re . 

Table 20 

SUMMARY OF RESULTS OF FLUORINATIONS OF OXIDIZED URANIUM 
DIOXIDE-PLUTONIUM DIOXIDE MIXED WITH ALUNDUM INERT SOLIDS 

Oxidation Conditions: 450 C; 3 hr ; 20 v /o Og, 80 v /o Nj 
Gas Flow Rate; 800 nal /min (l inear velocity of gas: 5 f t /sec) 
System P r e s s u r e : one atm 

Item 
No. 

l a 

2b 

3d 

4« 

5d 

6d 

7d 

Temp 
(C) 

450 

450 

450 
550 

450 
550 

500 
500 

450 
450 

550 
550 

Time 
(hr) 

2 

2 

2 
5 

10 
10 

1 
5 

1 
4 

1 
4 

Fluor inat ing Gas 

v /o Fg v / o Og 

10 

10 

10 
75 

10 
75 

10 
100 

10 
100 

10 
100 

25 

25 

25 
25 

25 
25 

25 

25 

25 

Mixture 

v / o N ^ 

65 

65 

65 

65 

65 

65 

65 

P e r c e n t 
Original 

Pu Removed 

31 

84C 

98.6^ 

99.4c 

97.2 

90.4 

96.0 

3-The (U-Pu)02, Batch V, used in this exper iment was not oxidized 
p r io r to f luorination. The complete data a re given in Table 21, 
Exper imen t 187. 

"The complete data for the two exper iments averaged in this i tem 
and for o the rs c a r r i e d out for longer per iods of t ime a r e l i s ted in 
Table 21. 

CThese values a re ave rages for s eve ra l exper iments . 
Complete data for these runs a re given in Table 22. 

^Complete data for the seven exper iments averaged he re a re con­
tained in Table 23. 
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T a b l e 21 

S I N G L E - S T E P F L U O R I N A T I O N OF OXIDIZED URANIUM DIOXIDE-
P L U T O N I U M DIOXIDE MIXED WITH ALUNDUM I N E R T SOLIDS 

I n i t i a l Sol id M i x t u r e for E a c h E x p e r i m e n t : 

3,42 g ( U - P u ) 0 2 , B a t c h V , ^ w h i c h c o n t a i n s 2965 m g U, 
10.9 nig P u , and a p p r o x i m a t e l y 30 m g f i s s i o n p r o d u c t 
o x i d e s ; t h i s w a s m i x e d w i th 0.90 g AI2O3, 60 m e s h 

R e a c t i o n C o n d i t i o n s : 
(1) Ox ida t ion ; 450 C; 3 h r ; 20 v / o Og, 80 v / o Ng 
(2) F l u o r i n a t i o n ; 450 C; 10 v / o Fg, 25 v / o O2, 65 v / o Ng 

G a s F l o w R a t e : 800 m l / m i n ( l i n e a r v e l o c i t y of g a s : 5 f t / s e c ) 

E x p . 
No . 

178 
182 

187C 

181 

180 

183 

S y s t e m 

T i m e 
(hr) 

2 
2 

2 

4 

6 

8 

P r e s s u r e : 

Wt U 
(mg) 

0.08 
0.12 

32 

0.06 

0.07 

0.08 

one a t m 

Wt P u 

(mg) 

2.54 
1.12 

7.5 

1,14 

0.43 

1.30 

R e s i d u e 
U 

(w/o) 

0.008 
0 .013 

3.14 

0.006 

0.008 

0.009 

P u 
(w/o) 

0.27 
0,12 

0.741 

0.12 

0.10 

0.14 

wt (g)l^ 

0 .945 
0.930 

P e r c e n t of 
O r i g i n a l 

P u Remioved 

77 
90 

a v e r a g e 84 

1.01 

0 .955 

0.930 

0.930 

31 

90 

92 

87 

3-(U-Pu)02 B a t c h V. P r e p a r e d by the c o p r e c i p i t a t i o n of a m m o n i u m 
d i u r a n a t e and p l u t o n i u m h y d r o x i d e fo l lowed by r e d u c t i o n at 1000 C 
to f o r m a so l id so lu t i on of P u O j in UOg. T o th i s so l id so lu t ion a 
m i x t u r e of ten f i s s i o n p r o d u c t e l e m e n t o x i d e s , d e s i g n a t e d F P III, 
w a s added ( F P III con ta ins B a O , ZrOz , LagOj, CeOz, Y2O3, NdzOs, 
Sm203, Pr^Oj is EU2O3, and Gd203). One g r a m of B a t c h V 
c o n t a i n s 3.2 m g P u , 867 m g U, and about 10 m g of f i s s i o n p r o d u c t 
e l e m e n t s . 

" T h e t h e o r e t i c a l w e i g h t of the r e s i d u e wou ld be 0.93 g. In t h o s e 
c a s e s w h e r e the r e s i d u e w e i g h t s w e r e g r e a t e r t h a n 0,93 g, the i n ­
c r e a s e in w e i g h t i s a t t r i b u t e d to the p r e s e n c e of NiF2 . 

^ T h e ( U - P u ) 0 2 u s e d in t h i s r u n w a s not o x i d i z e d . 



Table 22 

EFFECT OF TEMPERATURE, TIME, AND GAS COMPOSITION ON 
TWO-STEP FLUORINATION OF OXIDIZED URANIUM DIOXIDE-

PLUTONIUM DIOXIDE MIXED WITH ALUNDUM 

Initial Solid Mixture for Each Experiment; 
3,42 g of (U-Pu)02, Batch V.^ which contains 10.9 mg Pu, 
2956 mg U, and approximately 30 mg of fission product 
elements; this was mixed with 0.90 g AI2O3, 60 mesh 

Oxidation Conditions: 450 C; 3 hr; 20 v/o Oj, 80 v/o Nj 

Gas Flow Rate: 800 ml /min (linear velocity of gas: 5 ft/sec) 

System P r e s s u r e : one atm 

E x p . 
N o . 

184 

185 

189 

190 

188 

186 

191 

T i m e 
(hr) 

2 
5 

2 
5 

2 
5 

2 
5 

1 
4 

1 
4 

1 
5 

T e m p 
(C) 

450 
550 

450 
550 

450 
550 

4 5 0 
550 

450 
450 

550 
550 

500 
500 

F l u o r in 

v / o F2 

10 
75 

10 
75 

10 
75 

10 
75 

10 
100 

10 
100 

10 
100 

at ing Gas 

v / o O2 

25 
25 

25 
25 

25 
25 

25 
25 

25 

25 

25 

Mix tu re 

x/o N2 

65 

65 

65 

65 

65 

65 

65 

R 

Wt P u 
(mg) 

0.16 

0.18 

0.09 

0.17 

1.04 

0.44 

0.31 

es idue 

P u 
(w/o) 

0.016 

0.019 

0.009 

0.018 

Wt'^ 
(g) 

0.98 

0.97 

1.00 

0.97 

P c 
C 

P u 

Average value 

0.11 

0.045 

0.032 

0.95 

0.98 

0.96 

r c e n t of 
r i g ina l 
Removed 

98.6 

98.3 

99.2 

98.4 
98.6 ±0 .3 

90.4 

96.0 

97.2 

^See footnote (a) Table 21, 

^See footnote (b) Table 21. 
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T a b l e 23 

T W O - S T E P F L U O R I N A T I O N O F O X I D I Z E D U R A N I U M D I O X I D E -
P L U T O N I U M D I O X I D E M I X E D W I T H A L U N D U M 

R e a c t i o n C o n d i t i o n s : 

O x i d a t i o n : 4 5 0 C; 3 h r ; 20 v / o O2, 80 v / o N2 

F l u o r i n a t i o n : 4 5 0 C; 10 h r ; 10 v / o F j , 25 v / o O j , 65 v / o N j 
550 C; 10 h r ; 75 v / o F^, 25 v / o O2 

G a s F l o w R a t e : 800 m l / m i n ( l i n e a r v e l o c i t y of g a s 5 : f t / s e c > 

S y s t e m P r e s s u r e : o n e a t m 

E x p 
N o . 

171 
1 7 2 ^ 

173 
174 
175 
176 
177c 

( U - P u ) 0 2 ^ 
B a t c h 

N o . 

IV 
IV 
IV 
V 
IV 
IV 
IV 

I n i t i a l 

Wt 
( U - P u ) O 

(g) 

2 . 8 3 0 
2 . 9 1 5 
2 . 7 9 5 
3 , 4 2 0 
3 .280 
2 . 9 0 5 
2 . 7 9 0 

S o l i d M i x t u r e 

Wt W t 
P u 

( m g ) 

8 .17 
9 . 4 5 
9 . 0 8 

10 .9 
10 .6 

9 . 4 5 
9 . 0 7 

AI2O3 

(g) 

0 . 8 5 0 
0 . 8 7 0 
0 . 8 4 0 
0 . 9 0 0 
0 . 8 6 5 
0 . 8 7 0 
0 . 8 2 5 

R e s i d u e 

W t 

(g) 

0 . 9 0 0 

0 . 8 9 5 
0 . 8 9 5 
0 . 8 5 5 
0 . 9 4 5 
0 . 9 1 5 
0 . 8 3 0 

P u 
( w / o ) 

0 . 0 0 6 
0 . 0 0 8 

0 . 0 0 7 

0 . 0 0 9 
0 . 0 0 6 
0 . 0 0 6 
0 . 0 0 3 

Wt 
P u 

( m g ) 

0 . 0 5 
0 . 0 7 
0 .0 6 

0 . 0 8 
0 .06 
0 . 0 5 
0 . 0 2 

P e 
0 

P u 

r c e n t of 
r i g i n a l 

R e m o v e d 

9 9 . 4 
9 9 . 3 
9 9 . 3 
9 9 . 3 
9 9 . 4 
9 9 . 5 
9 9 . 8 

a ( l ) ( U - P u ) 0 2 B a t c h I V . In t h e f o r m of ^ i n . by L i n . p e l l e t s . O r i g i n a l 
n i i x t u r e p r e p a r e d b y t h e a d d i t i o n of UO2 a n d F P III m i x t u r e [ s e e f o o t n o t e (a) 
T a b l e 2 l ] t o a ( U - P u ) 0 2 m i x t u r e c o n t a i n i n g a b o u t 4 w / o P u . O n e g r a m of 
B a t c h IV c o n t a i n s 3 . 2 5 m g P u , 890 m,g U, a n d a b o u t 10 m g of f i s s i o n p r o d u c t 
e l e m e n t s . 

(2) F o r p r e p a r a t i o n of ( U - P u ) 0 2 B a t c h V, s e e f o o t n o t e (a) T a b l e 2 1 . 

F l u o r i n a t i o n c o n d i t i o n s : 

1s t p e r i o d 4 5 0 C; 15 h r ; 10 v / o F 2 , 25 v / o O2, 65 v / o N2 
2 n d p e r i o d 6 5 0 C ; 5 h r ; 75 v / o F j , 2 5 v / o O j 

C T h e 60 m e s h A l u n d u m u s e d i n t h i s e x p e r i m e n t c o n t a i n e d 0 .26 p e r c e n t F e , 
0 . 3 5 p e r c e n t N i , a n d 0 . 3 3 p e r c e n t C r a s c h l o r i d e s w h i c h w e r e f o r m e d d u r i n g 
t h e c h l o r i n a t i o n of s t a i n l e s s s t e e l . 
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I tem 3, Table 20, gives the average value 98,6 percent for the 
removal of plutonium based on four exper iments (Experiments 184, 185, 
189, and 190, Table 22) in which two fluorination periods were used. In 
the f i r s t period, fluorination was c a r r i e d out for 2 hr at 450 C with 10 v /o 
fluorine; in the second period, fluorination was c a r r i e d out for 5 hr at 
550 C with 75 v /o f luorine. The average removal , 98.6 percent , can be 
compared with the bes t value of 98.7 percent obtained in previously r e ­
ported exper iments (see A N I J - 6 5 6 9 , p. 95, Table 22, Item 5), in which a 
nonoxidized solid solution of uran ium dioxide-plutonium dioxide was flu­
orinated for 10 hr at 450 C with 10 v /o fluorine, followed by a 5-hr flu­
orination per iod in which 75 v /o fluorine was used. Increasing each of the 
two fluorination per iods to 10 hr , the f i r s t period at 450 C and the second 
at 550 C, resu l ted in an average removal of 99.4 percent plutonium (see 
I tem 4, Table 20, and Exper iments 171 to 177, Table 23). 

In one exper iment (see I tem 5, Table 20), two fluorination p e r ­
iods at 500 C were c a r r i e d out: the f i rs t for one hour with 10 v /o fluorine, 
and the second for 5 hr with 100 percent f luorine. This run resul ted in a 
97,2 percent remova l of plutonium from the solid mix ture . 

In two other exper iments (see I tems 6 and 7, Table 20), each 
of the two fluorination per iods were again c a r r i e d out at the same t e m p e r a ­
t u r e . The t e m p e r a t u r e in one exper iment was 450 C and in the other was 
550 C. A removal of 90,4 percent plutonium was obtained in the exper i ­
ment at 450 C and a r emova l of 96.0 percent was obtained in the exper i ­
ment at 550 C, 

F ro in the data given in this and previous r epor t s ( A N I - J - 6 1 4 5 5 

p. 100; ANL-6379, p. 137; ANL-6413, p. 110; ANL-6477, p. 106; ANL-6543, 
p. 108; ANL-6569, p. 93) on the fluorination of uranium dioxide-plutonium 
dioxide solid solutions mixed with an ine r t solid, severa l observat ions can 
be made regarding the opt imum conditions for the removal of plutonium. 
Of the m a t e r i a l s tes ted, Alundum (refrac tory grain alumina) was found to 
be the bes t ma te r i a l for use as an iner t solid in the fluorinations, since its 
use resu l ted in the lowest retent ion of plutonium on the solid r e s idues . In 
the ini t ia l portion of the fluorination p r o c e s s , in which most of the uranium 
is removed from the solid mix ture , a low t empera tu re (450 C) and a low 
concentrat ion of fluorine (10 v/o) were found to be des i rab le . However, a 
higher t empera tu re (550 C) and a higher fluorine concentration (75 v/o) 
were found to be des i rab le for the effective removal of plutonium in the 
la t ter portion of the fluorination p r o c e s s . A two-s tep procedure , in which 
the u ran ium dioxide-plutonium dioxide is f i r s t oxidized and then fluorinated 
in two s tages , one at 450 C and the other at 550 C, was found to yield plu­
tonium remova l s of 99 percen t or be t te r . 

The work on the s ta t ic -bed fluorinations of ma te r i a l s of i n t e re s t 
to the Di rec t Fluor inat ion Volatility P r o c e s s is being te rminated . Fu ture 
work will be concerned with l abo ra to ry - sca l e fluid-bed operat ions . 
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2, F lu id-bed Fluor ina t ion of P lu tonium-Uranium Dioxide 
(G. Manevy,* R. L. J a r r y , A. V. Har iharan ,** J . Riha, 
J, J . Stockbar) 

In the conceptual flowsheet of the Direc t Fluor inat ion Volatility 
P r o c e s s , plutonium and uran ium a re removed from spent oxide fuels as 
plutonium hexafluoride and uran ium hexafluoride by fluorination at 450 to 
550 C, This p rocess will employ a fluid-bed r eac to r for the fluorination 
s tep. The labora tory work on p rocess development (descr ibed in the p r e ­
vious section) has been concerned mainly with studies of plutonium remova l 
from naixtures of alumina, u ran ium dioxide, plutonium dioxide, and f ission 
product e lement oxides, by fluorination in static beds at 450 C to 550 C. 
These studies have indicated that the removal of plutonium from the Alundum 
bed inc reased when mix tures containing uran ium dioxide-plutonium dioxide 
solid solutions were oxidized to uranos ic oxide-plutonium dioxide mix tu res 
pr ior to fluorination. 

Labora to ry development work is now being di rected toward the 
study of fluid-bed f luorinat ions. The procedure will consis t of oxidizing 
uran ium dioxide to produce powdered uranos ic oxide, and then feeding the 
powder into the fluidized bed contained in a 1-|--in.-diameter fluorination 
r eac to r . The u ranos ic oxide powder will be fed into the fluorination r e ­
actor ei ther by gas t r an spo r t or by a mechanical feeding device. Initially, 
the exper iments will be made with u ran ium oxides. Work with plutonium-
containing m a t e r i a l will be s ta r ted after the apparatus has been tes ted 
and the exper imenta l conditions have been defined. A two-zone oxidation-
fluorination r eac to r for the study of the overa l l p rocess will be cons t ruc ted 
when sufficient data on the fluorination step become available. 

P r e l i m i n a r y r e su l t s of t e s t s on the gas distr ibution in the l- j - in. 
f luidized-bed r eac to r and on the feeding of uranos ic oxide powder into the 
fluidized bed r eac to r indicated that sa t is factory fluidization of the solids 
and dis tr ibut ion of the gas were obtained when the fluidizing gas and uranos ic 
oxide entered the bed through an annular inlet. A double-cone gas d i s t r ibu­
tor , shown in F igure 39, was developed for this work. The annular inlet was 
provided by the interposi t ion of meta l space r s between the bottom surface of the 
double-cone gas d is t r ibutor and the conical bottom of the r eac to r . These 
space r s held the double-cone -^ in. away from the conical bottom, and the 
fluidizing gas containing the U3O8 powder passed into the bed through the 
slots between eight meta l s p a c e r s . F luor ine entered the gas d is t r ibutor by 
means of a cen t ra l tube and then passed into the bed through eight holes 
dr i l led in the upper pa r t of the d i s t r ibu tor , as shown in F igure 39. With 
this sys tem, 20g of powder, having an average par t ic le d iameter of 6M » 
could be fed m one minute into a 5-in.-high, 60 mesh Alundum bed. The 
flow ra te of the fluidizing gas was approximately 0.5 ii?/min m e a s u r e d at 
room t e m p e r a t u r e . 

*Appointee f rom Atomic Energy Commiss ion - F r a n c e , 
**Affiliate, In ternat ional Institute of Nuclear Science and Engineer ing . 
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It was n e c e s s a r y to devise a naeans for feeding uranosic oxide 
powder into the fluidizing gas l ine. A vibra tory powder feeder, shown in 
F igure 40, was tes ted. The body of the feeder, containing the uranosic 
oxide, was a hollow cylinder with a conical bottom. A conical plug was 
vibrated by means of a rod which passed through a bellows on the cover of 
the container . The eccent r ic attached to the shaft of a var iab le -speed 
motor moved the rod up and down to give a vibrating motion to the plug. 
The powder, r e l eased by the vibrating plug, dropped down into the gas 
s t r eam and was then injected into the fluidized bed, as shown in F igure 39. 
Tes ts of this feeder showed that i t could be used in the range between 
2 and 20 g /min , with 6-iLi-diameter uranosic oxide powder. 

Figure 39 

GAS DISTRIBUTOR FOR ONE AND ONE-HALF-
INCH FLUIDIZED BED REACTOR 

Figure 40 
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B. Engineer ing-sca le Investigation of Fluoride Volatility P r o c e s s e s 
(A. A. Jonke) 

1, Di rec t Fluor inat ion of Uranium Dioxide Fue l 
(W, J. Mecham, J. D. Gabor, L, Anastasia , J , Wehrle, 
R. Kinzler , and A. Rashinskas) 

Development of the Di rec t Fluorinat ion P r o c e s s applied to 
uran ium dioxide fuel has continued. In this p r o c e s s , the uranium and plu­
tonium dioxides from discharged r eac to r fuel a re reac ted with fluorine 
d i rec t ly to produce hexafluoride products , which are then decontaminated 
by volatility techniques. The react ion is c a r r i ed out in a fluidized bed in 
which pel lets (or pellet f ragments) of uranium dioxide form a packed bed, 
with fluidization provided by means of iner t solid (alumina grain) in the 
space above and in the voids of the pellet bed. The fluidization aids in the 
heat t ransfe r and in the mixing of solid fines formed as in te rmedia tes or 
res idues in the sys tem. Engineer ing-sca le studies thus far have been d i ­
rec ted toward p rocess optimization of the p r imary fluorination of uranium 
dioxide pe l le t s . The major objectives of these studies have been to dem­
ons t ra te shor t - t ime ( less than 20 hr) batch fluorination and sat isfactory 
fluorine uti l ization efficiency (grea ter than 75 percent) under p rac t ica l 
operating conditions. 

Ear ly r e su l t s (see ANL-6379, p. 161) showed that react ion con­
t ro l could be obtained when fluidization of the alumina is maintained. The 
total surface a r e a of uran ium solids react ing to form hexafluoride was 
found to be governed largely by the amount of in termedia te uranium com­
pounds p resen t in the sys tem. The in te rmedia tes , UO2F2 and U3O8, which 
are highly reac t ive , appear most ly as fine par t ic les (~20 |i in d iameter) of 
high specific surface a r ea (see ANL-6477, p, 137), Accordingly, for pellet 
beds in which low fluorine efficiencies a re obtained, the introduction of 
oxygen along with fluorine (one-zone system) has been shown to be capable 
of increas ing both the react iv i ty of the sys tem and the fluorine uti l ization 
(see ANL-6379, p, 162). 

A 4,4-kg batch of pel lets (6-in, initial pellet depth) has been 
completely fluorinated in a sa t is factory manner in about 6 hr at 500 C; a 
gas recycle sys tem was used to furnish oxygen and to minimize fluorine 
l o s s . This production r a t e is equivalent to about 41 lb UF5/(hr)(sq ft of 
r eac to r c r o s s section). Continuous feeding of pel lets was also c a r r i e d out 
successfully for nominal 6-in. pel let beds at 500 C with inlet oxygen con­
centrat ion control led at the 5 percent level (see Table 28, ANL-6596). Runs 
with deeper pellet beds ( l8- in . -deep initial batch charges) were , however, 
found to be subject to caking; and sat isfactory fluorinations were c a r r i e d 
out only at lower production r a t e s , about 17 lb TJF(^/{h.T){sq ft r eac to r c r o s s -
sectional a rea ) , as is shown in Table 28, ANL-6569. The mos t promising 
r e su l t s with pellet beds of more than 6-in. depth were obtained with a two-
zone reac t ion scheme (e.g., Run UOF-61 , Table 29, ANL-6596). 



In the two-zone operat ion, a mixture of oxygen and nitrogen is 
introduced at the bottom of the lower react ion zone of uranium dioxide pe l ­
le t s , and fluorine is introduced into an upper zone of fluidized alumina jus t 
above the uranium dioxide pe l le t s . The alumina, which also fills the voids 
of the pel let bed, is fluidized by the mix tu re of oxygen and nitrogen. U r a ­
nium oxide (U3O8) fines a r e formed in the lower zone and t ranspor ted into 
the upper zone, where they a r e removed by fluorination. One possible ad­
vantage of this scheme is that caking due to solids formation by the r e a c ­
tion of uranium hexafluoride with u ran ium oxides may be reduced. Another 
anticipated advantage is that the quality of fluidization in the upper zone will 
be improved by the absence of uranium dioxide pel le ts . Also, in the two-
zone operation, only the oxidation react ion (AH = -26 k c a l / g r a m mole u r a ­
nium at 25 C) takes place in the pel le t bed, while fluorination of the fines 
(AH = -231 k c a l / g r a m mole uranium at 25 C) takes place in the upper, un­
hindered fluidized bed of Alundum. The more favorable heat removal ob­
tained thereby should reduce the poss ib i l i t ies of s inter ing and of caking. 

In the init ial two-zone batch run (UOF-61, Table 29, ANL-6596) 
c a r r i e d out previous ly with a 12-in. pe l le t bed at 500 C, good fluidization 
quality was achieved. The superf icial gas ra te in the pellet zone was 
1.2 f t / s ec (based on r e a c t o r c r o s s - s e c t i o n a l a rea ) , and the oxygen concen­
t ra t ion was 4 to 8 percen t . Fluorine concentrat ion in the upper zone was 
var ied from 5 to 13 percen t . The overa l l uranium hexafluoride production 
r a t e was 33 lb uran ium hexafluoride/(hr)(sq ft), and overa l l fluorine ut i l iza­
tion efficiency was 6I percen t . In a subsequent run, UOF-62, the superficial 
gas velocity was lowered in o rde r to de termine the effect on fines e lu t r i a -
tion from the upper zone of fluidized alumina. In this run, fluidization 
quality was poore r than that obtained during UOF-61 , and the run was t e r ­
minated before completion in o rder to examine the condition of the bed. A 
smal l port ion of the alumina was caked. Of the 8.8 kg of pel lets charged, 
the res idue was found to consis t of 0.50 kg of unreacted pel lets and 0.89 kg 
of uran ium in te rmedia te f ines. The caking and the accumulat ion of fines 
a r e believed to have been caused by a combination of rapid oxidation r a t e s 
and nonuniform fines t r a n s p o r t from the pel let zone. Absence of caking in 
Run UOF-61 (made under general ly s imi l a r conditions) may have been due 
to the slightly higher gas r a t e s used in that run. A summary and discuss ion 
of these e a r l i e r r e su l t s was p re sen ted in the previous quar te r ly repor t , 
ANL-6596, pp. 135 to 146. 

In the p r e s e n t per iod, continued emphas is has been placed upon 
evaluation of the two-zone oxidation-fluorination approach for batch fluorina­
tions in a single v e s s e l . However, because of the fines accumulation in the 
pel le t zone and the poor fluidization quality during Run UOF-62, attention 
was d i rec ted to methods of reducing oxidation ra tes and improving fines 
t r a n s p o r t from the pel le t zone. Two methods of achieving a controlled r e ­
duction in oxidation r a t e s in the pel le t zone were tes ted: 

i . use of back-diffusion to supply oxygen to the top of the 
lower reac t ion zone ( i .e . , the top of the pellet zone); 
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2. use of a lower t empera tu re in the lower react ion zone than 
in the upper react ion zone. 

In addition, p re l iminary t e s t s were made in a glass naock-up 
column to study the effect of gas pulsing as a means of enhancing t r a n s ­
port of oxide fines from the lower to the upper zone. 

Oxygen Back-Diffusion 

If only the topmost layer of pel lets in the lower zone were ex­
posed to oxygen, the overa l l ra te of oxidation would be lowered and the ox­
ides formed would be more direct ly t r anspor ted to the upper zone. A tes t 
of this scheme was c a r r i e d out in a 3 - in . -d iameter nickel reac to r at 500 C. 
A 6- in . -deep charge of u ran ium dioxide was covered by a 24-in. bed of 
alumina grain. Nitrogen was the fluidization gas (0.8 cfm at 25 C and 1 atm). 
Oxygen was introduced through a i - i n . - d i a m e t e r tube jus t above the pel lets 
at a r a t e sufficient to give a total gas composit ion of 25 m / o oxygen. Sam­
ples of the fluidized bed taken initially and after one hour gave uranium 
analyses of 0.21 and 0.16 w / o , respect ive ly . It was concluded that oxidation 
was negligible under these conditions, and the back-diffusion approach was 
abandoned. 

Reduction of Tempera tu re in the Lower React ion Zone 

Although 500 C appears to be a sat isfactory fluorination t e m p e r ­
ature , oxidation of uran ium dioxide may be bet ter control led at lower t em­
p e r a t u r e s . It appeared possible that the baffling effect of pel lets in the 
lower zone would se rve to r e s t r i c t the axial movement of solids to an ex­
tent that a t e m p e r a t u r e gradient could be es tabl ished in the lower zone; 
that i s , the topmost pel lets would be at a re la t ively high t empera tu re be ­
cause of their contact with the 500 C fluidized bed in the upper zone, while 
the pel lets at lower elevations could be kept at lower t empe ra tu r e s by 
cooling the bottom of the r eac to r . Since the oxidation reac t ion has a 
r a the r high t empera tu re coefficient, such a t empera tu re gradient would be 
expected to have the des i rab le effect of l imiting the oxidation to the topmost 
pel lets only. A the rma l gradient tes t was per formed with a 12-in. pellet 
bed with 6 in. of fluidized Alundum below the bed and a 24-in. bed of 
Alundum above the pe l le t s . Heat was supplied to the r e a c t o r ^vall adjacent 
to and above the pe l le t s . Water-cooled coils attached to the bottom flange 
removed heat from the column in the lower portion of the r eac to r . The 
t e m p e r a t u r e s obtained a r e shown below: 

Pe l l e t Bed Hei 
(in.) 

0 (bottom) 
4 
8 

12 (top) 

ght T« smpera tu re 
(c) 
170 
310 
370 
410 



Run UOF-63, which was per formed with a longitudinal t e m p e r ­
ature gradient in the pellet bed, is descr ibed in a following section. 

Gas-pulsing of Fluidized Packed Beds 

Another method under considerat ion for the improved mixing 
and t r anspo r t of fines from the pellet bed is pulsing of the gas flow in t ro ­
duced at the bottona of the pel let bed. Since a number of var iables requ i re 
considerat ion in a pulsed sys tem, a brief exper imenta l p r o g r a m was under ­
taken with a 3 - in . -d iamete r Luc i te -g lass column in order to determine the 
effect of gas pulsing on a bed of •|--in. u ran ium dioxide pel lets and fluidized 
alumina. The effect of pulse frequency, pulse duration, and p r e s s u r e on 
movenrient of the nonfluidized pel lets and the fluidized phase was noted. 
The pulsings of 0 .1-sec durat ion and of frequencies ranging from 20 to 
200 pulses per minute, was obtained from a gas supply independent of the 
fluidization gas supply and was control led by an a i r -ope ra t ed valve, a so le ­
noid, and an e lec t r ic t i m e r . Nitrogen was used as both the fluidizing and 
pulsing gas in these t e s t s . 

Visual observat ions on the effectiveness of the pulse have been 
made at manifold p r e s s u r e s f rom 5 to 20 psig and fluidization velocit ies up 
to 1,5 f t / sec with 6- and 12-in. beds of pe l le ts . Grea te r effectiveness of 
the pulse on solids movement was observed for higher manifold p r e s s u r e s 
(up to 20 psig) and for lower r a t e s of the (uninterrupted) fluidizing gas flow. 
At the higher manifold p r e s s u r e s , momenta ry expansion of the pellet bed 
was noted. Poss ib ly , this method could be applied to fluidized packed beds 
to promote solids mixing. 

Two-zone Reac tor Operation with Lowered Oxidation 
Tempera tu re 

In the ini t ial two-zone oxidation-fluorination with longitudinal 
t empera tu re gradients in the pellet bed (UOF-63), 91 percent of the u ran i ­
um dioxide in a 12-in. bed of pel lets r eac ted in 13.8 hr with an overal l 
fluorine efficiency of 49 percen t . Oxygen concentrat ions of 18 and 31 p e r ­
cent in ni t rogen were passed through the pellets at a total gas flow of 
1.1 cfm (25 C a,nd 1 atm). In the fluorination zone, the total gas flow was 
1.3 cfm. The gas contained 15 percen t f luorine. The Alundum bed ex­
tended from 6 in. below to 24 in, (under stat ic conditions) above the pellet 
bed. 

With the fluid bed held at 525 to 550 C, a t empera tu re gradient 
was obtained through the pel le t bed such that the upper layer of pel lets was 
init ially at 400 C while the bottom of the pel let bed was at about 140 C. As 
the run continued, the top and bottom t empera tu re of the pellet bed each 
inc reased about 100 C. Thus, in this run, pellet oxidation was c a r r i e d out 
at a lower t e m p e r a t u r e than in previous (one- and two-zone) runs , and a 
higher concentrat ion of oxygen in the fluidizing gas could be passed 
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through the pellets without excessive oxide fines production. The fact that 
oxidation occur red preferent ia l ly at the top of the pellet bed may also have 
been favorable. Internal pellet bed t empera tu re s were monitored and r e ­
corded by means of a multipoint thermocouple assembly and r e c o r d e r . 

A plot of the t empera tu re s at various elevations in the pellet 
bed and in the fluidized bed is shown in F igure 41 . As the uppermost 
pellets were reacted , the relat ively cool pellet bed surrounding a given 
thermocouple gradually was replaced by the heated fluid bed. This is in­
dicated in F igure 41 as an overal l i nc rease in t empera tu re at t h e r m o ­
couple positions 3, 4, and 5. The drop in t empera tu re at the 5-hr m a r k 
resu l ted from a dec rease in gas flow, which was caused by an obstruction 
in the off-gas sc rubber sys tem. This effect would not occur in a normal 
run. 

F igure 41 

BED TEMPERATURES DURING RUN UOF-63 - A TWO-
ZONE OXIDATION-FLUORINATION OF URANIUM 

DIOXIDE PELLETS WITH A TEMPERATURE 
GRADIENT THROUGH THE P E L L E T ZONE 
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139 

The t empera tu re at the bottom of the pellet bed did not reach 
400 C because of the heat loss through the bottom flange, which was not 
heated. This low tempera tu re is believed to account for unreacted pellets 
which remained at the end of the run. Since water cooling of the flange was 
found not to be neces sa ry to es tabl ish the thernaal gradient through the 
pel le ts , the cooling coils were replaced by calrod hea te rs so that the lower 
section of the pel le t bed can be heated to high t empera tu res when requi red . 

The uranium hexafluoride production ra tes for Run UOF-63 
are plotted in F igure 42. The production ra t e s during each day of opera­
tion were quite uniform. Also, it was observed that external vibration of 
the column did not mater ia l ly inc rease production r a t e s . In these r e spec t s , 
the performance of the p resen t run was super ior to that of runs with oxi­
dation at higher t e m p e r a t u r e s . 

F igure 42 

URANIUM HEXAFLUORIDE PRODUCTION RATES DURING 
RUN UOF-63 - A TWO-ZONE OXIDATION-FLUORINATION 
OF URANIUM DIOXIDE PELLETS, WITH A TEMPERATURE 

GRADIENT THROUGH THE PELLET BED 

I" 
^ 
^ 4 0 

30 

§ 2 0 

|. H-^ 
PERIODS OF EXTERNAL 

COLUMN VIBRATION 
JL 

_ ! 8 t D A Y 0 F _ 
OPERATION 

10 -

nJ^ 

-2od OAY- 3rd DAY-

6 8 

RUN TIME, hour 

14 

Operating conditions and average production ra tes for 
Run UOF-63 are shown in Table 24. Also shown in the table a re the ap­
parent s teady-s ta te fluorine util ization efficiencies for each period of op­
erat ion. These efficiencies averaged about 55 percent during the f i r s t 
12 hr of the run, while the overa l l fluorine efficiency for the entire run 
(13.8 hr) was about 49 percent . 

The average production of uranium hexafluoride increased from 
about 34 to about 44 lb UF£,/(hr)(sq ft r eac to r c ros s section) when the oxygen 
content of the gas s t r eam passed through the pellets was increased from 



140 

18 to 31 p e r c e n t . As the w e i g h t of the p e l l e t bed d e c r e a s e d , h o w e v e r , the 
p r o d u c t i o n r a t e d r o p p e d to 36 lb U F g / ( h r ) ( s q ft). T h i s r a t e cou ld be i m p r o v e d 
by r a i s i n g the t e m p e r a t u r e of the b o t t o m of the c o l u m n n e a r the end of the r u n . 

T a b l e 24 

CONDITIONS AND R E S U L T S F O R RUN U O F - 6 3 , A T W O - Z O N E 
O X I D A T I O N - F L U O R I N A T I O N O F URANIUM DIOXIDE 

P E L L E T S WITH A T H E R M A L GRADIENT 
THROUGH THE P E L L E T ZONE 

O v e r a l l F l u o r i n e Ef f i c i ency : 49% 
T o t a l P r o c e s s i n g T i m e : 13.8 h r 
T e m p e r a t u r e : F l u i d Bed : 525 C 

U p p e r L a y e r of P e l l e t s : s 4 0 0 C 

P r o c e s s 
T i m e 
(hr) 

0 -3 .5 
3 .5 -8 
8-12 
12 -13 .8 

P e l l e 

T o t a l 
(cfm) 

1.1 
1.1 
1.1 
1.1 

Gas 

t Zone 

0 , a 

(%) 

18 
31 
31 
31 

F l o w 

F l u o r i n a t i o n 
Zone 

T o t a l 
(cfm) 

1,3 
1.3 
1,3 
1.3 

Fz 
(%) 

14 
16 
15 
15 

A v e r a g e 
F l u o r i n e 

U t i l i z a t i o n 
Ef f i c i ency 

(%) 

54 
57 
55 
23 

A v e r a g e UF^ 
P r o d u c t i o n R a t e 

[ l b / ( h r ) ( s q f t ) ] 

34 
44 
36 
15 

^ R e m a i n d e r - n i t r o g e n . 

F l u o r i n e Ef f i c iency = 1 0 0 
3 (mo le UF^, p r o d u c e d / h r ) 

(mole F j f e d / h r ) 

In Run U O F - 6 3 , an e x c e s s of f l u o r i n e ( a p p r o x i m a t e l y 2 t i m e s 
s t o i c h i o m e t r i c for the u r a n i u m h e x a f l u o r i d e p r o d u c e d ) w a s u s e d to e n s u r e 
c o m p l e t e r e a c t i o n of the f ines and t h u s e l i m i n a t e the p o s s i b i l i t y of f ines 
b u i l d u p on t h e c o l u m n f i l t e r s ( s e e A N L - 6 5 9 6 , p . 141 , F i g u r e 53). B e c a u s e 
c o n d i t i o n s in the u p p e r zone a r e f a v o r a b l e to h igh f l u o r i n a t i o n r a t e s , i t i s 
b e l i e v e d t h a t f l u o r i n e e f f ic iency cou ld be i n c r e a s e d by m a t c h i n g f l u o r i n e 
inpu t m o r e c l o s e l y to the r a t e of c o l l e c t i o n of u r a n i u m h e x a f l u o r i d e p r o d u c t 
t han w a s done in t h i s r u n . 

The u r a n i u n a m a t e r i a l b a l a n c e for Run U O F - 6 3 w a s 98.5 p e r ­
c e n t . Of the i n i t i a l c h a r g e of 8.8 kg of p e l l e t s , 211 g w a s no t o x i d i z e d 
d u r i n g the r u n . One h u n d r e d and f i f t y - e igh t g of u r a n o s i c ox ide f ines w e r e 
r e c o v e r e d f r o m the A lundum b e d . I n s p e c t i o n showed no i n d i c a t i o n s of cake 
f o r m a t i o n in the b e d and no f ines bu i ldup on the c o l u m n f i l t e r s . T h e s e 
f a c t s , as w e l l as t h e u n i f o r m u ran ium, h e x a f l u o r i d e p r o d u c t i o n r a t e s , 
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indicate that the r a t e s of fines formation, elutriation, and fluorination 
were approximately matched during the run. 

A second run (UOF-64) was c a r r i e d out to obtain information 
concerning (l) the reproducibi l i ty of the resu l t s obtained in Run UOF-63, 
(2) the feasibil i ty of programming fluorine input to the uranium hexafluo­
r ide collection ra te to improve fluorine util ization efficiency, and (3) the 
effectiveness of heating the bottom of the reac tor column near the end of 
the run in o rder to achieve complete fluorination of the uranium dioxide 
charge . 

Fo r this run, the bottom flange was provided with a calrod 
heater so that the bottom of the column could be heated to reactor t emper ­
ature (~500 C) near the end of the run; the heater was used for about 3.5 hr . 

Uranium hexafluoride collection ra tes and the operating condi­
tions and resu l t s for Run UOF-64 are shown in F igure 43 and Table 25, 
respect ively . The t empera tu re gradient through the pellet bed and the pellet 
bed t empera tu re profiles were s imi la r to those for Run UOF-63. 

Figure 43 

URANIUM HEXAFLUORIDE PRODUCTION RATES DURING 
RUN UOF-64 - A TWO-ZONE OXIDATION-FLUORINATION 
OF URANIUM DIOXIDE PELLETS, WITH A TEMPERATURE 

GRADIENT THROUGH THE P E L L E T BED 
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In the per iod from 2 to 7,3 hr (see Table 25), the uranium hexa­
fluoride collection ra te of 39 lb UF5/(hr)(sqft) was comparable with r a t e s ob­
tained during UOF-63; however, since fluorine input was p rogrammed to the 
hexafluoride collection ra t e , the fluorine util ization efficiency (78 percent) was 
much higher than in the corresponding per iod of UOF-63. After this per iod 
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of o p e r a t i o n at h igh f l u o r i n e e f f ic iency , the r u n w a s i n t e r r u p t e d to al low 
i n s p e c t i o n of the c o l u m n d i s e n g a g i n g s e c t i o n and p o r o u s m e t a l f i l t e r s . No 
bu i ldup of f ines w a s in e v i d e n c e , and i t a p p e a r s t ha t f ines t r a n s p o r t e d f r o m 
the ox ida t i on zone w e r e c o m p l e t e l y f l u o r i n a t e d wi th a m o d e r a t e e x c e s s of 
f l u o r i n e (about 20 p e r c e n t in e x c e s s of the s t o i c h i o m e t r i c amoun t ) . 

T a b l e 25 

O P E R A T I N G CONDITIONS AND R E S U L T S F O R RUN U O F - 6 4 . 
A T W O - Z O N E O X I D A T I O N - F L U O R I N A T I O N O F URANIUM 

DIOXIDE P E L L E T S , WITH A T H E R M A L GRADIENT 
THROUGH T H E P E L L E T ZONE 

O v e r a l l F l u o r i n e Ef f i c iency : 53% 
T o t a l P r o c e s s i n g T i m e : 18.3 h r 
T e m p e r a t u r e s : F l u i d Bed —525 C 

U p p e r L a y e r of P e l l e t s ^400 C 

P r o c e s s 
T i m e 
(hr) 

0-2 
2 - 7 . 3 
7 . 3 - U . 8 
1 1 . 8 - 1 3 . 8 
1 3 . 8 - 1 6 . 3 

P e l l e 

T o t a l 
(cfm) 

1.2 
1.2 
1.2 
1.2 
1.2 

G a s 

t Z o n e 

O z ^ 
(%) 

26 
26 
26 
26 
26 

F l o w 

F l u i d i z e d 
U p p e r 

T o t a l 
(cfm) 

1,3 
1.4 
1.3 
1,3 
1,3 

Zone 

Fz 
(%) 

11.7 
11.2C 
10.5 
10.4 

8.5 

A v e r a g e 
F l u o r i n e 

U t i l i z a t i o n 
E f f i c i e n c y " 

(%) 

54 
78 
53 
38 
29 

A v e r a g e UF^ 
P r o d u c t i o n R a t e 
[ l b / ( h r ) ( s q f t ) ] 

30 
39 
26 
21 
11 

^ R e m a i n d e r - n i t r o g e n . 

b p l u o r i n e ef f ic iency = 100 
3 (mole UFg p r o d u c e d / h r ) 

(mo le F j f e d / h r ) 
^ A v e r a g e for p e r i o d , i . e . , f l u o r i n e input w a s p r o g r a m m e d to UF^ 

c o l l e c t i o n r a t e . 

In the s e c o n d p e r i o d of the r u n , w h e n the f l u o r i n e inpu t w a s 
k e p t c o n s t a n t (7.3 to 11.8 h r , T a b l e 25), the f l u o r i n e u t i l i z a t i o n ef f ic iency 
ob ta ined , 53 p e r c e n t , w a s c o n a p a r a b l e wi th the e f f i c i enc i e s ob t a ined du r ing 
Run U O F - 6 3 ; the h e x a f l u o r i d e c o l l e c t i o n r a t e of 26 lb U F g / ( h r ) ( s q ft) w a s 
s o m e w h a t l o w e r t han t h o s e in the p r e v i o u s r u n . After 13.8 h r of o p e r a t i o n , 
85 p e r c e n t of the p e l l e t c h a r g e h a d b e e n c o l l e c t e d as the h e x a f l u o r i d e in 
Run U O F - 6 4 ; t h i s shou ld be c o m p a r e d wi th 91 p e r c e n t r e a c t i o n af ter a 
s i m i l a r p e r i o d of t i n i e in Run U O F - 6 3 . T h u s , o v e r a l l u r a n i u m h e x a f l u o ­
r i d e p r o d u c t i o n r a t e s w e r e s i m i l a r for t h e s e r u n s . 



The final 4.5 hr of operat ion in UOF-64 was requi red in o rder 
to complete fluorination of the remaining pe l le ts . During this period, use 
of ex terna l column vibrat ion produced a shor t period of increased hexafluo­
r ide collection ra te (see F igure 43). Off-gas recycle through the reac to r 
was used for the las t hour of operat ion. 

The alumina removed from the column after Run UOF-64 was 
free-flowing and contained no pellet r e s idue . No uranium fines were seen 
in the alumina. A chemiical analysis of the alumina showed it to contain 
0.055 w / o of uranium. Since the weight of uranium charged was about 
equal to the weight of alumina charged, only about 0.05 percent of the u r a ­
nium remained in the bed res idue at the end of the run. In addition, inspec ­
tion showed that no buildup of fines occur red in the upper sections of the 
column. The condition of the final bed, together with p r e s s u r e drop and 
t empera tu re m e a s u r e m e n t s taken during the run, indicates that no caking 
had occur red . 

In summary , it appears that the naajor objectives, short p r o c ­
essing t ime and f reedom from caking, can be achieved in two-zone opera ­
tion by maintaining a t empe ra tu r e gradient of 140 to 400 C in the oxidation 
zone and a t empera tu re of 500 C in the fluorination zone. During sub­
stant ial per iods of operat ion, fluorine efficiencies were about 80 percent . 
F u r t h e r ref inement of operat ion may yield sat isfactory overal l fluorine 
uti l ization efficiencies with a once- through gas flow sys tem ra ther than a 
naore complicated recyc le sys tem, 

2. Design and Construct ion of Engineer ing-sca le Plutonium 
Handling Faci l i ty 
(G. J. Vogel, E. L. C a r l s , W. J. Mecham, W. A. Murphy, 
J . Wehrle , and L. Marek) 

Construction act ivi t ies are continuing on the High-Alpha 
Engineer ing-sca le Faci l i ty designed to study var ious steps of the Direct F luo ­
rination P r o c e s s as applied to uranium-plutonium oxide reac tor fuels. De­
tai ls of the room layout together with a genera l descript ion of the 
equipment to be ins ta l led have been p resen ted in a previous repor t (see 
ANL-6569, p. UO). 

The s t ruc tu r a l changes of the roona and p rocess cel l have been 
completed, together with the instal la t ion of the glove boxes and various 
se rv ices to the operat ing and cell a r e a s . Most of the equipment and a c c e s ­
sor ies concerned with the fluorination step of the p roces s have been fabr i ­
cated and del ivered. P r e s e n t emphas is is being placed on four major 
activitie s: 



a. Ventilation, E lec t r i ca l , and Miscellaneous Room 
Modif ic ations 

Design detai ls a re being "worked out for the provision of 
room and alpha box ventilation and for e lec t r i ca l and air connections from 
the panel board to the alpha boxes. This instal lat ion also involves a r e f r ig ­
era t ion sys tem, elevator lifts to give personnel access to the upper levels 
of the alpha boxes, and f i re-detect ion equipment. 

b„ Equipment Layout 

Work has begun on equipment layout in the large alpha box. 
A one-e ighth-sca le model (see ANL-6569, p. 112, F igure 34) together with 
ful l -scale wooden mockups of var ious pieces of equipment are used as en­
gineering aids in determining optimum equipment placement . 

c. Separat ions Equipment 

Design has begun on equipment concerned with the s e pa ra ­
tions step of the p r o c e s s , namely, a dist i l lat ion column where uranium and 
plutonium hexafluorides will be separa ted from fission product e lements , 
and a plutonium hexafluoride decomposer where plutonium will be separa ted 
f rom uranium hexafluoride. 

d. Efficiency and Capacity Tes t s of Uranium Hexafluoride 
Condensers 

Efficiency and capacity tes t s of the condensers (to be used 
for collection of u ran ium and plutonium hexafluorides pr ior to the s epa ra ­
tions step) were s ta r ted . After the tes t s have been completed, these units 
will be mounted in the alpha enc losure . The re su l t s of the tes t s to date a re 
descr ibed below. 

The new condensers are basical ly s imi la r to that now used in 
the fluidized-bed pilot plant. This condenser is 10 ft long, 3 in. in d iameter , 
and contains an in ternal finned tube through which the coolant is c i rcula ted . 
The capacity of this condenser , i .e . , the amount of solid uranium hexafluo­
r ide that can be condensed before a solid plug forms to block gas flow, is 
approximately 25 lb, and the overa l l collection efficiency is approximately 
96 percent . These r e su l t s were obtained in p roces s operat ion with a cool­
ant t empe ra tu r e of -40 C. The t es t s with the new condensers were con­
cerned with increas ing the capacity while achieving a high collection 
efficiency. 

The new condenser design, which is shown in F igure 44, was 
fabr icated f rom 4 - in . -d i ame te r Monel tubing. It is U-shaped in o rde r to 
avoid the need for a,n expansion joint in the finned coolant tube. This shape 
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Figure 44 

tJRANIUM HEXAFLUORIDE CONDENSER 
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Figure 45 

SYSTEM FOR DETERMINATION OF URANIUM HEXAFLUORIDE CAPACITY OF CONDENSER 
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hexafluoride pas ses through the condenser , where mos t of the uran ium 
hexafluoride desubl imes . The condenser effluent then pas se s through a 
sodium fluoride bed on which is fixed any remaining hexafluoride. The 
condenser and the u ran ium hexafluoride feed pot a r e each weighed on beam 
sca les capable of being r ead to the nea re s t j oz; the t r ap filled with sodium 
fluoride is weighed on a beam balance capable of being read to the n e a r e s t 
g ram. The t r ichloroethylene circulat ing through the condenser coolant tube 
is cooled by being pas sed through a coil i m m e r s e d in a t r i ch loroe thy lene-
dry ice slush bath. The coolant can be par t ia l ly bypassed to va ry coolant 
t e m p e r a t u r e s . 

The uran ium hexafluoride used in these t e s t s was produced by 
fluorination of u ran ium dioxide in the fluidized-bed pilot plant. Nitrogen of 
low water content (3 to 15 ppm) was taken from the building supply sys tem. 
Sodium fluoride pel le ts (of •g--in. d iameter by -^-in. long) were p r e p a r e d by 
heating sodium bifluoride pel lets at about 450 C while the pel lets were swept 
with ni trogen. 

The sys tem was brought to t empe ra tu r e equi l ibr ium at the 
se lec ted condenser wall t e m p e r a t u r e and coolant t empe ra tu r e with ni t rogen 
flowing through the unit. The uraniuna hexafluoride was vaporized into the 
ni t rogen s t r eam; the weight readings of the heated feed pot, the condenser , 
and the sodium fluoride bed each were taken at hourly in t e rva l s . The p r o ­
cedure was to t e rmina te the run when the p r e s s u r e drop a c r o s s the con­
denser reached 2 ps i , or when the collection efficiency dropped below about 
90 percent , as indicated by the weight readings of the condenser and the 
st i l l pot. 

All capacity t e s t s were made at f lowrates that will be en­
countered in the pilot plant, i .e . , about 1 cfm ni t rogen and approximately 
3 lb of u ran ium hexafluoride per hour . A s e r i e s of runs was made at dif­
ferent condenser wall t e m p e r a t u r e s and coolant t e m p e r a t u r e s . These two 
var iab les were thought to influence the condenser capacity mos t . In each 
of these t e s t s , the wall t e m p e r a t u r e was held within ten degrees of the 
specified t e m p e r a t u r e . 

Resul ts 

In Table 26 a r e p resen ted data from the p r e l im ina ry t e s t s of 
condenser capacity. The condenser efficiency was de termined by compar ­
ing the amount of u ran ium hexafluoride sorbed on the sodium fluoride with 
the amount fed to the condenser . The data in Table 26 indicate that the 
bes t r e su l t s for both high capaci ty and good efficiency (above 99 percent 
for capaci t ies up to 50 lb u ran ium hexafluoride) were obtained with a cool­
ant t e m p e r a t u r e of -75 C and with a condenser wall t e inpe ra tu re of about 
50 C, It is possible that lower coolant t e m p e r a t u r e s might lead to higher 
efficiencies; however, with the p re sen t cooling sys tem, t e m p e r a t u r e s lower 
than -75 C could not be obtained. In a t e s t naade with the condenser wall 
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t empera tu re at 100 C and the coolant at -75 C, condenser capacity was 
g rea t e r but the collection efficiency was somewhat lower. This can be 
seen frona Figure 46. 

Table 26 

CAPACITY AND COLLECTION EFFICIENCY OF 
URANIUM HEXAFLUORIDE CONDENSER 

Flow Conditions: 3 lb UF^/hr; 1.0 cfm N2 

Condenser Wall 
Tempera tu re (C) 

100 

50 

Unhea ted , <0 

C o n d e n s e r P e r f o r m a n c e 
at Coolan t T e m p e r a t u r e 

-75 C 

No plugging; low 
eff ic iency (<90%) 
af ter 77 lb UF^ 
c o l l e c t e d 

Good ef f ic iency; 
p lugged at 67 lb 
UFg c o l l e c t e d 

Good eff ic iency; 
p lugged at 16 lb 
UFg c o l l e c t e d 

• 30 C 

No t e s t m a d e 

Low eff ic iency 
i m m e d i a t e l y 

P l u g g e d at 32 lb 
UF^, c o l l e c t e d 

F i g u r e 46 

CONDENSER C O L L E C T I O N E F F I C I E N C Y AT CONDENSER 
WALL T E M P E R A T U R E S O F 50 AND 100 C 

Condi t ions 
F l o w r a t e s : Ng, 1 cfna; 

UFfe, 45 o z / h r 
Coo lan t T e m p e r a t u r e : -75 C 

40 50 
UFg IN CONDENSER, lb 
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I n c r e a s i n g the coo lan t t e m p e r a t u r e w a s found to have an ad­
v e r s e effect . F o r e x a m p l e , wi th a c o o l a n t t e m p e r a t u r e of -30 C and a w a l l 
t e m p e r a t u r e of 50 C, a c o l l e c t i o n e f f ic iency of only 80 p e r c e n t w a s o b t a i n e d 
d u r i n g a 2 - h r r u n . T h i s a p p r o a c h w a s d i s c o n t i n u e d af ter two t e s t s . 

The c a p a c i t y d a t a in T a b l e 26 do no t n e c e s s a r i l y r e f l e c t the 
m a x i m u m a m o u n t of u r a n i u m h e x a f l u o r i d e tha t c a n be c o l l e c t e d in the c o n ­
d e n s e r , s i n c e the r u n s w e r e a r b i t r a r i l y t e r n a i n a t e d , as m e n t i o n e d above , 
when a p r e s s u r e d r o p of 2 p s i a c r o s s the c o n d e n s e r ^vas no ted , o r when the 
c o l l e c t i o n e f f i c iency d r o p p e d be low 90 p e r c e n t . G e n e r a l l y , n e a r the end of 
a r u n , the p r e s s u r e d r o p did no t i n c r e a s e s m o o t h l y , bu t v a r i e d in a wave 
p a t t e r n . 

S u b s e q u e n t t e s t s wi l l be m a d e of c o n d e n s e r o p e r a t i o n wi th the 
c o o l a n t at - 7 5 C and the w a l l t e i a i p e r a t u r e at 50 C. Gas flow r a t e ( con tac t 
t i m e ) and u r a n i u m h e x a f l u o r i d e c o n c e n t r a t i o n in the g a s m i x t u r e wi l l be 
v a r i e d in t h e s e t e s t s to o b s e r v e the effect of t h e s e v a r i a b l e s on the c o l l e c ­
t ion e f f ic iency . 

3. Axia l H e a t T r a n s f e r in F l u i d i z e d P a c k e d B e d s 
( j . D. G a b o r and B , E . S tange land*) 

S u p p o r t i n g s t u d i e s a r e be ing m a d e in o r d e r to ob ta in d e s i g n 
d a t a and to c l a r i f y the f l u id i za t i on m e c h a n i s n a s i nvo lved in the p a r t i c u l a r 
e q u i p m e n t c o n f i g u r a t i o n s u s e d in the D i r e c t F l u o r i n a t i o n P r o c e s s . In t h i s 
p r o c e s s , i n e r t f l u id i zed p a r t i c l e s of a l u m i n a a r e u s e d as an aid to the r e -
naoval of h e a t frona the h ighly exo the rna i c r e a c t i o n of u r a n i u m dioxide p e l ­
l e t s 'with f l u o r i n e . Whi le the p e l l e t s t h e m s e l v e s a r e too m a s s i v e to be 
f lu id ized , the a l u m i n a p a r t i c l e s a r e f lu id ized in the vo ids of the p e l l e t bed . 
T h i s c o n f i g u r a t i o n h a s b e e n t e r m e d a f lu id i zed p a c k e d bed . 

S tud ies have b e e n m a d e p r e v i o u s l y of the r a d i a l t h e r m a l c o n ­
d u c t i v i t i e s by B a y e n s ( s e e A N L - 6 3 3 3 , p , 178) and by Z i e g l e r ( s ee A N L - 6 4 1 3 , 
p . 128). B a y e n s s t u d i e d the t h e r n a a l c o n d u c t i v i t i e s for sy s t enas c o n s i s t i n g 
of p e l l e t b e d s wi th a f lu id ized mediuna in the p e l l e t voids , . Ef fec t ive t h e r n a a l 
c o n d u c t i v i t i e s a long the r a d i u s w e r e found to be 0.8 B t u / ( h r ) ( s q f t ) (F/ f t ) in 
nonf lu id ized c a s e and 5 to 10 B t u / ( h r ) ( s q f t ) (F / f t ) in the f lu id ized c a s e . 
Z i e g l e r , u s i n g d i f f e ren t pack ing m a t e r i a l s and d i f f e ren t s i z e s of f lu id iz ing 
m a t e r i a l , found the r a d i a l coe f f i c i en t s to l i e w i th in the r a n g e of 2 to 
30 B t u / ( h r ) ( s q f t ) ( F / f t ) . T h e s e v a l u e s a r e c o n s i d e r a b l y l ower than t h o s e 
for a p u r e f lu id i zed s y s t e m con ta in ing no p a c k i n g m a t e r i a l . L e w i s e t a l . 
found tha t t he r a d i a l c o n d u c t i v i t i e s in f lu id i zed s y s t e m s (without pack ing) 
r a n g e d f r o m 200 to 500 B t u / ( h r ) ( s q f t ) (F / f t ) . T h e y a l so found tha t the 
long i tud ina l conduc t iv i t y in the sanae s y s t e m r a n g e d f r o m 2000 to 
25,000 B t u / ( h r ) ( s q f t ) (F / f t ) , The r a d i a l conduc t iv i t y m e a s u r e d by L e w i s 
w a s n e v e r found to be g r e a t e r than 2 p e r c e n t of the long i tud ina l conduc t i v i t y . 

* Student Aide from the Uaiversity of Illinois. 

30 Lewis, W. K., et al., "Heat Transfer and Solids Mixing ia Beds of Fluidized Solids, "AIChE Symposium 
on Fluidization; Part II, Dec. 2-7, 1961, New York. 
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In the p re sen t study, axial hea.t t ransfer in a fluidized packed 
bed was studied as a function of the size and composition of fluidized m a ­
te r i a l , gas velocity, and packing shape. Two types of packing were used in 
these s tudies , - l -x - l - i n . b r a s s cyl inders and- j - in . s teel spheres . Three 
types of fluidized m a t e r i a l were used: 70 mesh glass beads , 120 mesh glass 
beads , and 60-140 mesh alumina grain. Size distr ibut ions of these fluidizing 
pa r t i c l e s are given in Table 27. Air was used as the fluidizing gas in these 
s tudies . 

Table 27 

SIZE DISTRIBUTIONS OF FLUIDIZING PARTICLES 

Mater ia l 

70 niesh g lass beads 

120 mesh glass beads 

60-140 mesh alum.ina 

Screen Size 

+40 mesh 
+ 100 
+ 120 
+ 140 
-140 

+40 
+ 100 
+ 120 
+ 140 
+ 170 
-170 

+40 
+ 100 
+ 120 
+ 140 
-140 

-40 
-100 
-120 

-40 
-100 
-120 
-140 

-40 
-100 
-120 

Weig fht Percent 

53.8 
45.8 
0.2 
0.1 
0.1 

0.3 
1.4 

94.2 
3.6 
0.4 
0.1 

0.1 
66.6 
20.3 
12.5 
0.5 

The apparatus used for studying longitudinal heat t ransfe r in a 
fluidized packed bed is shown in F igure 47. It consis ted of a 40-in. length 
of 3.75-in.-ID s ta in less s tee l tubing. A b r a s s flange was si lver b razed to 
the bottom of the tube to support the bottom plate. A s in tered s ta in less 
s tee l disc (^ in. in thickness) was fastened to the bottom of the tube to 
se rve as a gas -d i s t r i bu to r plate . Air was supplied to the column through 
the bot tom of a hollowed-out disc of 1-in.-thick Lucite, bolted to the b r a s s 
flange and supported the s in te red disc, A set of three h igh- tempera tu re 
Neoprene gaskets sealed the outer edges of the s in tered disc . 

Heat was introduced and removed internal ly in this sys tem. A 
300-w heating e lement was suspended about 2 in. above the s in tered plate 
by i ts insulated lead w i r e s . Heat was reinoved by a -—-in. cooling coil of 
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Figure 47 

COLUMN USED FOR LONGITUDINAL HEAT TRANS­
FER STUDIES OF FLUIDIZED PACKED BEDS 

WATER IN 

NOTE: 
IN THE COLUMN 
NUMBERED POINTS 
ARE THERMOCOUPLE 
LOCATIONS 

- 4 . 0 0 " 0 D STAINLESS 
STEEL TUBE,40 "LONG, 
3.75" ID 

• 2-INCH THICK ASBESTOS 
INSULATION 

PRESSURE TAP 

. COPPER COOLING COIL 

. 17-INCH PACKED BED 

-PACKING WITH IRON-
CONSTANTAN 
THERMOCOUPLES 
SOLDERED INSIDE 

, 3 0 0 - W A T T HEATER 

,DISC OF SINTERED 
STAINLESS STEEL 

-NEOPRENE GASKET 

I" LUCITE DISC, 6"dia 

IDIZING MATERIAL DRAIN 

c o p p e r , s u s p e n d e d 14 to 17 in . above 
the p l a t e . The e n t i r e c o l u m n w a s i n ­
s u l a t e d wi th 2 - i n . - t h i c k a s b e s t o s to 
m i n i m i z e h e a t l o s s e s to the a m b i e n t 
a i r . 

T e m p e r a t u r e p r o b e s w e r e 
n ioun ted along the ax i s of the b e d to 
d e t e r m i n e t e m p e r a t u r e p r o f i l e s . 
E a c h p r o b e w a s m a d e by d r i l l i n g a 
hole in e i t h e r a -|- x -^--in. b r a s s c y l ­
i n d e r o r a - i - i n . s t e e l s p h e r e , and 
soft s o l d e r i n g the end of an i r o n -
c o n s t a n t a n t h e r m o c o u p l e i n s i d e the 
h o l e . The t h e r m o c o u p l e s w e r e c o n ­
n e c t e d to a 12-poin t t e m p e r a t u r e r e ­
c o r d e r hav ing a r a n g e f r o m 0 to 200 C. 
T h e r m o c o u p l e s w e r e a l s o m o u n t e d in 
the in l e t s and ou t l e t s of the w a t e r -
coo led co i l s to d e t e r m i n e the h e a t 
f lux in the c o l u m n . 

A t y p i c a l long i tud ina l t e m p e r ­
a t u r e p rof i l e for a r u n i s shown in 
F i g u r e 48 . The d i s c r e p a n c y of the 
poin t at about a 10- in . c o l u m n he igh t 
i s a t t r i b u t e d to l o c a l d i f f e r e n c e s in 
the void s t r u c t u r e of the bed . The 
a m o u n t s of h e a t t r a n s p o r t e d to the 

MANOMETER 

Figure 48 

TYPICAL LONGITUDINAL TEMPERATURE PROFILE IN FLUIDIZED PACKED BED 

5 4 

52 

" . 5 0 

g 4 8 

^ 4 6 ^ 

SLOPE ^ = - 2 3 OF/ft 
AX 

^ Q AX 

Qair = 61 Btu/ir 

Qoooiing= 2IOBtu/hr 

PACKING-
3/8" X 3/8" Brass Cylinders 

FLUIDIZED MA'̂ ERIALi 

70 Glass Beads 

Superficial Air i/elocity at 
500= 0.62 ft/sec 

4 4 

4 2 
3 4 5 

Kbed = 

Ktotal= 

..L _J 

210 
0,0768 

271 

0 0768 

1 J L 

1 

^23 0 

1 

' 2 3 . 0 " 

119 Btu/(hr)(sqft)(F/ft) 

153Btu/(nr)(sqft)(F/ft) 

1 . 1 . 1 1 
6 7 8 9 iO 11 -2 13 !4 15 16 17 IB 

C0LUM^ HEIGHT, in 
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cool ing v/ater , Qcoo l ing ' ^"-^ *° ^^^ SLIT, Q ^ i r ' 'were d e t e r m i n e d f r o m the 
fluid flow r a t e s , t h e i r h e a t c a p a c i t i e s , and t h e i r change in t e m p e r a t u r e . 

V a l u e s of the t h e r m a l conduc t iv i ty k ^ w e r e c a l c u l a t e d on the 
b a s i s of F o u r i e r ' s L a w 

q ^ -k 
A ^ dX 

(1) 

w i t h q = Q c o o l i n g s -^ ~ 0«0'768 s q f t , a n d d T / d X = t h e s l o p e s of t h e t e m p e r ­
a t u r e g r a d i e n t s . T h e u s a g e of Q c o o l i n g f o l l o w s f r o m d e f i n i n g t h e h e a t -
t r a n s f e r c o e f f i c i e n t t o d e s c r i b e o n l y t h e h e a t c a r r i e d b y t h e f l u i d i z e d 
p a r t i c l e s . V a l u e s of k ^ a s a f u n c t i o n of f l u i d i z a t i o n g a s v e l o c i t y a r e 
p l o t t e d i n F i g u r e s 4 9 a n d 5 0 , a n d a r e d i s c u s s e d b e l o w . 

Figure 49 

AXLAL THERMAL CONDUCTIVITY AS A FUNCTION 
OF SUPERFICIAL AIR VELOCITY FOR DIFFERENT 

FLUIDIZING MATERIALS 

Figure 50 

AXIAL THERMAL CONDUCTIVITY AS A FUNCTION 
OF SUPERFICIAL GAS VELOCITY FOR DIFFERENT 

SHAPES OF PACKING MATERIAL 

450 

4 0 0 -
2000 g 120 MESH GLASS BEADS 
IN A 19" DEEP BED OF 3/8"K 3/8" 
BRASS CYLINDERS 

2000 g of 60-140 MESH ALUMINA 
IN A 19" DEEP BED OF 3/8" x 3/8" 
BRASS CYLINDERS 

0<^ 
0 

J L 

• / 
2000 g of 70 MESH GLASS BEADS 

IN A 19" BED OF 3/8" x 3/8" 

BRASS CYLINDERS 

J \ I \ I I I I 

17" BED OF 1/2" STEEL 
SPHERES, 2000 g ALUMINA 

0.2 0.4 0.6 0.8 1.0 
SUPERFICIAL GAS VELOCITY AT 50 C, ff/stc 

0.2 0.4 0.6 0.8 1.0 
SUPERFICIAL AIR VELOCITY AT 50 C, ft/sec 

If the t h e r m a l conduc t iv i ty i s def ined to inc lude h e a t c a r r i e d by 
the p a r t i c l e s and by the a i r s t r e a m , the s u m of Qcool ing ^.nd Q^ir would 
have to be u s e d in E q u a t i o n 1 to d e t e r m i n e an a p p r o p r i a t e t h e r m a l 



conductivity. Heat t r ans fe r to the air s t r e a m became significant at higher 
ve loci t ies . At about 1 f t / s e c , the air c a r r i e d about 40 percent as much heat 
as the wate r . If Qcooling pl^s Q^i^ were used to calculate hjy, a plot of 
k ^ ve r sus gas velocity would be approximately l inear instead of having a 
maximum as do the curves in F igu re s 49 and 50. 

The curves in F i g u r e s 49 and 50, which were calculated with 
the use of Qcooling alone, have a maximum for gas flow between 0.4 and 
0.7 f t / s ec because of the in teract ion of two effects. The the rma l conduc­
tivity of a fluidized packed bed depends both on the degree of motion (i .e. , 
mixing) of the par t i c les and on their density in the gas s t r e a m . As the gas 
velocity i n c r e a s e s , the par t ic le motion i n c r e a s e s , increas ing the ra te of 
hea t t r anspor t . At the same tinae, increas ing the velocity expands the bed 
of pa r t i c l e s and d e c r e a s e s the par t ic le density in the gas s t r eam. This de­
c r e a s e in density has the opposite effect on the rma l conductivity of the 
inc reased par t ic le motion, and the conductivity attains a maximum. 

F igure 49 shows that the t he rma l conductivity is strongly de­
pendent on the par t ic le size of the fluidized ma te r i a l . The par t ic le size 
d is t r ibut ions , which are tabulated in Table 27, show that the 70 mesh glass 
beads are roughly twice the size of the 120 mesh g lass beads . T h e m e a n m e s 
s izes of these two fract ions a re about 70 and 120 mesh , respect ive ly . The 
t h e r m a l conductivity values for the 70 mesh beads are only about one- th i rd 
those de termined for the 120 mesh beads . The 60-140 mesh alumina and the 
70 mesh glass beads (which are about the same size) had about the same 
t h e r m a l conductivity va lues . 

F igure 50 shows the strong dependence of t he rma l conductivity 
on the packing shape, which in turn affects the shapes and s izes of voids. 
Spheres pack more uniformly and have a g r ea t e r void space than do cylin­
d e r s . Grea te r void space i n c r e a s e s the freedom of motion of the fluidized 
pa r t i c l e s and r e su l t s in a higher t h e r m a l conductivity for a bed of sphe res . 
T h e r m a l conductivit ies of the j - i n . s teel spheres and the Y-in. b r a s s 
cyl inders differ by a factor of four. 

In the p re sen t investigation, values of the longitudinal t he rma l 
conductivit ies in fluidized packed beds as high as 600 Btu/(hr)(sq ft)(F/ft) 
were obtained. These values appear to be higher by at l eas t a, factor of 
10 than the rad ia l heat t r ans fe r coefficients obtained with s imi la r sys tems 
in previous invest igat ions. 

4. P r o c e s s Studies on the Recovery of Uranium from Enr iched 
Uran ium-Zi rcon ium Alloy Fuels _ _ _ _ _ _ _ ^ ^ _. . 

Studies were continued on the development of fluidization and 
volatili ty techniques for the r ecovery of uranium from highly enriched alloy 



fuels. Cur ren t work is on z i rcon ium-based fuel, although di rec t applica­
tion of the p r o c e s s to other fuels, such as those containing aluminum, is 
believed feasible . 

The bas ic p r o c e s s steps include an initial hydrochlorination 
step, to effect a separat ion of the alloying ma te r i a l f rom the uranium, and 
a fluorination step, to effect convers ion of the uranium to the volatile hex-
afluoride for ready collection. The la t ter step also provides separat ion of 
the uran ium from many minor ( less volatile) consti tuents of the fueL 

Hydrochlorinat ion is conducted with the alloy submerged in an 
iner t fluidized bed (Norton Alundum) which se rves as a hea t - t r ans fe r med­
ium for the exothermic g a s - m e t a l react ion. Fo r u ran ium-z i rcon ium alloy, 
separat ion of z i rconium from uran ium is achieved by a hydrochlorinat ion 
react ion conducted at a t empe ra tu r e above the sublimation point (331 C at 
14.7 psia) of z i rconium te t rach lo r ide . The uran ium rema ins associated 
with the bed as par t icula te chlor ides (pr imar i ly the t r ichlor ide) and is sub­
sequently fluorinated to the volatile hexafluoride. 

Pa r t i cu la t e solids which are entrained by the gases leaving the 
fluidized bed a re re ta ined in the sys tem by a h igh- tempera tu re filter con­
sisting of a fixed bed of granular m a t e r i a l s imi lar to that used in the fluid­
ized bed. In mos t of the work to date, a do'wn-flow bed fil ter has been used, 
although an up-flow type and the two types of filter beds in se r i e s have also 
been tes ted (see ANL-6413, pp. 137 to 140, and ANL-6477, pp. 145 to 147). 
The z i rconium te t rach lor ide is condensed in an a i r -cooled P y r e x glass pipe 
condenser , and the remaining gases are t rea ted in an aqueous scrub tower 
and finally exhausted. 

P r o c e s s reac t ions are being evaluated on the bas is of: (a) u r a -
niuni losses through the f i l ter during hydrochlorinat ion, (b) uranium r e ­
tained by the ine r t solids in the fluid bed and filter beds after fluorination, 
(c) pe rcen t of total u ran ium collected as the hexafluoride product, and 
(d) overa l l u ran ium m a t e r i a l ba lances . A h igh- recovery (about 99 percent) 
p rocess is des i red . Work to date has shown that good fi l trat ion, that i s , 
u ran ium par t icu la te solids losses of about 0,2 percen t or less of the total 
u ran ium charged, is achieved with fixed-bed fi l trat ion (see ANL-6413, 
pp. 137 to 140) and that re tent ion of u ran ium by the iner t solids after f luor i ­
nation can be reduced to l e s s than one percent of the uranium charged by 
the use of a two-s tep fluorination p rocedure . The f i r s t fluorination is c a r ­
r ied out at a re la t ively low t e m p e r a t u r e , about 350 C. (in previous work, 
this step was c a r r i e d out at 400 C; however, in recen t work it was found 
that equally sa t is factory r e su l t s could be obtained at 350 C.) The second 
fluorination is c a r r i e d out at about 500 C (see ANL-6569, pp, 113 to 118, 
and ANL-6596, pp. 146 to 153). 

In previous invest igat ions of the effect of var ious chlorinating 
steps on u ran ium behavior (ANL-65965 p. 149), there appeared to be a 



slight t ime advantage in using a 4:1 mixture of hydrogen chloride and 
phosgene, followed by a phosgene t r ea tmen t instead of a sequence involving 
hydrogen chloride followed by phosgene or hydrogen chloride alone. The 
slight advantage of the mixed reac tan ts was negated, however, because 
uranium losses through the down-flow filter were prohibitively high, about 
five percent compared with about 0.2 percent or less for the other ch lo r i ­
nating sequences evaluated. The high losses may have resu l ted from the 
formation of uran ium chlor ides more volatile than the t r ich lor ide when a 
hydrogen chlor ide-phosgene mixture was employed. 

In c u r r e n t s tudies , r epor ted below, the effect on uran ium be ­
havior of reac t ion sequences involving a hydrofluorination step between the 
chlorination and fluorination steps is being investigated. 

In addition to studies of the main p roces s react ion, which 
are being conducted in a 1- | - in . -diameter fluid-bed unit, studies are in 
p r o g r e s s in a 6 - in . -d iamete r unit on the conversion of z i rconium t e t r a ­
chloride to z i rconium dioxide by hydrolysis in a fluid bed. This convers ion 
is economically impor tan t because of the g rea t e r ease of s torage of the 
z i rconium dioxide. In these fluid-bed hydrolysis s tudies , the range of op­
erat ing conditions has been broadened in an at tempt to discover the l imits 
of sat isfactory operat ion. 

The main p rocess steps (the hydrogen chlor ide-f luorine cycle 
and the fluid-bed hydrolys is of z i rconium te t rachlor ide to the dioxide) will 
be demonst ra ted in an in tegrated pi lot-plant facility now being instal led. 
Inactive z i r con ium-uran ium alloy (20 to 30 kg of alloy per charge , the 
amount being l imited by the geometry of the charge with r e spec t to column 
dimensions) and possibly t r a c e r exper iments will be used. 

It is also planned to instal l a l y - i n , - d i a m e t e r unit for high-
activity work. This unit will be used to es tabl i sh f ission product d i s t r ibu­
tion for each step of the p roces s and to asce r ta in whether i r rad ia t ion 
affects the behavior ( recovery) of uranium. 

a. Chlorination and Fluor inat ion Reaction Studies of Uran ium-
Zi rconium Alloy Fuels and Evaluation of F ixed-bed F i l t e r s 
( D . Ramaswami , K. Turner , C. SchoffstoU, and D. Goeser) 

Studies of the chlorination and fluorination steps of a fluid-
bed volatility p r o c e s s proposed for the r ecovery of highly enr iched uran ium 
from low u ran ium-z i r con ium alloy fuel are in p r o g r e s s . The exper imenta l 
work is being c a r r i e d out in a pref luorinated 1-i- in,-diameter nickel 
(Nickel 200) r eac to r containing a fluidized bed of granular pref luorinated 
Alundum (Norton Co.). In s e r i e s with the r eac to r is a 1-|--in.-diameter 
nickel filter section containing a fixed bed of Alundum grain. Downstreana 
f rom the filter unit, the effluent gases are cooled to condense the volatile 
products , and the remaining gases a re then t r ea t ed and exhausted. Detai ls 
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of the apparatus and the exper imental procedure were repor ted previously 
(see ANL-6569, pp. 113 to 118). 

In cu r r en t exper iments , the objectives were to deterinine: 
1) the effect of a hydrofluorination step between the hydrochlorination and 
fluorination s teps, 2) the overal l effects of a react ion sequence in which 
severa l batches of alloy are hydrochlorinated in succession after which 
the accumulated uranium is r ecovered by a single fluorination (Run 32), 
and 3) optimum conditions for each step in a react ion cycle (by moni tor­
ing a key component during each react ion) . Continuous "on s t r eam" gas 
analysis (with Gow-Mac the rmal conductivity cells) and/or analysis of the 
solids for key components are used to follow the course of the reac t ions . 
The reac tan t sequence and p rocess conditions for the two cur ren t runs are 
summar ized in Table 28. 

T a b l e Z8 

S E Q U E N C E U S E D F O R R E A C T I N G U R A N I U M - Z I R C O N I U M A L L O Y F U E L 
IN T H E l 4 - - I N C n - D I A M E T E R F L U I D B E D R E A C T O R (RUNS 31 AND 32) 

( s e e T i ib le 29 l o r o t h e r r u n c o n d i t i o n s ) 

R u n 
N o , 

31 

5Z 

T y p e 

H C l 
C O G E 
H F 
F 

1-*'̂  

HGl 

H C l 

Re 

l£i 

. ic tant '^ 

Q u a n t i t y 
S t o i c h i o m e t r i c ) 

3b 

2b 
73c 

bOd 

bOd 

0 . 0 7 b 

0 . 3 3 b 

T e m p e r a t u r e (G) 

F l u i d F i l t e r 
B e d 

4 0 0 + 2 5 
4 0 0 
4 0 0 
4 0 0 
500 

4 0 0 1 25 

4 0 0 1 25 

B e d 

4 0 0 
370 
370 
4 0 0 
500 

4 0 0 

4 0 0 

T i m e 
( h r ! 

5 
1 
1 

i 

1 

4 . 0 

4 . 2 

H C l 

C O C i , 
H F 

F ^ 
F , 

0 .5b 

40C 

20^^ 
, . id 

400 1 25 

350 
350 
350 
500 

400 

350 
350 
350 
500 

13.1 

R e m a r k s 

Hydroch lor ina t ion of 
f i r s t batch of al loy. 

Hydrochlor ina t ion of 
r e s idue f rom f i r s t 
ba tch of alloy p lus 
the second batch. 

Hydrochlor ina t ion of 
r e s idue f rom p r e v i o u s 
ba tches plus the t h i rd 
batch. 

•^Nitrogen used as di luent in all c a s e s . 

b s t o i c h i o m e t r i c amount based on the tota l zirconivim in the c h a r g e . 

c s t o i c h i o m e t r i c amount r e q u i r e d to c o n \ e r t ini t ia l u r a n i u m in the charge into 
u r a n i u m t e t r a f luo r ide . 

"S to i ch iome t r i c amount r e q u i r e d to conve r t ini t ial u r a n i u m in the charge into 
u r a n i u m hexaf luor ide . 



In the two runs , a hydrochlorination step was followed by 
t r ea tment of the sys tem (both fluid and static beds) with phosgene, hydrogen 
fluoride, and fluorine. Subsequent work (to be repor ted completely next 
quar ter) in which the phosgene step was omitted showed equally good u ran i ­
um recovery , and it now appears that hydrogen chloride alone is requi red 
for the chlorination step. 

Each batch of alloy charged consisted of 240 g of 5.1 w /o 
u ran ium-z i rcon ium alloy chips. The react ion bed consisted of 320 g of 
-40 +60 mesh , Norton Type RR Alundum. The down-flow filter bed con­
sis ted of a layer of -40 +60 mesh Norton Type RR Alundum sandwiched be ­
tween layers of c o a r s e r ma te r i a l , -14 +20 mesh Norton Type 38 Alundum 
(see Table 29). 

T a b l e 29 

URANIUM M A T E R I A L B A L A N C E S (RUNS 31 AND 32) 

E q u i p m e n t : 1 - j - ' i n . - d i a m e t e r f l u i d i z e d b e d u n i t w i t h 

l y - - i n . - d i a m e t e r downflow f i l t e r s e c t i o n 

F u e l C h a r g e : 5.1 w / o U - Z r a l loy c h i p s (•§•- to \-in. s i z e ) ; 
240 g fo r Run 3 1 , t h r e e b a t c h e s of 240 g 
e a c h for Run 32 

R e a c t i o n Bed: 320 g of Alundum,a- Type RR, - 4 0 +60 m e s h 

D o w n - F l o w F i l t e r Bed: Run 31 180 g of Alundum,a^ Type RR, 
- 4 0 T 6 0 m e s h 
140 g of Alundum,3- Type 38 , 
- 1 4 +20 m e s h 

Run 32 120 g of A l u n d u m , a T y p e RR, 
- 4 0 +60 m e s h 
200 g of A l u n d u m , ^ Type 38 , 
-14 +20 m e s h 

S u p e r f i c i a l V e l o c i t y of G a s in the F l u i d i z e d Bed : 0.7 f t / s e c 

U r a n i u m D i s p o s i t i o n 
I. U r a n i u m in 

1. UFj, P r o d u c t Cold T r a p s 
2. S a m p l e s of Bed M a t e r i a l ( to ta l f o r a l l s t e p s ) 
3. F l u o r i n e D i s p o s a l ' l o w e r 
T o t a l u r a n i u m r e c o v e r a b l e by f l u o r i n a t i o n 

11. U r a n i u m R e t a i n e d by Alunduixi in 
1. F l u i d B e d , - 4 0 +b0 m e s h 
2. F l u i d Bed , - 6 0 m e s h 
3. F i l t e r Bed, +20 m e s h 
4 . F i l t e r Bed, - 2 0 m e s h 

P e r c e n t 
I n i t i a l 

Run 31 
93.6 

5.6 
0 .3 

99 .5 

• 
• 0.7 

0.2 
0.1 

of 
U r a n i u m 

Run 32 
98.2 

0.7 
0.5 

99.4 

0 .13 
0.01 
0.21 
0.08 

T o t a l u r a n i u m r e t a i n e d by .A.lunduiTi 1.0 0 .43 

111. U r a n i u m L o s t to G a s S t r e a m s 
1. Z r C l 4 C o n d e n s e r 

a. D u r i n g h y d r o c h l o r i n a t i o n f„ , 0.E5 
b . D u r i n g p h o s g e n e t r e a t m e n t L ' 0.01 

2. S c r u b T o w e r 
a. D u r i n g h y d r o c h l o r i n a t i o n 4 x 1 0 ^ 2.4 x 10"^ 
b . D u r i n g p h o s g e n e t r e a t m e n t 6 x 10"' ' 1.8 x 10"^ 
c . D u r i n g h y d r o f l u o r i n a t i o n 1 x 1 0 1.3 x 10"' ' 

T o t a l u r a n i u m l o s t t o a l l ga.s s t r e a m s 0.4 0.29 

^ -Manufac tu red by N o r t o n Conapany . 



Only one batch of alloy was p rocessed during Run 31, 
whereas three batches of alloy were p roces sed in Run 32. In the la t ter run, 
the second and thi rd batches were charged before hydrochlorination of the 
preceding batch was completed. Thus, operat ion for longer periods of t ime 
under conditions of high reac t ion r a t e s and high efficiencies was achieved, 
as is d i scussed in la ter pa rag raphs . During all of the hydrochlorination 
per iods , the t empe ra tu r e in the bed adjacent to the alloy charge was main­
tained at 400 + 25 C; however, measu remen t s with a thermocouple in 
actual contact with the alloy chips indicated that t empera tu res of over 
500 C were reached. The r ema inde r of the sys tem (fluid bed, filter bed, 
and connecting piping) was maintained at the specified operating 
tempe r ature s. 

Uranium Mate r i a l Balances . The re su l t s for Runs 31 and 
32 are summar ized as u ran ium m a t e r i a l balances in Table 29. The total 
amount of uranium accounted for cor responds to 101 percent and 100.1 p e r ­
cent of the init ial charges for Runs 31 and 32, respect ively . 

The uran ium losses consis t of ma te r i a l which passed 
through the down-flow fi l ter and was lost to the gas s t r e a m s , and the quan­
tity of uran ium re ta ined by the Alundum after fluorination. Uranium losses 
through the fil ter were equal to about 0.4 and 0.3 percent of the init ial 
charge in the two runs . Most of this loss was incur red during the hydro­
chlorination period; only a very smal l loss was sustained during the r e l ­
atively shor t (1-hr) phosgene per iod. A factor that may have contributed 
to low losses during the phosgene t r ea tmen t was the maintenance of some­
what lower t e m p e r a t u r e s in the f i l ter , 350 to 370 C, instead of 400 C; t h e r e ­
by the tendency for the formation of volatile species of uranium chlor ides 
was lessened. Negligible loss of u ran ium was sustained during hydrofluo­
rination, as expected; also, no other marked effects of this step were noted 
as i s d i scussed in following p a r a g r a p h s . 

Total re tent ion (by both the fluid bed and the filter bed) of 
uran ium was equal to about 1,0 pe rcen t of the init ial u ran ium for the s ingle-
charge run (Run 31) and about 0.43 percen t for the mul t ip le -charge run 
(Run 32). Fo r Run 32, this value cor responds to a uranium concentrat ion in 
the Alundum of 0.02 w / o . The total u ran ium considered recoverab le (that 
i s , the sum of the u ran ium collected in the uranium hexafluoride product 
cold t r a p s , the u ran ium which passed through the cold t r aps and was found 
in the fluorine disposal tower, and the u ran ium in the solid samples sub­
mit ted for analysis) was over 99 percent of the initial uranium for both runs . 

Chloride Associa ted with the Fluidized-bed Res idues . In 
an attenapt to l ea rn the chemica l form of the uranium presen t in the fluid­
ized bed after hydrochlor inat ion, both uran ium and chloride contents of the 
fluidized bed were de te rmined . The analyses showed a ch lo r ide - to -u ran ium 
mole ra t io of 3.0 after hydrochlor inat ion, indicating that uranium is p resen t 
pr incipal ly as the t r i ch lor ide and confirming that very little chloride is 
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associa ted with ei ther the Alundum grain or res idua l z i rconium. F u r t h e r , 
the mole ra t io of chlor ine to uran ium for this m a t e r i a l inc reased to 3.7 dur ­
ing the t r ea tmen t with phosgene, indicating that higher chlorides were being 
formed. 

Effect of Hydrofluorination on the Chloride Content of the 
Cold T r a p s . It was r epor t ed previously (see ANL-6596, p. 151) that during 
the init ial pa r t of chlorinat ion, the chlorine associa ted with the bed (more 
specifically, with the uran ium in the bed) was converted, at leas t in par t , 
to chlorine t r i f luoride during the fluorination step. The chlorine t r i f luoride 
condensed in the cold t raps used for the collection of product uranium hexa­
fluoride and may have been the source of difficulties encountered during 
hydrolysis of the cold t r a p s . It may be des i rab le to el iminate the chlorine 
assoc ia ted with the bed before fluorination and cold- t rapping a re per formed. 
A hydrofluorination step in terposed between hydro chlorination and f luorina­
tion is expected to achieve th is . 

Resul t s of analysis of bed samples taken during hydrofluo­
r inat ion in the c u r r e n t runs (see Table 31 and F igure 55) showed that the 
major fraction of the chlorine was r e l ea sed to the scrub tower; neve r the ­
l e s s , a smal l amount of chloride was st i l l found in the cold t raps after the 
fluorination step. The chlorine levels in the u ran ium hexafluoride co l lec­
tion t raps f rom Runs 31 and 32, exp res sed as mole ra t ios of CI2 to U, were 
0.02 and 0,01, respec t ive ly . These values are very s imi la r to those ob­
tained in exper iments that did not use a hydrofluorination step (e.g., Run 26, 
Table 34, ANL-6596, p. 152, in which only hydrogen chloride and fluorine 
were used, while Run 28, Table 34, ANL-6596, p. 152, included a separa te 
phosgene t r ea tmen t after hydrochlorinat ion). These r e su l t s show no 
apparent benefits of a hydrofluorination step. 

Analysis of the Hydrochlorinat ion Step. In the r ep rocess ing 
of u ran ium-z i r con ium alloys by the fluidization and volatility technique, the 
hydrochlorinat ion step is the c r i t i ca l reac t ion in that this step r equ i r e s the 
longest p r o c e s s t ime . Knowledge of the hydrochlorinat ion ra te and gas com­
position is e ssen t i a l to the design and successful operat ion of (l) the py ro -
hydrolys is r e a c t o r for convert ing z i rconium te t rach lor ide to the m o r e 
easi ly s tored oxide and (2) the proposed monitoring sys tem (a control signal 
f rom the the rma l conductivity cells) for the recyc le of hydrogen chlor ide. 
Since knowledge of the p r o g r e s s of hydrochlor inat ion as a function of t ime 
may lead to improvements , data on this step are now being obtained with 
t h e r m a l conductivity cel ls by measur ing the amount of hydrogen produced 
during react ion of the alloy (see ANL-6569, p. 117). In Run 32, the con­
centra t ion of hydrogen in the exit gases was r eco rded continuously during 
the 21.3 hr of hydrochlor inat ion. These data have been used in calculating 
the efficiency of hydrogen chloride uti l ization and the alloy react ion ra te as 
is descr ibed below. 
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The uti l ization efficiency E has been defined as 

^ HCl reac ted , „ ^ 
E = ^^^ . — X 100 

HCl input 

The hydrochlorinat ion ra t e or alloy react ion ra t e has been tentatively de­
fined as the m a s s of fuel r eac ted per unit t ime. It has been calculated from 
the amount of hydrogen evolved, assuming the react ion 

Zr + 4 HCl -^ ZrCl4 + 2H2 

This calculation d i s r ega rds the p resence of the other elements in the Z i r c a -
loy charge . 

The observed values of the hydrogen chloride util ization 
efficiency, the alloy reac t ion r a t e , and the inlet concentrat ion of hydrogen 
chloride are repor ted in Table 30 and are plotted in F igures 51 and 52. The 
maximum observed value of the efficiency was 80 percent . The majcimum 
hydrochlorinat ion ra te was about 50 g /hr , approximately twice that achieved 
in e a r l i e r work. These observed values may be in e r r o r by ±10 percent . 
The concentrat ion of hydrogen chloride in the inlet nitrogen s t r e a m was 
l imited to about 20 m / o during the f i r s t half of the hydrochlorinat ion period, 
wherea-s up to 95 m / o hydrogen chloride was fed during the la ter portion of 
the run. This re la t ively low l imit for the f i r s t half of the run was n e c e s s a r y 
because the cooling sys tem (a -j—in. coil wrapped on the reac to r ; dry air as 
coolant) was unable to remove the additional heat produced at higher r a t e s 
of reac t ion while maintaining the des i red bed t empera tu re of 400 C. The 
cooling sys tem is now being improved. 

Relat ively long per iods of operation under s teady-s ta te con­
ditions were achieved in Run 32. F o r example, during the middle three 
hours of hydrochlorinat ion of the f i r s t alloy charge , the efficiency of ut i l i ­
zation of hydrogen chloride was about 70 percent , the alloy react ion ra t e 
was about 34 g /h r , and the inlet hydrogen chloride concentration was about 
16 m / o . During this port ion of the run, no external heat was supplied and 
the heat of reac t ion was sufficient to maintain the des i red t empera tu re of 
400 C in the fluidized bed. 

F r o m the data obtained by analysis of the off-gas for 
hydrogen, it was de termined that, when the second charge of alloy was 
added, about 50 percent of the f i r s t charge had reacted , and that when the 
thi rd charge was added, about 37 percen t of the f i r s t two charges had r e ­
acted. After the second charge was added, a pecul iar i ty in operation was 
noted. The reac t ion zone, as indicated by t empera tu re measu remen t s in 
the bed, shifted to the upper port ion of the bed. This was apparently due 
to t rapping of some of the alloy chips in the upper region of the bed, 
possibly in the space between the solids sampler tube, the thermocouples , 
and the column wall . It became n e c e s s a r y to operate at somewhat lower r a t e s 
thanhad been achieved in the f i r s tpo r t ion of the run. This conditionwas atypi­
cal , and co r rec t ive m e a s u r e s a re being taken to prevent it f rom reoccur r ing . 
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Table 30 

HYDROCHLORINATION O F THREE BATCHES OF 
URANIUM-ZIRCONIUM ALLOY CHIPS (RUN 32) 

Equipment: I ' j - i n . - d i a m e t e r fluidized bed unit with 1-j--in.-diameter 
down-flow fi l ter sect ion. 

Fue l Charge : 1st Batch = 240.3 g; 2nd Batch = 240.2 g; 3rd Batch = 240 g 

of 5.1 w / o U - Z r alloy chip (^ - {-in, s ize) . 

React ion Bed: 320 g of Alundum, -40 +60 Mesh (Norton Company, Type RR) 

Down-flow F i l t e r Bed: 120 g of Alundum, -40 +60 Mesh (Norton Company, Type RR) 
200 g of Altindum, -14 +20 Mesh (Norton Company, Type 38) 

Hydrochlor ina t ion 
T e m p e r a t u r e 

Diluent Gas: 

Volume Flow Rate 
of Gas: 

Run Time 
(hr) 

0 
0.33 
0.66 
1.0 
2.0 
3.0 
4 . 0 

4.03 
4.36 
4.69 
5.03 
6.03 
7.03 
8.03 

8.19 
8.52 
8.85 
9.19 

10.19 
11.19 
12.19 
13.19 
14.19 
15.19 
16.19 
17.19 
18.19 
19.19 
20.19 
21.0 

400 ± 25 C 

Nitrogen 

15 cfh 

Mole P e r c e n t 

(70 F . 

HCl in Feed 

F i r s t Bat 
6 
7 

15 
17 
17 
95 

7 
7 
8 
3 
6 
8 

5 
5 
8 
8 

11 
15 
25 
26 
22 
36 
85 
85 
95 
95 
95 

Second Bat 

1 a tm) 

Efficiency of 
HCl Uti l izat ion 

(%) 

ch of Fue l Charged 
65 
74 
75 

69 
69 

7 

ch of Fue l Chargeda-
60 
60 
58 
30 
60 
73 

Third Batch of Fue l Chargedb 
70 
74 
30 
70 
63 
80 
51 
56 
4 1 
32 

9 
12 

5 
3 

<0.4 

Rate of Hydrochlor ina t ion 
(g /h r ) 

15.9 
14.3 
36.1 
33.4 
33.4 
18.0 

14.9 
14.9 
14.3 

4 . 2 

14.9 
26.5 

10.6 
11.1 

8.5 
17.0 
23.3 
33.4 
41.9 
38.7 
29.7 
38.2 
20.7 
49.5 
12.2 

7.4 
<0.8 

3-About 50 pe rcen t of the f i rs t cha rge had been r eac t ed when the second batch 
of fuel was charged. 

"A tota l of about 37 pe rcen t of the f i r s t two cha rges had been r eac t ed when the 
final ba tch of fuel was charged . 
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Hydrochlorination was stopped in Run 3Z when hydrogen 
could no longer be detected in the off-gas. At this t ime, the total quantity 
of hydrogen chloride which had been fed was about three t imes the stoichio­
me t r i c amount. The overal l average ra te of alloy reac ted was about 34 g/hr 
for t h e 2 1 . 3 h r of hydrochlorinat ion. The gas-moni tor ing sys tem (in-line 
t he rma l conductivity cells) for following the p rog re s s of hydrochlorination 
operated sat isfactor i ly and should prove very valuable in future work. 
Fluctuations in the data, such as those in F igures 51 and 52, are expected, 
since cur rent ly control of the react ion sys tem is manual . 

Discussion of the Hydrochlorination Reaction, The entire 
hydrochlorination period for a single charge of fuel may be divided into two 
pa r t s , viz. , a constant-rate period and a falling-rate period (see F igure 53). 

F igure 53 

ALTERNATIVE SCHEMES FOR MULTI-BATCH HYDROCHLORINATIONS 

CHARGE 
•|st BATCH 

HCl EFFICIENCY 

CHARGE 
•3rd BATCH 

HCl 

CONCENTRATION 

(a) 
TIME, arbitrary units 

COMPLETE HYDROCHLORINATION WITH EACH BATCH 

HCl EFFICIENCY 

HYDROCHLORINATION RATE 

HCl CONCENTRATION 

CHARGE CHARGE CHARGE 
1st BATCH 2nd BATCH 3rd BATCH 

/ * ) 

\ 

•0 
/ 

i 
/ 
/ 
/ 
/ 
/ 

0 \ 
0 \ 

PROCESS 
TIME 
SAVED 

( b ) 
TIME, arbitrary units 

IDEAL MULTI-BATCH HYDROCHLORINATION 
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During the cons tan t - ra t e period, the react ion in the fluidized bed is self-
sustaining, i .e . , the heat produced by the hydrochlorination is equal to the 
sum of the heat losses to the surroundings and the heat removed by the gas 
s t r e a m s . Ex te rna l heating may not be needed to maintain the fluidized bed 
at t e m p e r a t u r e . Steady state may be attained with r e spec t to the concent ra­
tion and flow ra te of gas s t r e a m s . Efficiency of hydrogen chloride ut i l iza­
tion is constant . 

During the fa l l ing-ra te period, the react ion in the fluidized 
bed is not se l f -sus ta ining, i .e . , the t empera tu re of the fluidized bed has to 
be maintained by one or inore of the following: (1) by increas ing the con­
centrat ion of hydrogen chloride in the inlet gas s t r eam, (2) by stopping the 
c i rculat ion of cooling gas , and/or (3) by supplying heat from external 
h e a t e r s . 

During the fa l l ing-ra te period, both the react ion ra te and 
the efficiency of hydrogen chloride uti l ization dec rease rapidly. If multiple 
charges of fuel are being hydrochlor inated, knowledge of the t ime of t r an ­
sition from a cons tan t - r a t e per iod to a fa l l ing-ra te period allows a f resh 
batch to be charged soon after the cons tan t - ra te period for the preceding 
batch has ended (see F igure 53). By performing mos t of the hydrochlo­
r inat ion during the cons tan t - ra t e period, the overal l efficiency of hydrogen 
chloride uti l ization can be great ly improved, and, if a once-through sys tem 
is used for the r eac t an t s , much less hydrogen chloride is requi red . In 
plant p rac t i ce , the number of success ive charges that may be hydrochlo­
r inated m a y b e l imited because of heat generat ion by fission products and/ 
or the accumulation of u ran ium (cr i t ical i ty considerat ions) in the fluidized 
bed. 

In Run 32, charging of the second and third batches of fuel 
soon after completion of the cons tan t - ra t e period for the preceding batch 
was at tempted. Because the feed gases were controlled manually, this was 
not achieved (see F igure 52). It is believed, however, that the overal l 
hydrochlorinat ion t ime could have been reduced with proper control of the 
sys tem. 

Selection of Optimum P r o c e s s Conditions. The duration of 
any reac t ion sequence contr ibutes direct ly or indirect ly to process ing costs 
as well as equipment cos t s ; therefore , i t i s highly des i rable to lower over ­
all p rocess ing t ime . In work to l ea rn the optimum conditions for each of 
the steps in the cu r r en t p r o c e s s scheme, the concentrat ion of a key com­
ponent was followed during the course of each react ion. 

The f i r s t component studied was z i rconium. The change 
in z i rconium content of the bed during the phosgene t r ea tment period was 
de termined. S imi lar ly , the change in the chloride content of the bed during 
hydrofluorination was de termined, as well as the change in uranium con­
tent of the bed during fluorination. Samples of the fluidized bed were taken 
every half hour during each of the s teps . 
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During the 2-hr hydrofluorination of the fluidized bed at 
400 C (Run 31), reduction of the concentrat ion of chloride (possibly p resen t 
as uranium te t rachlor ide from react ion of the t r ichlor ide with phosgene) 
from 0.47 to 0.01 5 w/o was achieved (see Table 31 and F igure 55). The 
analytical data for both runs are summar ized in Table 31 and are shown 
plotted against tinae on F igu re s 54, 55, and 56. 

Table 31 

C H A N G E IN C O N C E N T R A T I O N O F K E Y C O M P O N E N T S IN T H E F L U I D I Z E D B E D 
D U R I N G C H L O R I N A T I O N W I T H P H O S G E N E . H Y D R O F L U O R I N A T I O N , 

A N D F L U O R I N A T I O N (RUNS 31 AND 32) 

l y - i n . - d i a m e t e r f l u i d i z e d b e d un i t w i t h 1 ^ - - i n - d i a m e t e r 
d o w n - f l o w f i l t e r s e c t i o n 

240 g of 5.1 w / o U - Z r a l l o y c h i p s d u r i n g R u n 3 1 ; 720 .5 g of 
5 .1 w / o U - Z r a l l o y c h i p s d u r i n g R u n 32 ( c h a r g e d in t h r e e 
e c j u a l - s i z e d b a t c h e s ) 

320 g of A l u n d u m - 4 0 +60 m e s h ( N o r t o n C o m p a n y , T y p e R R ) 

400 ± 25 C, Q u a n t i t y of H C l fed w a s 3 t i m e s t h e 
s t o i c h i o m e t r i c a m o u n t 

E q u i p m e n t : 

F u e l C h a r g e : 

R e a c t i o n B e d : 

H y d r o c h l o r i n a t i o n 
T e m p e r a t u r e : 

T e m p e r a t u r e of 
P h o s g e n e S tep ; R u n 3 1 , 400 C; R u n 32, 350 C 

H y d r o f l u o r i n a t i o n 
T e m p e r a t u r e : 

F l u o r i n a t i o n 

T i m e 
(h r ) 

0 
0 .5 
1.0 
1.5 
2.0 
2 .5 
3.0 
3.5 
4 .0 

T e m p e r a t u r e : 

COCI2 
( w / ) Z r in 

R u n 31 

0 .12 
0 .09 
0.02 

-
-
-
-
-
-

R u n 3 1 , 400 C; R u n 32, 

R u n 3 1 , 400 a n d 500 C; 

S t e p a 
A l u n d u m ) 

R u n 32 

0 .13 
0 .02 
0 .02 

-
-
-
-
-
-

350 C 

R u n 32, 350 a n d 

H F S t e p ^ 

(w^ cr 

R u n 31 

0 .47 
0 .026d 

0.015<i 
0 . 0 1 5 ^ 
0 .015 

-
-
-

-

in A l u n d u m ) 

R u n 32 

0.8 
0 .05 
0 .03 

-

0 .03 
-
-
-

-

500 C 

F : 
( w / o U 

R u n 31 

1.14 
0.29 
0 .11 
0.07 
0.07 
0 .06^ 
0 . 0 5 ^ 
0.05® 
O.OSe 

StepC 
in A l u n d u m ) 

R u n 32 

1.57 
0 .08 
0.07 
0 .05 
0 .06 
0 .05e 
0 .04e 
0 .026 
0 .026 

^ C o n c e n t r a t i o n of p h o s g e n e in t h e feed g a s s t r e a m w a s 60 m / o . 

M a x i m u m c o n c e n t r a t i o n of h y d r o g e n f l u o r i d e in t h e feed g a s s t r e a m w a s 50 m / o . 

• ^ M a x i m u m c o n c e n t r a t i o n of f l u o r i n e in t h e feed s t r e a m w a s 50 m / o for a l l of 
R u n 31 a n d for t h e f i r s t 2 h r of R u n 32 . T h e r e a f t e r , t h e c o n c e n t r a t i o n w a s i n ­
c r e a s e d to 90 m / o in R u n 32 . 

" I n t e r p o l a t e d f r o m a s m o o t h c u r v e d r a w n t h r o u g h e x p e r i m e n t a l v a l u e s a t 0, 0 .67 , 
1.17, 1.67, a n d 2.00 h r . 

^ T e m p e r a t u r e of t h e f l u i d i z e d b e d w a s 500 C for t h e s e c o n d ha l f of e a c h r u n . 
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lower t empe ra tu r e of 350 C appeared to be quite different from that at the 
higher t empe ra tu r e of 400 C (see F igure 54), indicating possible differences 
in chlorination r a t e s at the two t empera tu re levels for the var ious z i rconium 
compounds p resen t in the fluidized bed. 

During the 2-hr hydrofluorination of the fluidized bed at 
400 C (Run 31), the amount of chloride in the fluidized bed (possibly as u r a ­
nium te t rachlor ide f rom reac t ion of the t r ich lor ide with phosgene) was r e ­
duced from 0.47 to 0.015 w/o (see Table 31 and Figure 55). The chloride 
concentrat ion in the bed reached the apparent equi l ibr ium value of 0,015 in 
about one hour. During the hydrofluorination at 350 C, an equi l ibr ium 
chloride concentrat ion of about 0.03 w/o was reached in a s imi la r period. 
In the la t te r case , the init ial chloride value was 0.8 w/o . F r o m these data 
it may be concluded that hydrofluorination at ei ther 400 C or 350 C for 
one hour would be sufficient to lower the chloride content of the fluidized 
bed sufficiently so that further remova l of chlorine during fluorination would 
be negligible. Residual chlor ide values in the bed after fluorination have 
been in the region of 0.01 w/o . 

During fluorination of the fluidized bed after hydrofluorina­
tion in Run 31, the concentrat ion of uran ium in Alundum decreased from 
1.14 to 0,07 w/o during the f i r s t 2 hr at 400 C, and from 0,07 to 0,05 w/o 
during the subsequent 2 hr at 500 C (see Table 31 and Figure 56). During 
the fluorination at 350 C in Run 32, the concentrat ion of uranium in the 
fluidized bed dec reased from 1,57 to 0,07 w/o during the f i r s t hour and did 
not dec rea se significantly during the second hour (see Figure 56 and 
Table 31), With continued fluorination at 500 C, using 90 m / o instead of 
50 m / o fluorine concentrat ion, the concentrat ion of uranium reached an 
equil ibr ium value of 0.02 w/o within an additional 2 hr . Prolonged f luori­
nation at this t empera tu re did not achieve additional uran ium removal . 
F r o m these data it may be concluded that the optimum fluorination con« 
ditions a r e one hour at 350 C and 2 hr at 500 C with a gas composit ion of 
90 m / o fluorine. Also, since s imi la r res idua l uranium values were 
achieved in previous work (see ANL-6569, p, 116) which did not involve a 
hydrofluorination step, it is believed that this step is not a factor in u ran i ­
um remova l and can be el iminated. 

The optimum p r o c e s s conditions for the reac tan t sequence 
hydrogen chlor ide-phosgene-hydrogen fluoride "fluorine may now be sum.-
m a r i z e d (see Table 32), A total react ion t ime of 1 0 hr is indicated. 



Table 32 

SUMMARY OF PROCESS CONDITIONS FOR ACHIEVING HIGH URANIUM 

Type 

HCl 
COCI2 
H F 

F2 
Fz 

RECOVERY FROM ZIRCONIUM 

Reactant 

Mole 
Percent 

As needed 
60 
50 
90 
90 

Quantity without 
Reactant Recycle 
(x stoichiometric) 

3a 

2a 
30^ 
30<= 
30C 

-URANIUM ALLOY 

Temperature (C) 

Fluid Bed 

400 
350 
350 
350 
500 

Filter Bed 

400 
350 
350 
350 
500 

Time 
(hr) 

5 
1 
1 
1 
2 

^Stoichiometric amount based on the initial zirconium in the charge. 

"Stoichiometric amount required to convert the uranium in the initial charge 
into uranium tetrafluoride. 

^Stoichiometric amount required to convert the uranium in the initial charge 
in the form of UCI3 into UFg. 

S impl i f i ca t ion of the cyc l e by c o m p l e t e e l i m i n a t i o n of the 
p h o s g e n e and h y d r o g e n f luor ide s t e p s m a y be p o s s i b l e ( subsequen t w o r k to 
be r e p o r t e d in the nex t q u a r t e r l y h a s indeed shown th i s to be the c a s e ) . 
Th i s i s s u g g e s t e d by the s ign i f i can t a d d i t i o n a l u r a n i u m r e m o v a l tha t w a s 
a c h i e v e d upon r e f l u o r i n a t i o n ( c a r r i e d out th i s q u a r t e r ) at a h i g h e r t e m p e r a ­
t u r e (500 C i n s t e a d of 350 C) of a g r o u n d s a m p l e f r o m a bed which had 
b e e n u s e d for five c o m p l e t e h y d r o c h l o r i n a t i o n and f luor ina t ion c y c l e s ( see 
R u n s 18 to 22, pp. 149 to 150, A N L - 6 5 4 3 ) . The r e s i d u a l u r a n i u m and z i r ­
c o n i u m con t en t s of the bed m a t e r i a l had a p p a r e n t l y r e a c h e d e q u i l i b r i u m 
v a l u e s of abou t 1.3 p e r c e n t z i r c o n i u m and about 0.1 p e r c e n t u r a n i u m , c o r ­
r e s p o n d i n g to 0.43 p e r c e n t and 0.64 p e r c e n t of the t o t a l i n i t i a l c h a r g e , 
r e s p e c t i v e l y . Af ter r e f l u o r i n a t i o n of the s a m p l e in a tube fu rnace at 500 C 
for 2 h r wi th 90 m / o f l uo r ine , a n a l y s i s showed a r e s i d u a l u r a n i u m conten t 
in the bed of 0.024 w / o , c o r r e s p o n d i n g to about 0.15 p e r c e n t of the t o t a l 
i n i t i a l u r a n i u m c h a r g e . Unexpec ted ly , the z i r c o n i u m content of the bed 
w a s a l s o r e d u c e d , the f ina l c o n c e n t r a t i o n be ing 0.56 w / o . Al though th i s 
m a t e r i a l is no t t yp i ca l , s i n c e it w a s g round p r i o r to fu r the r p r o c e s s i n g 
( r e f l u o r i n a t i o n ) , the m a g n i t u d e of the i m p r o v e m e n t is be l i eved s ign i f ican t . 
Th i s e x p e r i m e n t a l s o t e n d s to c o n f i r m the fact tha t the t w o - s t e p f l uo r ina ­
t ion, a p e r i o d a t a m o d e r a t e t e m p e r a t u r e (350 C) followed by a p e r i o d a t a 
h i g h e r t e m p e r a t u r e (500 C), i s b e n e f i c i a l r e g a r d l e s s of the r e a c t i o n cyc le 
in u s e . 

P r e s s u r e Bui ldup a c r o s s the Down-flow F i l t e r . The p r o b ­
l e m of u n d e s i r a b l e bu i ldup of p r e s s u r e a c r o s s the down-flow f i l t e r dur ing 
h y d r o c h l o r i n a t i o n and f luo r ina t ion h a s b e e n noted in p r e v i o u s s tud i e s 



(see ANL-6543, p. 150; ANL-6569, pp. 115 and 117; ANL-6596, p. 150). 
This p r e s s u r e buildup has been at t r ibuted to the r e s i s t ance to gas flow 
caused by the deposition and subsequent react ion (fluorination) of a layer 
of fine par t icula te solids on the top surface of the down-flow filter bed. 
These solids were believed to be pr incipal ly nickel chloride formed dur ­
ing hydrochlorinat ion as a r esu l t of co r ros ion of the p r i m a r y reac tor when 
the t empe ra tu r e of the r eac to r walls was appreciably above 400 C ( tem­
pe ra tu re s up to 550 C were used). Of the two types of Alundum t r ied in the 
fluid bed. Type RR and Type 38, the la t ter apparent ly exhibits a g rea t e r 
a t t r i t ion r a t e and the resul t ing fines also a r e believed to have contributed 
to p r e s s u r e buildup. 

This problem of p r e s s u r e buildup has been of some con­
cern but, as a r e su l t of s eve ra l changes in the system, as l isted below, 
good operat ion has been achieved in cu r r en t work. These changes included: 
a) maintaining the t empe ra tu r e at the zone adjacent to the alloy charge at 
about 400 ± 25 C during hydrochlorinat ion to reduce corros ion; (b) ins ta l la ­
tion of an auxi l iary settling chamber (s imi lar in dimensions to the down-
flow filter section) between the fluid-bed r eac to r and the filter section, 
and c) the use of na r row and c o a r s e r size fractions of Alundum as filter 
ma te r i a l , thus providing l a rge r void spaces . 

The filter is compr i sed of a layer of -40 +60 mesh . 
Type RR Alundum sandwiched between layers of - 14 + 20 mesh, Type 38 
Alundum. The total height of the bed is about 6 in. The distr ibution of 
these m a t e r i a l s in layers in previous and cu r ren t beds is shown below: 

Current Beds 
Prev ious Beds (Runs 31 and 32) 

50 g -14 +20 170 g -14 +20 
220 g -14 +60 120 g -40 +60 

50 g -14 f20 30 g -14 +20 

The total amount of m a t e r i a l has remained constant at about 320 g. 

In the cu r r en t work, no sustained p r e s s u r e buildup was 
noted; however, p r e s s u r e m e a s u r e m e n t s a c r o s s the filter bed reflect the 
flow of z i rconium te t rach lor ide and of uran ium hexafluoride through the 
bed, as these gases have re la t ively high v i scos i t i es compared with the 
other components of the gas s t r eam, namely, ni trogen, hydrogen, fluorine, 
and hydrogen chlor ide . 

Fu ture Work. Studies in which phosgene and hydrogen 
fluoride steps a r e omitted a r e being r e sumed to obtain data for the com­
par ison of var ious reac t ion s chemes . More accura te "on s t r e a m " g a s -
analys is equipment is being instal led to get additional data on the p r o g r e s s 



of hydrochlorinat ion and fluorination. These changes a r e expected to help 
in the p roces s sca le -up work (see ANL-6543, p. 153). The unit is being 
simplified by remova l of the auxi l iary settling chamber . This modifica­
tion will pe rmi t further evaluation of the filter bed alone. 

Among the planned act ivi t ies in this p rog ram a r e a) exper i ­
ments with long, na r row plate sections of alloy ra ther than chips to de t e r ­
mine how fuel shape may affect the operation, b) work with alloy containing 
simulated fission products to de termine whether overa l l uranium retention 
is affected by the p resence of minor amounts of other elenaents, and c) p r e ­
l iminary work on the r ecovery of u ran ium from uranium-aluminum alloy. 

b. Fluid-bed Hydrolysis of Zirconium Tetrachlor ide 
(K. S. Sutherland, D. J. Raue) 

The process ing of u ran ium-z i rcon ium alloys by hydro­
chlorination produces re la t ively la rge amounts of waste z i rconium t e t r a ­
chloride. This m a t e r i a l is in the form of vapor which may be condensed 
or t rea ted for waste disposal . To convert this vapor to a form which is 
m o r e easi ly s tored, it is proposed that it be hydrolyzed by s team to the 
solid z i rconium dioxide. The hydrolys is react ion is being studied in a 
fluidized bed with the a im of determining the optimum react ion conditions 
for the p r o c e s s . Prev ious work (see ANL-6569, p. 118, and ANL-6596, 
p. 154) has demonst ra ted the feasibil i ty of the p rocess at z i rconium 
te t rachlor ide feed r a t e s in the region of 2 kg/hr for a var ie ty of r e a c ­
tion conditions. 

In recen t efforts the range of operating conditions has 
been broadened in an a t tempt to discover the l imits of sat isfactory oper­
ation. Also, since this operat ion is being incorporated into the pilot plant 
(see ANL-6543, p. 153), conditions approaching those contemplated for the 
pilot plant a r e being simulated in the cu r ren t studies by including hydrogen 
chloride as a major component of the feed gas. 

The equipment employed is s imi la r to that previously 
descr ibed (see ANL~6569, pp. 118 to 119), the only changes being the e l im­
ination of the c a r r i e r gas p rehea te r and the addition of an air v ibra tor 
fixed to the z i rconium te t rach lor ide- feed hopper. The prehea te r is not 
needed since it has been found that the r e s i s t ance furnace used for vapor ­
izing the z i rconium te t rach lor ide has sufficient capacity to heat the c a r r i e r 
gas to the requ i red t empera tu re . Removal of the p rehea te r has eliminated 
the possibi l i ty of p r ema tu re ly subliming some z i rconium te t rachlor ide 
ups t r eam from the furnace, thereby avoiding a condition that has resul ted 
in feed-line blockages. The added a i r v ibra tor was n e c e s s a r y to prevent 
solids holdup in the hopper. More uniform feed r a t e s have thereby been 
achieved. 



Operating conditions for the nine runs covered by this r e ­
port a r e given in Table 33. Major var ia t ions in conditions were : 

a) the use of a smal l par t ic le size for the s tar t ing bed 
naaterial in Run CO-37 (120 mesh Alundum as com­
pared with 60 mesh and 90 mesh Alundum used 
previously); 

b) the use of a higher bed t empera tu re in Run CO-38 
(500 C as compared with a previous maximum of 
450 C); 

c) the addition of hydrogen chloride as a major compo­
nent of the feed gas in Runs CO-41, 43, and 44; and 

d) the use of sand instead of Alundum as a s tar t ing bed 
m a t e r i a l in Runs CO-42 to CO-44. 

Also, an init ial bed weight of 20 kg was employed in al l cu r ren t runs , since 
determinat ions of bulk densi t ies showed that the amount of m a t e r i a l used 
in previous runs , 16 kg, was giving a fluidized bed depth of just over 18 in., 
whereas a depth of about 24 in. was considered advisable to provide ade­
quate res idence t ime. The steana enters the react ion v e s s e l near ly 12 in. 
above the bed-suppor t plate. 

Xable 33 

FLUID-BED HYDROLYSIS OF ZIRCONIUM TETRACHLORIDE RUN CONDITIONS AND RESULTS 

Equipment: 6-in.-diameter fluidized-bed reactor 
Initial Bed Weight: 20 kg 
Blowback Pressure: 80 psig 

Run No. 

CO-36 

CO-37 

CO-38 

CO-39 

CO-40 

CO-41 

CO-42 

CO-43 

CO-44 

Run 
Duration 

(hrl 

4.5 

4.5 

4.75 

4.5 

4.75 

3.25 

3.5 

3.25 

11.5' 

ZrCU 
Feed Rate 
(kg/hr) 

1.8 

1.7 

1.7 

2.7 

3.2 

2.5 

2.3 

2.5 

2.6 

Steam 
Rate 

(x stolch) 

3.5 

3.7 

3.7 

3.3 

3.1 

3.4 

3.7 

3.3 

3.2 

Bed 
Temp 
(C) 

350 

350 

500 

350 

350 

350 

350 

350 

350 

Initial Bed Material 

90 mesh Alundum 

120 mesh Alundum 

90 mesh Alundum 

Alundum coated with 
zirconium dioxide 

Final bed from 
Run CO-39 

Final bed from 
Run CO-40 

Sandb 

Sand'' 

Sand'' 

Carrier Gas 
Flow Rate 

N2 

(cfm) 

2.65 

2.3 

2.65 

2.65 

2.65 

0.9 

3.0 

0.9 

0.9 

HCl 
(cfm) 

-
-
-
-

-

1.75 

-
1.75 

1.75 

Increase in 
Pressure Drop 

(in. Hg) 

0.4 

0.3 

1.5 

0.5 

0 

0 

0.3 

0 

0.5 

'Combined time for operations conducted on two successive days with overnight shutdown. 

''The sand was about 50 percent •̂ 60 mesh and about 50 percent -60 mesh (including about 5 to 10 percent -200 mesh). 

Since the proposed pilot plant will be operated as a batch 
p roces s , with the possible need to d iscard the hydrolysis bed after each 
batch, it may be neces sa ry to employ a s tar t ing bed m a t e r i a l that is 
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cheaper than the r e f r ac to ry -g rade Alundum used until now. Accordingly, 
white sand, crushed to the des i red size, has been examined as a s tar t ing 
bed ma te r i a l . The sand was about 50 percent +60 mesh and about 50 p e r ­
cent -60 mesh (including about 5 to 10 percent -200 mesh) . 

The z i rconium te t rach lor ide feed ra t e s given in Table 33 
a r e no g rea t e r than those previously used. Whereas the ea r l i e r values 
were averages of r a t e s which var ied widely during the course of any one 
run, the cur ren t r a t e s (obtained with the additional a i r v ibra tor attached 
to the feed hopper) a r e uniform values for ent i re runs . The feed ra te of 
3-|- kg /h r r e p r e s e n t s the maximum ra te than can be achieved with the 
p resen t equipment. 

All of the runs repor ted he re were completed sa t i s fac­
tori ly, that is , there was no excess ive p r e s s u r e buildup at the exit gas 
f i l ters (see last column of Table 33). The initial bed m a t e r i a l for near ly 
a l l of these runs contained a significant proport ion of fines (-200 mesh), 
and this fact, coupled with the inherent e r r o r of sieve analyses , has made 
it difficult to obtain accura te figures for fines production during the runs . 
It is probable that about 25 to 35 percent of the z i rconium dioxide p r o ­
duced by the hydrolys is is in the form of par t i c les smal le r than 200 mesh , 
while the remainder is deposited on the bed mate r i a l . A more accura te 
determinat ion of the distr ibution of product oxide awaits complete chemical 
analyses of bed samples and a be t ter method for determining the quantity 
of fines p resen t . An elutr ia t ion technique is being considered for this 
la t ter purpose . 

The va r iab les that have been studied in this p rog ram to 
date a r e as follows: 

1) z i rconium te t rach lor ide feed ra t e s of up to 3— kg/hr ; 

2) bed t e m p e r a t u r e s ranging from 250 to 500 C; 

3) s tar t ing beds of z i rconium dioxide, Alundum, and sand; 

4) nominal s tar t ing bed average par t ic le s izes of 60, 90, 
and 120 mesh; 

5) run durat ions up to l l y hr . 

Satisfactory operat ion of the column has been achieved within these r anges . 

An important independent var iable which is yet to be stud­
ied extensively is the s team feed ra t e (or s team excess) . There a r e in­
dications, however, that r a t e s falling much below three t i ines the requi red 
s to ichiometr ic anaount tend to r e su l t in filter blockage. Thus a s t e am- to -
z i rconium te t rach lor ide ra t io of at least th ree will be maintained in future 
work. 



Exper imenta l effort will be devoted to operation at higher 
z i rconium te t rach lor ide feed ra t e s in an at tempt to discover the maximum 
capacity of the 6- in . -d iameter fluidized bed. A la rger feed screw is being 
incorporated into the sys tem to facilitate this work. Resul ts of these 
studies will be of importance to the operat ion of the pilot plant, since the 
r a t e of production of z i rconium te t rachlor ide in the new facility based on 
recent data from the l-j - in . -column work may be as much as two or th ree 
t imes g rea t e r than the r a t e s cur ren t ly used in the hydrolysis exper iments . 

c. Installation of a Fluid-bed Volatility Pi lo t -p lant Faci l i ty 
for Recovery of Uranium from Zirconium Alloy Fuels 
(N . Levitz, J. Barghusen, J. Holmes) 

All of the fabricated pieces of equipment and essent ia l ly 
a l l other i tems for the fluoride volati l i ty pilot plant for the recovery of 
uranium from z i rconium alloy fuels (see ANL-6543, p. 153) have been r e ­
ceived from Cent ra l Shops and outside vendors . Installation of the equip­
ment and the test ing of equipment components is underway. 

d. High- level Radiation Exper iments on Uranium-Zirconium 
Alloy Fuel 
(J. W. Loeding) 

P lans have been initiated for a bench-sca le , h igh-radia t ion-
level study of the bas ic react ion s teps of the fluid-bed volatil i ty p rocess 
for highly enriched u ran ium-z i rcon ium alloy fuel. Highly i r radia ted , 
s h o r t - t e r m - c o o l e d alloy specimens will be used for this work. The pur ­
poses of this study will be to de te rmine the following: 

a) the fission product distr ibution in each step of the 
p r o c e s s and the decontamination factors which might 
be expected from the init ial separa t ion and collection 
of the uranium; 

b) the effect of radiat ion on the p r o c e s s , i .e. , on r e a c ­
tion r a t e s , yields, etc. 

c) s h o r t - t e r m effects of radiat ion on the equipment or 
components of the sys tem. 

Also, exper ience will be gained in the design of r emote handling operat ions 
assoc ia ted with the p r o c e s s . 

The equipment will include a 1-|- - i n . -d i ame te r fluid-bed 
column, a fixed-bed filter unit, and assoc ia ted i tems s imi la r to those being 
used for the inactive alloy studies (see ANL-6569, p. 114). The proposed 
unit is to be instal led in an existing cave in the Chemical Engineering 
Division facil i t ies during the second half of 1963. Direct operation and 
maintenance with manipula tors will be used. 



C. Conversion of Uranium Hexafluoride to Uranium Dioxide; 
P repa ra t i on of High-density P a r t i c l e s 
(I. Knudsen, N. Levitz, M. Jones) 

P r o c e s s development studies were continued on a di rect fluid-bed 
method for p repar ing high-densi ty uran ium dioxide par t ic les from u r a ­
nium hexafluoride. The dense spheroidal product is intended for use in 
d ispers ions or packed fuel e lements . The p rocess involves the s imul ta­
neous reac t ion of the hexafluoride with s team and hydrogen in the range 
from 650 to 700 C. The work to date has been concerned with the effect on 
par t ic le density of operat ional va r iab les such as reactant concentration in 
the inlet (fluidizing) gas s t r eam, bed t empera tu re , and feed r a t e . 

In previous work (see ANL-6569, pp. 121 to 124), par t ic le density 
was found to va ry as the concentrat ion of s team in the reactant feed 
s t r e a m was var ied . Highest par t ic le densi t ies (up to about 9.3 g /cc or 
about 85 percent of theoret ical) were obtained at s team concentrat ions 
corresponding to the range 0.75 to 1.4 tinaes the s toichiometr ic r e q u i r e ­
m e n t s . * Higher t e m p e r a t u r e s (700 C) resu l ted in uranium dioxide pa r ­
t icles with even g rea t e r densi t ies , up to 9.8 g /cc , which is equivalent to 
about 89 percent of theore t ica l (see ANL-6596, p. 159). 

Cur ren t work investigated the effects of increased bed height and 
reduced hydrogen excess on par t ic le density. Also, since coa r se par t ic les 
(+14 mesh) a r e apparent ly a des i rab le component of a uranium mixture if 
high compaction dens i t i es^ l a r e to be achieved, p re l iminary t r i a l s to tes t 
the feasibility of prepar ing par t i c les in this size range were made. 

The studies a r e being conducted in the 3- in . -d iameter cone-bottom 
Monel column descr ibed previously (see ANL-6379, p. 183). The run p r o ­
cedure involves per iods when hexafluoride, s team, and hydrogen a r e fed 
a l ternat ing with per iods when cleanup of res idua l fluoride is c a r r i ed out. 
In the cleanup period, only s team and hydrogen a r e fed. Product is r e ­
moved semicontinuously (after each cleanup period) such that the bed 
weight r e m a i n s approximately constant. Sufficient seed par t ic les in the 
size range of about 160 /i in d iameter a r e added to maintain the average 
bed par t ic le s ize in the des i red range, which is between 325 to 350 jJ. When 
la rger pa r t i c l e s a r e des i red, no seed pa r t i c l e s a re added. 

Resul t s 

A deep-bed run has been per formed in which the height of the bed 
above the hexafluoride feed nozzle was held constant by increasing the 

*Based on the react ion UFj + 2 H2O + H2 -> UO2 + 6 HF. 

•'•DeHollander, W. R., Vibrat ional Compaction of Uranium Dioxide, 
GEAP-4032 (March 1962). 
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nozzle penetrat ion into the bed from about 4 to 13 in. The uranium dioxide 
par t i c les obtained at a s team ra te of 1.15 t imes s toichiometr ic at 650 C 
with an 18-in.-deep bed (Run 66R, Table 34) had a density of 9-6 g /cc . This 
resul t compares favorably with densi t ies of 9.3 g/cc obtained with 8- to 
lO-in.-deep beds at s imi lar s team r a t e s . In the lat ter half of this run, the 
quantity of hydrogen fed was reduced from 17 t imes to 3.8 t imes the 
s toichiometr ic r equ i rements , with no apparent effect on the product den­
sity. However, the hydrogen excess appeared to have an effect on res idual 
fluoride content. When less hydrogen was used, the average res idua l 
fluoride content of the product was higher, 650 ppm as compared to 
380 ppm. The quantity of fine m a t e r i a l (believed to be produced by gas -
phase reaction) elutr iated over into the filter chamber was about the same 
during both par t s of the run, averaging about 14 w/o of the hexafluoride fed. 

Table 34 

PREPARATION OF HIGH-DENSITY URANIUM DIOXIDE PARTICLES FROM 

Run 
No. 

66 R 
66 R 
66 S 

a g 

URANIUM HEXAFLUORIDE IN FLUIDIZED BEDS 

Equipment: 
Tempera tu re : 
UFj Rate: 
UFt Feed on-t ime 

3-in.-diameter Monel Column 
650 C 
25 g /min 
30 m i n / h r 

Starting Bed Weight: 11 kg for R.un 66 R; 6 to 8 kg for 

Reactants 
(x Stoich)^ 

Steam Hydrogen 

1.15 17.0 
1.15 3.8 
1.25 4.2 

ased on the react ion UFj 

Run Bed Superficial 
Duration Height Velocity 

(hr) (in.) (ft/sec) 

17 18 1.0 
12 18 1.0 
15 10 to 14 1.5 to 3.45 

+ ZHjO + H2 -* UO2 + 6 HF. 

Run 66 S 

UO2 Dens 

Tapped 
Bulk 

6.7 
6.8 
5.9 

ity (g/cc) 

Pa r t i c l e^ 

9.6 
9.6 
8.9 

"Mercury-d i sp lacement determinat ions . 

Resul ts of a p re l iminary run_ (Run 66S) having the objective of 
prepar ing par t ic les up to 14 mesh a r e shown in Table 34. The sieve 
analyses of the s tar t ing bed and final bed for that run a r e shown below: 

Av 

M e s h S ize 

-16 
-18 
-20 
-40 
-60 
-IOC 

+ 16 
+ 18 
+20 
+40 
+60 
+ 100 

s r a g e Weigh t ivlean 

Weight 

S t a r t i n g B 

0 
0 
4.4 

86.0 
9.6 
0 
0 

P e r c e n t 
Kles 

ed 

of Given 
>h Size 

F i n a l B e d 

2.2 
4.0 

18.2 
72.6 

1.2 
1.5 
0.3 

P a r t i c l e D i a m e t e r , /i 
620 704 



Par t i c l e growth up to 16 m e s h occur red during the 15 hr of operation (ac­
cumulated over a 3-uay period). Because of the par t ic le growth during the 
run, it was found n e c e s s a r y to inc rease the superficial velocity from 1.5 
to 3.5 f t / sec to maintain fluidization; ni t rogen was introduced when addi­
tional gas was requi red for maintaining fluidization. Essent ia l ly al l of the 
-60 mesh m a t e r i a l in the final bed appeared (from microscopic examina­
tion) to be segments of the deposited layer of the la rger pa r t i c l e s . The 
bulk of the l a rge r pa r t i c les were intact and spheroidal . The fines collected 
overhead in the separa te filter chamber amounted to about 5 w/o of the 
hexafluoride fed. The density of the final bed and of the coarse (+18 mesh) 
fraction of the final bed was 8.9 g / cc . This value is somewhat lower than 
that originally expected, possibly because some difficulty was experienced 
in controlling the hexafluoride feed ra te during portions of the run. The 
feed ra te was low at t imes . As a consequence, the s team excess was high, 
which condition gives lower par t ic le dens i t ies . 

Fu r the r effort will be made to p r e p a r e large par t i c les . At least 
th ree different size fractions a r e requ i red for high compaction efficiencies 
in the p repara t ion of packed fuel e lements . A typical mixture would con­
s is t of about 60 percent coa r se , 20 percent medium, and 20 percent fines. 
A par t ic le d iameter ra t io of 64:8: 1 for these fractions would be des i rable 
with the coa r se fraction consist ing of pa r t i c l e s of at least 14 mesh size. 

In future r ims, in o rde r to avoid the high gas veloci t ies needed for 
fluidizing the re la t ively c o a r s e pa r t i c l e s , the bed will not be fluidized ex­
cept at frequent in tervals when a gas pulse is super imposed on the no rma l 
gas s t r eam. By the pulse method, it is hoped the bed can be sufficiently 
agitated to achieve mixing and prevent caking. 



III. CALORIMETRY* 
(W. N. Hubbard, H. M. Feder ) 

Therm.odynamic data a r e lacking for many compounds of in te res t 
in h igh - t empera tu re chemis t ry because of the exper imenta l difficulties in­
volved in making the n e c e s s a r y m e a s u r e m e n t s , A p rog ram has been under­
taken to determine some of these data. 

The basic data needed a r e heats of formation at 25 C. P a r t of the 
p rogram of the group consis ts of determinat ions of heats of formation by 
the method of oxygen bomb calorinaetry. However^ many of the compounds 
of in te res t a r e difficult to burn in oxygen and, consequently, cannot be stud­
ied by oxygen bomb calor inaetry. To study compounds of in te res t that a re 
not amenable to oxygen bomb calor imetry^ the techniques of the bomb ca l -
o r i m e t r i c m^ethod (a method which has been developed to a high degree of 
p rec is ion and accuracy) have been modified so that fluorine can be used as 
the oxidant. 

The accumulation of basic heat of fornaation data for fluorides is a 
n e c e s s a r y p re l imina ry adjunct to the general use of fluorine bomb ca lo r im-
et ry for the study of compounds and is a valuable program, on its own m e r i t . 
To dates heat of formation values have been published for boron trifluoride^ 
molybdenum hexafluoride, and the te t raf luor ides of t i tanium, z i rconium, 
hafnium, and sil icon. The heats of combustion in fluorine of th ree compounds, 
boron n i t r ide , si l icon dioxide, and zirconium diboride, have been determined 
by fluorine bonab calorim.etry. The value obtained previously for the heat 
of formation of boron t r i f luoride was needed to obtain the heat of fornaation 
of boron n i t r ide , while the value for silicon te t raf luor ide was needed to ob­
tain the heat of formation of si l icon dioxide, and the values for boron t r i ­
fluoride and z i rconium te t raf luor ide a r e needed for z i rconium diboride. 

The heats of formation at 25 C from oxygen or fluorine combustion 
calorinaetry will be combined with values of the change in enthalpy, which 
will be m e a s u r e d by a h igh - t empera tu re enthalpy ca lo r ime te r , to determine 
thernaodynamic p rope r t i e s at high t e m p e r a t u r e s . A ca lo r ime t r i c sys tem 
for m e a s u r e m e n t s up to 1500 C has been designed and is now being a s s e m ­
bled and tes ted . 

A. Coinbustion of Uranium in F luor ine 
(J. L. Settle) 

The heat of fornaation of u ran ium hexafluoride has been of in te res t 
to the atomic energy p r o g r a m since the ear ly days of the Manhattan Pro jec t 

*A s u m m a r y of this sect ion is given on page 25. 



when Long and Davidson32 determined the heat of solution of uranium hexa­
fluoride in wate r . From, these measu remen t s values of the heat of fornaa­
tion were calculated as follows: for the gas -505 ± 3 kcal /g ; and for the 
c rys t a l -516 + 3 kca l /g . Recently^, Russ ian workers33 have made confi rm­
atory naeasurements of the heat of solution of uranium hexafluoride. How­
ever , in a r ecen t c r i t i ca l review of the thernao dynamics of uranium 
compounds Rand and Kubaschewski^'* were unable to select a value for the 
heat of fornaation of c rys ta l l ine uranium hexafluoride with any more c e r ­
tainty than -523 ± 6 k c a l / m o l e . 

Because of this la rge uncertainty and because of the need for an 
accura te value as a n e c e s s a r y auxil iary datum for anticipated de te rmina­
tions of the heats of fornaation of other uranium compounds by fluorine 
bomb calorinaetry, a d i rec t determinat ion of the heat of formation of 
uranium hexafluoride was undertaken. 

Iiaitial naeasurenaents yielded a mean value for a se r ies of three 
conabustions of -521 ± 3 kca l /mo le for the heat of formation of crys ta l l ine 
uran ium hexafluoride (see ANL-6333, p. 125). In o rder to obtain more p r e ­
cise data, it was n e c e s s a r y to develop: (l) sat isfactory combustion tech­
niques to burn re la t ively large samples of uranium; (2) techniques to obtain 
laaore near ly complete combust ions; and (3) suitable analytical p rocedures 
to define the complex mixture of products remaining after the conabustion. 
The developnaent of suitable coiaibustion and analytical techniques has been 
d iscussed in ANL-6379, p. 129; ANL-6413, p. 102; ANL-6477, p. 163; and 
ANL-6543, p. 165. 

A recen t s e r i e s of seven conabustions of uranium in fluorine has 
given a value of -522.7 ± 0.48 kca l /mole for the heat of formation of 
crys ta l l ine u ran ium hexafluoride. Although the final resu l t of the 
di rect deternamation does not differ significantly frona the "selected" value 
of Rand and Kubaschewski, the uncer ta inty is now one whole order of naag-
nitude l e s s , 

A detailed r epor t of the work and the techniques used is being p r e ­
pared for publication. Only the resu l t s obtained will be given he r e . The 
combustion experi inents a r e summar ized in Table 35. The numbered en­
t r i e s in the table a r e : (l) the laiass m vacuo of the uranium reacted, which 
was determined by subtract ing the total m a s s of unburned metal r ecovered 
after combustion from the m a s s of sanaple originally introduced into the 

32Long, F . A., and Davidson, N. R., The Chemis t ry of Uranium, 
J. J. Katz and E. Rabinowitch, Eds , , McGraw-Hill Book Co., Inc., 
New York (1951), p. 412. 

33popov, M. M., Kostylev, F . A., and Karpova, T. F , , Zhur. neorg. 
Kim., 2, 9 (1957), I G R L - T / C A 56. 

34Rand, M. H., and Kubaschewski, O., Br i t i sh Atomic Energy Report 
AERE-R^3487 (i960). 



Table 35 

URANIUM COMBUSTIONS IM FLUORINE^ 

Uranium, g 

Uranium recovered and weighed, g 

Uranium recovered in scrapings, g 

Mass of scrapings, g 

UF3 formed, g 

UF4 formed, g 

1. m', uranium reacted, g 

2. A l e , deg 

3. «(calor.H-Atj) , cal 

^- AE contents. « i 

5- AE ignition' « ' 
6. A E g j j , cal 

?• ^£ impurities' ^^^ 

8- AE prereaction. cal 

''• A£ UF3 formation, cal 

18- ^^UF4 formation-cal 

15- AE sublimation UF^- « ! 

12. AE°c/M, cal/g 

2.49738b 

0.86244 

0.01076 

0.02003 

0.00518 

0.00409 

1.62418 

0.97669 

-3522.87 

-12.28 

2.49 

-1.40 

2.92 

-1.7 

-3.11 

-0.95 

-22.38 

-2191.43 

2.30162'' 

0.64858 

0.02064 

0.04235 

0.01165 

0.01006 

1.63240 

0.97903 

-3531.31 

-12.31 

2.63 

-1.41 

2.93 

-1.7 

-7.00 

-2.33 

-22.38 

-2188.73 

Mean 

2.28921^ 

0.61383 

0.01546 

0.03249 

0.00839 

0.00854 

1.65992 

0.99640 

-3593.96 

-12.53 

2.56 

-1.45 

2.97 

-1.7 

-5.04 

-2.00 

-22.38 

-2188.97 

2.58984'' 

0.89210 

0.01662 

0.03633 

0.01093 

0.00878 

1.68112 

1.00822 

-3636.60 

-12.69 

2.56 

-1.47 

3.01 

-1.7 

-6.57 

-2.03 

-22.38 

-2187.75 

A E | / M - -2189.17 cal/g 

Std. dev. of mean = ±0.53 cal/g 

^These results are to be considered tentative pending an Independent check of the calculations. 
bRod 1 used. 
CRod 2 used. 

b o m b ; (2) the t e m p e r a t u r e i n c r e a s e of the c a l o r i m e t r i c s y s t e m , c o r r e c t e d 
for h e a t exchange b e t w e e n the c a l o r i m e t e r and i t s s u r r o u n d i n g s ; (3) the 
e n e r g y equ iva l en t of the c a l o r i m e t r i c s y s t e m , m u l t i p l i e d by the c o r r e c t e d 
t e m p e r a t u r e i n c r e a s e ; (4) the e n e r g y a b s o r b e d by the con ten t s of the b o m b 
d u r i n g the h y p o t h e t i c a l i s o t h e r m a l p r o c e s s at 25 C; (5) the m e a s u r e d e l e c ­
t r i c a l e n e r g y input for igni t ion of the fuse ; (6) the ne t c o r r e c t i o n for the 
c o m p r e s s i o n and d e c o m p r e s s i o n of the boiaib g a s e s to s t a n d a r d s t a t e c o n ­
d i t i ons ; (7) the ne t c o r r e c t i o n for i m p u r i t i e s in the u r a n i u m s a m p l e ; 
(8) the ne t c o r r e c t i o n for ox ida t ion and f l uo r ina t i on of the s a m p l e be fo re 
ign i t ion ; (9) and (10) the c o r r e c t i o n s for u r a n i u m t r i f l u o r i d e and u r a n i u m 
t e t r a f l u o r i d e f o r m a t i o n ; (11) the c o r r e c t i o n for the e n e r g y of s u b l i m a t i o n 
of the u ran iuna h e x a f l u o r i d e a p p e a r i n g in the gas p h a s e ; and (12) the e n e r g y 
change p e r g r a i n of u ran iuna for the r e a c t i o n 

U(c) + 3 F2(g) - UF6(c) 

wi th the r e a c t a n t s and p r o d u c t in t h e i r r e s p e c t i v e s t a n d a r d s t a t e s a t 25 C. 
I t e m 12 i s t he s u m of i t e m s 3 t h r o u g h 11 d iv ided by the m a s s of u ran iuna 
r e a c t e d . 

T a b l e 36 l i s t s the d e r i v e d da ta for the f o r m a t i o n of both c r y s t a l l i n e 
and g a s e o u s u r a n i u m h e x a f l u o r i d e . The u n c e r t a i n t i e s g iven in the t ab le 
a r e u n c e r t a i n t y i n t e r v a l s equa l to twice the c o m b i n e d s t a n d a r d dev i a t i ons 
a r i s i n g frona known s o u r c e s . 

1.84847'= 

0.42726 

0.01123 

0.02944 

0.01090 

0.00731 

1.40998 

0.84394 

-3044.05 

-10.60 

2.56 

-1.12 

0.91 

-1.6 

-6.55 

-1.69 

-22.38 

-2187.63 

2.73206= 

0.98046 

0.01010 

0.05703 

0.01433 

0.03260 

1.74150 

1.04267 

-3760.86 

-13.12 

2.56 

-1.53 

0.94 

-1.7 

-8.61 

-7.54 

-22.38 

-2189.06 

2.30727^ 

0.71244 

0.01137 

0.02448 

0.0O451 

0.00860 

1.58346 

0.95086 

-3429.70 

-11.95 

2.10 

-1.34 

0.93 

-1.7 

-2.71 

-1.99 

-22.38 

-2190.61 
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UF6(c) 

-521.09 ± 0.48 

-522.87 ± 0-48 

-102.9o 

-492.19 ± 0.4g 

UF6(g) 

-509.81 ± 0.48 

-511.Oo ± 0.48 

-67.Oi 

-491.02 ± 0.48 

T a b l e 36 

DERIVED DATA F O R THE FORMATION OF 
URANIUM H E X A F L U O R I D E AT 25 C 

The da ta a r e g iven in k c a l / m o l e 
excep t for ASf° v a l u e s , which 
a r e g iven in c a l / ( d e g ) ( m o l e ) 

Spec i e s 

E n e r g y of foriaaation, AEf ° 

E n t h a l p y of f o r m a t i o n , AHf ° 

E n t r o p y of f o r m a t i o n , ASf ° 

Gibbs e n e r g y of f o r m a t i o n , AGf ° 

B . C o m b u s t i o n of A l u m i n u m in F l u o r i n e 
(E. R u d z i t i s and R. T e r r y ) 

T e c h n i q u e s u s e d for the c a l o r i m e t r i c s tudy of the c o m b u s t i o n of 
a l u m i n u m in f l uo r ine w e r e d e s c r i b e d in the l a s t q u a r t e r l y r e p o r t 
( A N L - 6 5 9 6 , p . 171). T a b l e 37 p r e s e n t s the i m p u r i t y l e v e l s in the a l u m i n u m 
b u r n e d , and T a b l e 38 p r e s e n t s the r e s u l t s of t h i r t e e n c o m b u s t i o n s c a r r i e d 

T a b l e 37 

I M P U R I T I E S IN ALUMINUM 

I m p u r i t y C a l c u l a t e d ^ L e v e l s (ppna) 

AIF3 500 

AI2O3 720 

CO2 405 

H2O 270 

N2 50 

SiOa 30 

Cu 30 

^ B a s e d on e l e m e n t a l and s p e c t r o c h e m i c a l 
a n a l y s e s for F j , O2, C, H2, Nj , Si, and Cu. 
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out over a period of severa l months . Because of ignition difficulties, a 
cadmium fuse wire was used in all but the f i rs t two runs . No CdFj-AlF^ in­
te rac t ion was observed ei ther calorinaetr ical ly or from X- ray powder 
pa t t e rns . 

Tatile 38 

1. m'. g 

2. Alg, deg 

3. €(calor.)(-At(.), cal 

4- AE contents. « l 

5. AE gas, cal 

«-^Eignition.«l 
7. AE fuse, cal 

§-A£ impurities'«' 
9. AP^/M, cal/g 

0.27304 

1.00554 

-3609.2 

-7.1 

-0.5 

0.3 

-
10.4 

-13207 

0.22444 

0.83033 

-2980.3 

-5.5 

-0.5 

0.4 

-
10.4 

-13257 

0.22915 

0.85196 

-3057.9 

-5.5 

-0.5 

0.3 

15.5 

41.4 

-13121 

ALUMINUM COMBUSTIONS 

0.23277 

0.86935 

-3120.4 

-5.6 

-0.6 

0.2 

10.1 

51.8 

-13165 

0.29321 

1.08608 

-3898.3 

-6.9 

-0.7 

0.2 

5.9 

47.7 

-13140 

0.39984 

1.48483 

-5329.5 

-9.5 

-0.5 

0.1 

10.0 

66.9 

-13162 

IN FLUORINE 

0.38163 

1.41240 

-5069.5 

-9.8 

-0.8 

0.1 

8.1 

55.5 

-13145 

0.41936 

1.55315 

-5574.7 

-9.7 

-0.8 

0.1 

8.1 

28.8 

-13230 

0.41158 

1.52635 

-5478.5 

-10.5 

-0.8 

0.1 

7.9 

37.2 

-13229 

0.33584 

1.24384 

-4464.5 

-8.1 

-0.8 

0.2 

8.2 

34.5 

-13192 

0.21789 

0.80336 

2883.3 

-6.9 

-0.4 

0.3 

8.9 

24.3 

-13113 

0.32619 

1.20700 

4332.3 

-11.9 

-0.6 

0.1 

4.56 

26.7 

-13223 

0.27940 

1.03231 

3705.3 

-10.3 

-0.7 

0.3 

10.4 

26.0 

-13170 

Mean AE°/M: -13181 cal/g 

Std. dev. of mean = ±13 cal/g or 0.10 percent 

I tems (1), (2), and (3) in Table 38 designate the m a s s of the meta l 
burned, the co r rec ted t empera tu re r i s e of the ca lo r ime te r , and the total 
m e a s u r e d heat effect. I tems (4) through (8) r ep resen t the rmal cor rec t ions 
to the total heat effect: AE . 4. - heat capacity effect of the contents 
of the bomb, AE„g_g - s tandard state cor rec t ion for fluorine gas , ^E- -.ĵ - -
es t imated e lec t r ica l ignition energy, AEf̂ ^̂ gg - heat effect due to combustion 
of the cadmium fuse and ^E- ., • - impuri ty cor rec t ion . The impuri ty 
cor rec t ion is large mainly because of impuri t ies in the support discs ra ther 
than impur i t ies in the sample . The las t i tem, A E ° / M , the net energy 
evolved per gram of aluminum burned, has a naean value of -13181 ca l /g . 
The s tandard deviation of the mean is ±13 ca l /g or 0.10 percent . 

The following thermodynamic constants were derived (in kcal/naole 
at 298.16 K): AEf° = -355.6, AHf° = -356.5, and AGf° = -377.5. The 
entropy values for the s tandard free energy calculation were obtained frona 
Bureau of Mines Bulletin 592.-^^ An uncer ta inty interval of ±0.7 kca l /mole 
(twice the s tandard deviation) was applicable to all th ree constants . 

Two recent ly repor ted AHf2°98 values of -356.3 and -357.0 kca l /mole 
(±2 kcal) derived from the heat of the react ion Al + 1 1/2 PbF2 = AIF3 + 
1 1/2 Pb a r e within the uncer ta inty interval of the present determinat ion. 
At the 17th Annual Calorinaetry Conference, August, 1962, a AHf298 value of 
-358.2 kca l /mole ± 1.4 kca l /mole was repor ted by Domalski and Arms t rong^" 
of National Bureau of Standards. It was obtained by react ing a naixture of 
Teflon and aluminum powder with fluorine in a bomb calorinaeter . 

.3-5 

36, 

37 

Kelley, K. K., and King, E. G., U.S. Bureau of Mines Bulletin 592 (1961). 
Gross, P., Bull. Chem. Thermodynamics^, 21(1959), 
Kolesov, V. P., Martinov, A. M., and Skuratov, S. M.. Bull. Chem. Thermodynamics, 4, 26 (1961). 

^^Domalski, E. S. and Armstrong, G, T., 17th Annual Calorimetry Conference, August 1962. 



C. Combustion of Zirconium Diboride in Fluorine 
(G. K. Johnson* and E. Greenberg) 

A suitable technique for ca r ry ing out calorinaetr ic combustions of 
zirconium diboride in fluorine has been developed and was discussed p r e ­
viously (see ANL-6596, p. 173). Ca lo r imet r i c combustions and other ex­
per imenta l work have since been completed. Final calculations and the 
prepara t ion of a manuscr ip t for publication a r e cur rent ly in p r o g r e s s . 

The combustion technique involves burning 200-300 mesh zirconium 
diboride powder on a re la t ively mass ive zirconiuna disc ( l / 4 in. thick and 
2 in. in d iameter ) . To insure reproducible spontaneous ignition of the 
sample, approximately 50 nag of sulfur was used as kindler under the z i r ­
conium diboride. The combustion react ion was c a r r i e d out by means of 
the previously developed apparatus " for substances which ignite sponta­
neously when exposed to fluorine. The smal l amount of unburned zirconium 
diboride was determined by a ca lo r ime t r i c analytical procedure as de­
scr ibed in ANL-6596, p. 173. A the rmal cor rec t ion was made for the 
small weight loss suffered by the zirconium disc during the combustion. 

The solid combustion product was identified by X-ray diffraction 
analysis as beta (monoclinic) zirconiuna te t raf luoride. Infrared analysis 
confirnaed that boron tr if luoride and sulfur hexafluoride were the gaseous 
products of combustion. 

Table 39 p resen t s p re l iminary data for the combustion of zirconium 
diboride in fluorine, e (calor.)(-At ) r ep re sen t s the total energy evolved 

Table 39 

ZIRCONIUM DIBORIDE COMBUSTIOMS IN FLUORINE^ 

1. m' (ZrBj). g 

2. Ai(., deg 

3. s(calor.)(-Atc). cal 

4. m (sulfur), g 

5. AEjuifu, cal 

6- ffizr loss- 9 
7. AE2p cal 

S-^EzrBjComb.''^" 
9. AE(.;M(ZrB2),cai;g 

Run 1 

0.632W 

1.70O48 

5767 

0.06891 

563 

0.01505 

75 

-5129 

-8104 

Run 3 

0.63669 

1.65999 

5730 

0.04962 

405 

0.00153 

8 

-5217 

-8193 

Run 4 

0.636M 

1.65660 

5618 

0.05063 

414 

0.00163 

8 

-5196 

-8169 

MeanAEj/MIZrBs) -

Run 5 

0.63729 

1.66134 

5634 

0.05016 

410 

0.00979 

49 

-5175 

-8120 

-8162 cal/g 

Run 6 

0.63610 

1.66982 

5663 

0.05526 

452 

0.0M)68 

3 

-5208 

-8187 

Std. dev. of mean = ±12 cal/g or 0.15% 

spreliminarydata. 

•Resident Student Associate from the Universi ty of Wisconsin. 
^9Nuttall, R. L. , Wise, S. S., and Hubbard, W. N., Rev. Sci. Inst. 32, 

1402 (I96I) . See also ANL-6287, p. 126. 

Run 7 

0.63950 

1.66864 

5659 

0.05033 

411 

0.00419 

21 

-5227 

-8174 

Run 8 

0.63566 

1.65466 

5612 

0.04920 

402 

0.00109 

5 

-5205 

-81ffl 

Run 9 

0.63463 

1.65504 

5613 

0.05047 

412 

0.00442 

22 

-5179 

-8161 
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during the combustion. AEg^^£y_j. and AE^^. r e p r e s e n t the cor rec t ions for 
the energy of combustion of the sulfur and the fluorination of the zirconiumi 
support d isc . The net energy evolved per g ram of ZrB2 burned is given by 
AEj,/M(ZrB2). The s tandard deviation of the mean of 0.15 percent is not 
unreasonable for this sys tem. It should be noted that in runs 1 and 5, 
which showed the g rea te s t deviation from the mean, the re was a cons ider ­
ably g rea te r attack of the z i rconium disc which se rved as the sample support . 
Fu r the r evaluation of the r e su l t s awaits completion of the detailed ca lcula­
t ions , including cor rec t ions for the s tandard s ta te . 

D, Combustion of Rutheniuiaa in Fluor ine 
( H . A. Por te and E. Greenberg) 

A s e r i e s of eight c a lo r ime t r i c combustions of ruthenium in fluorine 
has been completed. The sample a r r angemen t and combustion technique 
were the same as that descr ibed for the combustion of z i rconium in 
fluorine. 

Ruthenium was obtained from the International Nickel Coiaipany, Inc. 
in the form of l / S - i n . - d i a m e t e r rod and 0.005-in.- thick foil. Because 
ruthenium wire was unavai lable, 0 .005- in . -d iameter molybdenum wire was 
used as the fuse m a t e r i a l . 

A few additional ca l ibra t ion exper iments will be run for the ca lo r i ­
m e t r i c sys tem ANL-Rl-Ni5 before the value of the heat of fornaation of 
ruthenium pentafluoride is calculated from the r e su l t s of the ruthenium 
combust ions. 

E. Combustion of Niobiuna and Tantalum in Fluor ine 
(E. Greenberg and C. Natke) 

The development of sa t i s fac tory combustion techniques for niobium 
and tantalum was r epor t ed in ANL-6333, p. 127. Analyses of high-pur i ty 
samples of niobium and tanta lum have been completed, and ca lo r ime t r i c 
combustions of tantalum in fluorine a r e in p r o g r e s s . Combustions of 
niobium in fluorine with the same systena and by the same techniques will 
be c a r r i e d out as soon as the tanta lum exper iments a r e completed. 

F . H igh- t empera tu re Enthalpy Calor imete r 
(D. R. F r ed r i ckson , R. L . Nuttall and R. Kleb) 

A ca lo r ime t r i c sys tem to m e a s u r e changes in enthalpy up to 1500 C 
was descr ibed in ANL-6477, p. 164, This ca lo r ime t r i c systena has been 
moved into the new labora tory , and a s sembly and tes t ing of components has 
been acce le ra ted . The components a r e the drop naechanism, furnace, gate, 

40Greenberg, E , , Settle, J. L. , F e d e r , H. M., and Hubbard, W. N., 
J. Phys . Chem. 65, 1168 (1961). 
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and ca lo r ime te r . The drop mechan i sm and gate have been assembled apar t 
from the sys tem and a r e yet to be tes ted . The ca lo r imete r components 
a r e complete but have not been assembled in the ca lo r ime te r shel l . The 
furnace has been assembled and has been tes ted up to 800 C during the 
past qua r t e r . 

Work has been p r ima r i l y d i rec ted toward the installation of con­
t ro l s for furnace t e m p e r a t u r e and toward heating of the furnace to check 
the per formance of these con t ro l s . F igure 57 shows the molybdenuna core 
of the furnace. Wells in the shields for platinum, platinum-10 percent rho ­
dium thermocouples a r e shown. Not shown a re a tungsten, rhenium t h e r m o ­
couple in the floating shield and a main shield-floating shield differential 
thermocouple . The furnace has th ree separa te tantalum heater windings: 
the outer shield hea te r , bottom shield hea te r , and the main shield hea te r . 
Three power supplies of 200 w, 300 w, and 20 w, respect ively , have been 
built for these h e a t e r s . The supplies consis t of diode bridge rect i f ier 
c i rcu i t s with fi l tering to provide a var iab le dc supply for the furnace h e a t e r s . 

Absolute t empe ra tu r e control is obtained with the control t h e r m o ­
couple in the main shield. A d iagram of the c i rcu i t ry is shown in F igure 58. 
The difference between the control thermocouple voltage and the t e m p e r a t u r e -
setting bucking voltage is amplified and recorded . A signal proportional to 
the deviation of the r e c o r d e r from a set point is sent to the Leeds and 
Northrup Ser ies 60 C.A.T. control unit, which produces an output cu r r en t 
proport ional (in the range 0-5 ma) to the input signal. This cu r ren t is fed 
to a t r a n s i s t e r i z e d power cont ro l le r which controls the power to the main 
shield hea te r . The control loops for the outer shield and the bottom shield 
a r e the same except in two r e s p e c t s : no r e c o r d e r s a r e used. (The c i r cu i t ry 
of the C.A.T. control units is modified to accept input direct ly from the 
amplif ier .) The power cont ro l ler is a Barbe r Colman Ser ies 620 si l icon-
controlled rect i f ier unit r a the r than the t r ans i s to r i zed power control ler 
used with the main shield. 

As descr ibed above, the absolute control is with the main shield 
hea te r . The outer shield t e m p e r a t u r e then follows the main shield tenapera-
tu re and is controlled by the outer sh ie ld-main shield differential thernao-
couple. A bucking enaf provides a 1 to 5 C t empera tu re differential between 
shie lds . The bottona shield hea te r , in turn , is controlled by the outer shield-
bottom shield differential thermocouple . 

The furnace has been under control at th ree different t e m p e r a t u r e s : 
584, 688, and 800 C, as indicated by the voltage of the main shield t h e r m o ­
couple. In each case over a per iod of about 16 hr , the main shield tenapera-
tu re var ia t ion was only a few tenths of a degree . 
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Figure 58 
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A gas-flooding systena has a lso been connected to the furnace. 
This provides for flooding of the furnace with argon in case of accidental 
loss of the furnace vacuum. At the p resen t t ime, a manual valve can be 
used for gas flooding. Para l le l ing the naanually operated valve, a 
solenoid-operated valve is being instal led. This valve will be connected to 
the control c i rcui t of the thernaocouple gauge. 



IV. REACTOR SAFETY* 

The oxidation, ignition, and combustion p r o c e s s e s of meta l s and 
compounds used in nuclear technology a r e being studied to provide infor­
mation to aid in minimizing the haza rds associa ted with handling these 
m a t e r i a l s . 

An exper imenta l p r o g r a m to de termine the r a t e s of react ion of 
molten r eac to r fuel and cladding meta l s with water is continuing. Methods 
cur ren t ly being used to examine these reac t ions a r e the condenser-
d ischarge and levitation methods in the labora tory and in-pile reac to r 
t r ans ien t s in the TREAT reac to r . 

A. Metal Oxidation and Ignition Kinetics 
(L. Baker) 

1, Theory of Uranium Ignition 
(L, Baker, J. D. Bingle) 

Studies of the i so the rmal oxidation of uranium at t empera tu re s 
above 300 C were repor ted previously (see ANL-6569, p. 136; ANL-6543, 
p. 168; and ANL-6413, p. 160). The purpose of these studies was to p r o ­
vide reac t ion ra t e data needed to develop a be t ter understanding of p r e ­
viously repor ted ignition data. A s imple re la t ionship between i so thermal 
oxidation r a t e s and ignition t empera tu re should exist if the ignitions a r e 
purely thernaal in cha rac t e r . A the rma l ignition is mere ly an accumulation 
of heat, in which the react ing systena genera tes m o r e heat than can be d i s ­
sipated by heat- loss mechan i sms , leading to a rapidly increasing t empera tu re . 

Calculations were repor ted in a previous quar te r ly (ANL-6569s 
p. 136) in which the ra te laws found from i so the rmal studies of uranium 
oxidation at elevated t empe ra tu r e s were combined with a simple heat-
t ransfe r model . Specimen t e m p e r a t u r e - t i m e curves were then computed 
for uranium specimens having specific surface a r e a s of 0.5i 5, and 
50 sq c m / g , subject to the condition that the ambient t empera tu re in­
c reased uniformly at the r a t e of 10 d e g r e e s / m i n . The calculated t e m p e r a t u r e -
t ime curves were compared with exper imenta l t e m p e r a t u r e - t i m e curves 
(which have previously been r e f e r r ed to as burning curves) , and the igni­
tion teiaiperatures obtained graphical ly from both calculated and exper i ­
mental burning curves were found to ag ree within 50 C. 

It was evident from the computations that the unusual t ransi t ion 
from an acce lera t ing oxidation r a t e to a decelera t ing oxidation ra te at 
450 C (see ANL-6543, p. 170) plays an important ro le in the ignition p r o c ­
e s s . The t rans i t ion r e su l t s in a sharp b reak in calculated ignition t e m p e r ­
a ture as a function of specific surface a r e a . Ignition t empera tu re s obtained 

*A s u m m a r y of this section is given on pages 25 to 28. 
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from exper imenta l burning-curve tes t s a lso show a sharp break as a 
function of specific surface a rea . Computations performed during this 
quar te r were concentrated in the range of specific surface a rea between 
2 and 10 sq c m / g where the b reak occurs in experimental ignition 
t e m p e r a t u r e s . 

During the cu r r en t s e r i e s of calculations, it was discovered 
that a re la t ively minor e r r o r had been made in the ea r l i e r calculations for 
specific a r e a s of 0.5, 5, and 50 sq c m / g (see ANL-6569, p. 138). These 
burning curves were , therefore , recalcula ted and a r e presented in F ig­
ure 59, along with curves calculated for specific a r e a s of 2, 7, and 
10 sq c m / g . It is evident from the figure that the b reak in ignition t em­
pe ra tu re occurs between specific a r e a s of 5 sq c m / g (ignition tenaperature, 
510 C) and 7 sq c m / g (ignition t empera tu re , 388 C). 

F igure 59 

CALCULATED BURNING CURVES FOR ANL BASE URANIUM 
IN FLOWING OXYGEN USING RATE EQUATIONS DERIVED 

FROM EXPERIMENTAL DATA 

(Specific a r e a of samples and indicated 
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Exper imenta l ignition t empera tu re s for a var ie ty of uranium 
specimens in oxygen a r e compared with calculated values in Figure 60. 
Exper imenta l ignition t empera tu re s undergo a sharp b reak at a specific 
a r e a of about 2 sq cm/g , whereas the calculated ignition tenaperature break 
occurs near 6 sq c m / g . This difference is very likely a resu l t of differ­
ences in the meta l lu rg ica l charac te r or the inapurity content of the speci­
mens , since the calculated ignition t empera tu re s were determined from 
isothernaal ra te equations derived from data on ^-quenched specimens in 
the foriTi of 8.5-mna cubes, whereas the exper imental ignition t empera tu re s 
were obtained in exper iments per formed with a var ie ty of foils, wi res , and 
cubes from different sources . The extrenae sensit ivity of the oxidation 
react ion above 450 C to impur i t ies and to the meta l lurg ica l charac te r of 
specimens has been discussed in previous quar te r l i e s (see, for example, 
ANL-6543, p. 174). 

Figure 60 
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Calculated ignition t empera tu res shown in Figure 60 a r e some­
what higher than exper imenta l values . This could have resul ted from the 
insulating charac te r of the oxide. The rma l insulation of the naetal by the 
oxide film would reduce heat losses and thereby increase sample self-
heating and facilitate ignition. No cor rec t ions for the effect of the oxide 
film on the heat t ransfer were included in the calculat ions. The charac te r 
of the oxide films produced is indicated by photographs (Figure 6l) of 
nominal one-cm cube specimens of ANL uranium oxidized isothermal ly at 
400 C or 625 C in oxygen. Oxide produced at 400 C fornaed fragile plates 
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of l o o s e l y c o m p a c t e d p o w d e r , w h i l e o x i d e p r o d u c e d a t 625 C a p p e a r e d to 
b e of tv /o t y p e s : a l o o s e p o w d e r y m a t e r i a l , a n d a r o u g h b u t a d h e r e n t c o a t ­
i n g o n t h e c u b e . 

Figure 61 
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CUBES AT 400 C AND 625 C 
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T h e m a r k e d s i n a i l a r i t y of c a l c u l a t e d a n d e x p e r i m e n t a l i g n i t i o n 
t e n a p e r a t u r e s s u g g e s t s t h a t t h e m a t h e m a t i c a l i g n i t i o n m o d e l t a k e s i n t o 
a c c o u n t t h e p r i n c i p a l f a c t o r s i n v o l v e d i n t h e i g n i t i o n p r o c e s s . T h e s a m e 
m a t h e m a t i c a l m o d e l a l s o d e s c r i b e d z i r c o n i u m i g n i t i o n s w i t h r e a s o n a b l e 
a c c u r a c y ( s e e A N L - 6 4 1 3 , p . 152) . It s e e m s c l e a r , t h e r e f o r e , t h a t u r a n i u m 
a n d z i r c o n i u m i g n i t i o n s in a i r a n d o x y g e n a r e t h e r m a l in c h a r a c t e r a n d d o 
n o t i n v o l v e n a e t a l v a p o r i z a t i o n o r u n u s u a l c h e m i c a l r e a c t i o n s , s u c h a s t h e 
d e c o m p o s i t i o n of s u r f a c e p e r o x i d e s , o x y n i t r a t e s , a n d a z i d e s . A c o l l e c t i o n 
of p o s t u l a t e d i g n i t i o n m e c h a n i s n a s of t h i s k i n d i s ava i lab le . '* • ' • 

A s e r i e s of f o u r p u b l i c a t i o n s a r e b e i n g p r e p a r e d : t h e f i r s t 
d e s c r i b e s i s o t h e r m a l o x i d a t i o n s t u d i e s of u r a n i u n a a n d s e l e c t e d a l l o y s i n 
t h e t e m p e r a t u r e r a n g e f r o m 300 t o 625 C; t h e s e c o n d d e s c r i b e s e x p e r i m e n t a l 

4 1 Z i r c o n i u m F i r e a n d E x p l o s i o n H a z a r d E v a l u a t i o n , T I D - 5 3 6 5 (Aug 1956) . 
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and theore t ica l studies of the ignition of pure uranium; the third descr ibes 
ignition studies with 70 binary uranium alloys; and the fourth desc r ibes 
X- r ay diffraction studies of oxides formed on uranium, which studies a r e 
d iscussed in the next section. 

2. X- ray Diffraction Studies of Oxidized Uranium 
( L . Leibowitz, J. D. Bingle, M. Homa) 

As pa r t of an investigation^^ of the kinetics of the oxidation of 
uranium, an examination was made of the oxidized meta l surface by both 
X - r a y and e lec t ron diffraction techniques. In that work, at 200 and 295 C, 
only UO2 was found until a lmos t a l l the meta l was consumed. The u ran ium-
oxygen sys tem is a fairly conaplex one, however, and there is a notable 
lack of ag reement among the var ious workers in this area.'*'^~4° Aronson 
et_al. s^-' for example, hold that oxidation of UO2 proceeds via a UOj-f-x solid 
solution, while Blackburn_et_al.46 maintain that oxidation of UOj is con­
trol led by diffusion of oxygen through a U3O7 layer . Recent crysta l lographic 
work by Belbeoch, P ieka r sk i , and Perio'^'^ and by Hoekstra , Santoro, and 
Siegel^" has done much to clarify the situation. The la t ter authors have 
d iscussed in some detai l the complicat ions of identification and the sources 
of conflict in the ea r l i e r work. Because of these recent findings, it was 
decided to re-exanaine the oxidized surfaces of uranium by an X-ray dif-
f rac tometer . All X- r ay diffraction pa t te rns were obtained with a G. E. 
XRD-5 diffractometer with Cu KQ^ radiat ion. 

Cubes of uranium were oxidized at 100 and 200 C in the constant-
p r e s s u r e volumetr ic appara tus used previously (see ANL-5974, p. 4 l ) , At 
300, 400, 500, and 600 C, samples were oxidized in the hea t - s ink apparatus 
descr ibed in ANL-6413, p. 160. At the higher t e m p e r a t u r e s , self-heating 
of the meta l would ord inar i ly preclude i so the rmal oxidation. In the heat-
sink appara tus , however, the uraniuna specimen is compressed between 

Leibowitz, L., Schnizlein, J. G., Bingle, J. D., and Vogel, R. C , 
J. E lec t rochem. Soc. 1£8, 1155 ( l96 l ) . 

'^^Alberman, K. B., and Anderson, J . S . , J. Chem. Soc. 5303 (1949). 

'^•^Gronvold, F . , J. Inorg. NucL Chem. J , 357 (l955). 

Aronson, S., Roof, R. B., J r . , and Belle, J. , J. Chem. Phys . 27, 
137 (1957). 

46 
Blackburn, P . E., Weissbar t , J., and Gulbransen, E. A., J. Phys . 
Chem. _62, 902 (1958). 

'Belbeoch, B., P ieka r sk i , C. and Pe r io , P . , J. Nuclear Mater ia l s _3, 
60 (1961). 

4°Hoekst ra , H. R., Santoro, A. and Siegel, S., J. Inorg. NucL Chem. 
28 , 166 (1961). 
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t w o m a s s i v e s t a i n l e s s s t e e l b l o c k s w h i c h r e m o v e h e a t a t a s u f f i c i e n t r a t e 
t o m a i n t a i n n e a r l y i s o t h e r m ^ a l c o n d i t i o n s . A.U r u n s w e r e c a r r i e d o u t i n 

p u r e o x y g e n a t a p r e s s u r e of a b o u t 
Figure 62 

X-RAY DIFFRACTOMETER TRACINGS OF THIN 
URANIUM OXIDE FILMS FORMED AT 

VARIOUS TEMPERATURES 
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La e a c h r u n , w h e n t h e d e s i r e d 
a m o u n t of o x i d a t i o n h a d o c c u r r e d , 
t h e r e a c t o r w a s e v a c u a t e d a n d t h e 
s a m p l e s w e r e a l l o w e d t o c o o l i n 
v a c u u m . T h i n , a d h e r e n t o x i d e f i l m s 
w e r e f o r m e d a f t e r 4 0 0 t o 1100 / i g ^ z / 
s q c m w a s c o n s u m e d ; n o e v i d e n c e of 
f l a k i n g w a s o b s e r v e d . 

Iia F i g u r e 62 a r e s h o w n s e c ­
t i o n s of t h e d i f f r a c t i o n p a t t e r n s o b ­
t a i n e d f r o m t h e s e s a m p l e s . T h e s e 
a r e p r i n c i p a l l y UO2 p a t t e r n s w h i c h , 
h o w e v e r , s h o w s o n a e i n t e r e s t i n g d e ­
t a i l s p e r t a i n i n g t o t h e k i n e t i c s of 
u r a n i u m o x i d a t i o n . A c h a n g e in t h e 
c h a r a c t e r of t h e t r a c i n g s o c c u r s 
b e t w e e n 4 0 0 a n d 500 C: t h e d i f f r a c ­
t i o n m a x i n a a i n t h e r e g i o n s 2 0 = 5 5 ° 
a n d 2 0 = 75° , w h i c h a r e b r o a d a n d 
d i f f u s e u p t o 4 0 0 C, a r e q u i t e s h a r p 
a t 500 a n d 600 C . T h e m a x i m u m i n 
t h e r e g i o n 20 = 3 3 ° s h o w s a s i m i l a r 
c h a n g e b e t w e e n 300 a n d 4 0 0 C . 

It i s i n t e r e s t i n g in t h i s r e ­
s p e c t t o n o t e t h a t a c h a n g e in t h e 
k i n e t i c s of o x i d a t i o n of u r a n i u m o c ­
c u r s a t 4 5 0 C ( s e e A N L - 6 5 6 9 , p . 136) . 
B e l o w t h a t t e m p e r a t u r e , a n a c c e l e r ­
a t i n g o x i d a t i o n r a t e w a s found , p r o ­
p o r t i o n a l t o ( t inae) ^ , w h e r e a s 
a b o v e 4 5 0 C a d e c e l e r a t i n g r a t e 

p r o p o r t i o n a l t o ( t i nae ) ^ h o l d s . I t i s r e a s o n a b l e to a s c r i b e t h i s c h a n g e in 
r e a c t i o n k i n e t i c s t o t h e c h a n g e d c h a r a c t e r of t h e o x i d e . 

A l t h o u g h s o m e of t h e l i n e b r o a d e n i n g o b s e r v e d a t l o w t e m p e r a ­
t u r e s m a y b e a t t r i b u t e d t o c r y s t a l l i t e s i z e b e i n g s m a l l e r t h a n i n t h e o x i d e 
f o r m e d a t t h e h i g h e r t e m p e r a t u r e , n o t a l l of t h e c h a n g e s in c h a r a c t e r of 
t h e d i f f r a c t i o n p a t t e r n s c a n b e e x p l a i n e d i n t h i s w a y . T h e s p l i t t i n g of t h e 
l i n e i n t h e r e g i o n 26 = 5 5 ° f o r t h e o x i d e f i l m p r e p a r e d a t 100 C, t h e 
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e x t r e m e b r o a d e n i n g a r o u n d 75°, and the i n d i c a t i o n s of m u l t i p l e p e a k s a t 
33" a l l i n d i c a t e the p r e s e n c e of a p h a s e h i g h e r t han UO2 a t the l ower t e m ­
p e r a t u r e s . F r o m the s t u d i e s of UO2 ox ida t ion by H o e k s t r a , S a n t o r o , and 
S iege l , i t is r e v e a l e d tha t two cub ic and t h r e e t e t r a g o n a l p h a s e s m a y be 
p r e s e n t . The cub ic p h a s e s a r e UO2 and U4O9. The t e t r a g o n a l p h a s e s and 
t h e i r c / a r a t i o s a r e l i s t e d be low: 

c / a 
a - U j O ^ . 0,989 
I3-U3O7 1.031 
U02,3 ' L 0 1 6 

B e c a u s e t h e s e c / a v a l u e s a r e so c l o s e to un i ty and b e c a u s e of the poor 
def in i t ion of the o v e r l a p p i n g d i f f r ac t ion m a x i m a , a c l e a r d i s t i n c t i o n b e ­
t w e e n t h e s e v a r i o u s p o s s i b i l i t i e s w a s not p o s s i b l e . 

The X - r a y d a t a a r e c o n s i s t e n t wi th the u r a n i u m - o x y g e n p h a s e 
d i a g r a m ^ o if it i s a s s u m e d tha t the m o l a r r a t i o of oxygen to uraniuiaa in 
the ox ide f i lm i s only s l i gh t l y g r e a t e r t h a n 2. It is t hen l ike ly t h a t a t 100 C 
we o b s e r v e a t w o - p h a s e UO2 + a-UsO^ r e g i o n and tha t a t 200, 300, and 
400 C a UO2.J.2J + U4O9 r e g i o n e x i s t s , wh i l e a t 500 and 600 C t h e r e is a s ing le 
UOj-f-x p h a s e . R e l a t e d X - r a y s t u d i e s of even t h i n n e r oxide f i lms p r o v i d e d 
no e v i d e n c e tha t the f o r m a t i o n of the h i g h e r - o x i d e p h a s e s at low t e m p e r a ­
t u r e s is r e l a t e d to the c h a n g e f r o m f i r s t - to s e c o n d - s t a g e ox ida t ion ,42 a s 
w a s once c o n s i d e r e d a p o s s i b i l i t y ( s ee A N L - 6 5 4 3 , p . 176). 

In none of t h i s w o r k involv ing th in oxide f i lms did we s e e e v i ­
d e n c e of the p r e s e n c e of UsOg. T h i s i s in c o n t r a s t wi th the w o r k of 
L o r i e r s , •̂  who r e p o r t s t ha t above 240 C a c r y s t a l l i n e s t r u c t u r e a p p e a r s 
wh ich is o r t h o r h o m b i c l ike UsOg. S ince L o r i e r s s t a t e s tha t t h e s e l a y e r s 
s c a l e d off r e a d i l y , it is ev iden t t ha t he w a s w o r k i n g wi th f a i r l y h e a v i l y 
ox id ized u r a n i u m . Under t h o s e c o n d i t i o n s , we a l s o o b s e r v e the f o r m a t i o n 
of UjOg. 

3. P l u t o n i u m - i g n i t i o n S tud ies 
( j . G. Schn iz l e in , D. F . F i s c h e r ) 

B e c a u s e of the i n c r e a s i n g u s e of p l u t o n i u m in the n u c l e a r 
e n e r g y p r o g r a m , knowledge of i t s ox ida t ion and ign i t ion b e h a v i o r is be ing 
a c q u i r e d to a l low safe hand l ing . The fac i l i ty and e q u i p m e n t u s e d to p e r ­
f o r m the e x p e r i m e n t s sa fe ly have b e e n d e s c r i b e d p r e v i o u s l y ( s e e ANL-6413 , 
p. 168). Sanaples of p l u t o n i u m and i t s a l l o y s u s e d in our e x p e r i m e n t s w e r e 
p r e p a r e d a t H a n f o r d , * 

4 9 L o r i e r s , J . , Compt . r e n d . ^ 3 4 , 91 (1952). 

* P r e p a r a t i o n s w e r e u n d e r the s u p e r v i s i o n of P . G. P a l l m e r , T, Ne l son , 
and O. J . Wick, G e n e r a l E l e c t r i c Co. , Hanfo rd A t o m i c P r o d u c t s 
Div i s ion , R i ch l and , Wash ing ton . 
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B u r n i n g c u r v e i g n i t i o n s * in oxygen and in a i r have b e e n c o m ­
p le t ed for a l l of the a l l oy c u b e s tha t h a v e b e e n r e c e i v e d . The m o s t r e c e n t l y 
a c q u i r e d da t a and p r e v i o u s l y r e p o r t e d r e s u l t s ( see A N L - 6 1 4 5 , p . 142 and 
A N L - 6 5 4 3 , p . 177)on cube and r o d s p e c i m e n s a r e s u m m a r i z e d in Table 40. 

Table 40 

IGNITION TEMPERATURES OF PLUTONIUM AND PLUTONIUM ALLOYS 

(Burning curves on samples with specific a rea -0.7 sq cm/g) 

Additive Content (a/o) Ignition Temperature (C) 

Alloy Nominal Analyzed In Oxygen In Air 

Pure Pu^ 494b, 512 508^, 520 

Ignition Tempera tures Higher than Base Pu 

A l 
Cu 
S i 
S i 
Si 
Si 

Ignit ion 

F e 
F e 
Z n 
Z n 
M g 
C r 
C r 
U 
C e 

Ignit ion 

C 
C 
M n 
N i 
N i 
C o 

2 
2 

2 
1 

1/2 

T e m p e r a t u r e s 

2 
2 
2 
1 
2 
2 
2 
2 
2 

T e m p e r a t u r e s 

2 
2 
2 
2 
2 
2 

Same 

Lowe 

3 , 4 
2.40 
1.2^ 
0.26 
0.28 
0.26 

a s B a s e 

1.8 
1,95 
1.03 
0.40 

- 0 . 2 

0,5d 

P u 

r thcin B a s e P u 

1.55 
2,7 
1.26 
1.8 
1.8 

447^ 

576C 
533, 546 

540b 
525 
537 
537e 

5 1 5 
520e 
523 
503 
5 1 2 
4986 
507 
4 9 0 
4 8 5 

4 8 6 
, 455^ , 2086.f 

4 7 7 

489, 509 
4 6 8 
4 6 2 

590C, 588C 
555 
553b 
548 
548 
5446 

548 
476®, 4856, 490 

528 
528 
520 
5146 

512, 518 
510, 513 

510 

4 9 8 
4598, 484e>g 

4 9 9 
529 
4 9 0 
4 7 4 

^Base metal; total impurit ies 500 to 1000 ppm. 
"Samples heavily oxidized pr ior to receipt . 
'^Specific a rea 10 to 20% higher than that of other samples. 

Estimated from density. 
^Specific a rea 10 to 20% lower than that of other samples. 
* This ignition temperature value was not reproduced in two other attempts. 
S A marked self-heating was observed in the vicinity of 300 C. 

* S a m p l e s h e a t e d in the ox id iz ing g a s a t a p r o g r a m n a e d r a t e of 10 C 
i n c r e a s e p e r nain un t i l ign i t ion o c c u r r e d . 
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Additives have little effect on the ignition t empera tu re of plu­
tonium. The g rea te s t effects were found for aluminum, nickel, and cobalt. 
The ignition t empe ra tu r e of the 3.4 a /o aluminum-plutonium alloy was 
60 degrees higher than that of the plutonium base meta l . The 2.4 a /o 
copper-plutonium and the 1.2 a /o si l icon-plutonium alloys ignited at a 
t empera tu re 30 degrees higher than did the base meta l . In contras t , the 
1.8 a /o cobalt and 1.8 a /o nickel alloy ignition t empera tu re s were 30 to 
40 degrees lower than that of the plutonium base meta l . 

One carbon alloy, which was in the form of a cylinder, showed 
a marked self-heating in a ir in the vicinity of 300 C, at which the t r a n s i ­
tion to the gamma phase would be expected. This same alloy in one of 
th ree exper iments in oxygen ignited at 208 C. However, an alloy of sinai-
lar carbon content in the form of a cube which was received at a la ter date 
showed no such pecul iar behavior in e i ther a i r or oxygen. It is suspected 
that the f i rs t samples of the alloy showing unique behavior may have had 
c racks or voids which were caused to open upon the t rans i t ion from beta 
to gamma s t ruc tu re . 

This completes the study of the effect of additives on the igni­
tion behavior of large samples . As soon as foils of these alloys and pure 
plutonium a r e obtained, the effect of var ied specific a r e a will be determined. 

B. Meta l -Water React ions 
(L. Baker) 

1. Studies of the Stainless Steel-Water Reaction by the 
Condenser -d i scharge Method 
(L. Baker , J r . , R. Warchal) 

The condense r -d i scha rge exper iment is an at tempt to obtain 
fundamental r a t e data under exper imenta l conditions s imi la r to those that 
would be encountered during a se r ious accident in a nuclear r e a c t o r . 
Ei ther a nuclear runaway or a sudden loss of coolant during operat ion of 
a wate r -coo led reac to r could r e su l t in contact of ve ry hot fuel and clad­
ding meta l s with water or s t eam and might involve fine pa r t i c l e s . The 
condense r -d i scha rge exper iment s imula tes the l imiting case of a nuclear 
incident in that the heating t ime is v e r y short and ve ry fine me ta l par t ic les 
a r e produced. 

In the condense r -d i scha rge experiment , me ta l w i r e s a r e 
rapidly melted and d i spe r sed in a water- f i l led cel l by a surge cu r ren t 
from a bank of condensers . The energy input to the wire is used to ca l ­
culate the ini t ial react ion tenapera ture . The t rans ient p r e s s u r e naeasures 
the react ion r a t e , the amount of hydrogen generated gives the extent of r e ­
action, and the par t ic le size of the res idue indicates the surface a r e a ex­
posed to reac t ion . 
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A n a l y s i s of r e s u l t s is b a s e d on one of the u s u a l l aws of m e t a l 
ox ida t ion ( p a r a b o l i c r a t e law) and on the laws of g a s e o u s diffusion and hea t 
t r a n s f e r . In t h i s way, an a t t e m p t is m a d e to i n t e r p r e t e x p e r i m e n t a l w o r k 
a s it p r o c e e d s . 

The r e s u l t s of a s e r i e s of r u n s wi th 30 - and 6 0 - m i l - d i a m e t e r 
s t a i n l e s s s t e e l - 3 1 6 w i r e s in w a t e r at r o o m t e n a p e r a t u r e , a t 100 C, and a t 
200 C w e r e r e p o r t e d in the p r e v i o u s q u a r t e r l y (ANL-6596 , p . 186). A 
s e r i e s of s i x r u n s wi th s t a i n l e s s s t e e l - 3 1 6 w i r e s ( 3 0 - m i l d i a m e t e r ) in 
315 C w a t e r (1500 p s i p r e s s u r e ) h a s now been c o m p l e t e d in the h igh-
p r e s s u r e r e a c t i o n c e l l d e s c r i b e d in A N L - 6 2 3 1 , p . 156. R e s u l t s of the r u n s 
in 315 C w a t e r a r e g iven in Tab le 4 1 . 

Tab le 41 

R E A C T I O N O F STAINLESS S T E E L - 3 1 6 WIRES IN WATER AT 315 C 
AND 1500 p s i IN THE CONDENSER-DISCHARGE A P P A R A T U S 

3 0 - m i l w i r e s , one inch long 

The r e s i d u e c o n s i s t e d of fine p a r t i c l e s in each run . 

Run 
No. 

348 
347 
350 

Calc 
Initial Metal 
Temp (C) and 
Physical State 

2200, liquid 
2300, liquid 
2600, liquid 

Percen t 
Reaction^ 

10.1 
16.5 
17.8 

Run 
No. 

351 
346 
349 

Calc 
Initial Metal 
Temp (C) and 
Physical State 

2800, liquid 
2900, liquid 
3500, liquid 

Percen t 
Reaction^ 

21.8 
31.6 
34.2 

^ B a s e d on r e a c t i o n to Cr203, NiO, and F e O . 

The p e r c e n t of m e t a l r e a c t e d in the ind iv idua l r u n s in 315 C 
w a t e r , a s w e l l a s c u r v e s r e p r e s e n t i n g the a v e r a g e s of p r e v i o u s l y r e p o r t e d 
r e s u l t s of e x p e r i m e n t s in r o o m - t e m p e r a t u r e w a t e r and in w a t e r a t 100 and 
200 C, a r e p lo t t ed in F i g u r e 63. Conapa r i son shows tha t the ex ten t of 
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meta l -wa te r react ion in 315 C water is near ly identical to that obtained in 
water at 100 and 200 C. In one run in 315 C water , a high resu l t was ob­
tained, possibly because of the formation of pa r t i c les of significantly 
smal le r average size than in other runs . Pa r t i c l e size measu remen t s for 
the runs in 315 C water have not been completed. 

The condenser -d i scharge exper iment has shown that the high-
t empera tu re s ta in less s tee l -wate r react ion is independent of the water 
t e inpera ture over the range from 100 to 315 C (p re s su re range 15 to 
1500 psi) . The z i rcon ium-wate r react ion was also found to be independent 
of water t empe ra tu r e and vapor p r e s s u r e over the same range (see 
ANL-6548). These observat ions indicate strongly that the kinetics of the 
oxidation p r o c e s s for both meta l s a r e independent of p r e s s u r e over a wide 
range. 

2, Studies of the Aluminum-Water Reaction by the Levitation 
Melting Method 
(R. E, Wilson, L. Mishler , C, Barnes) 

The levitation naethod was developed to study the kinetics of 
reac t ions of molten me ta l s with water vapor at high t e m p e r a t u r e s . This 
method, in which the sample is supported by means of a radiofrequency 
field and surrounded by a s team a tmosphere , appears to be well suited to 
de te rmine the na ture of the reac t ion ra te laws in the absence of contamina­
tion from crucib les or other suppor ts . The r e su l t s a r e to be used to help 
in te rpre t data obtained from other me ta l -wa te r s tudies . 

This exper imenta l technique has been applied to the study of 
the r a t e of react ion of s team with molten aluminum at t empe ra tu r e s above 
1200 C. Resul ts at 1200 C and below were repor ted by Mason and Martin 
(see ANL-6413, p. 179), who used the p r e s s u r e pulse method. 

a. Exper imenta l P rocedure 

Heating was supplied by means of a 15-kw induction gen­
e ra to r operating at about 250 kc. The power was supplied to the work coil 
by means of a step-down t r ans fo rmer to give a low-impedance output. 

The work coil, shown in Figure 64, consis ts of one forward 
and one r e v e r s e turn. The opposing fields produce a null in the center , 
where a nominal 8-mm spher ica l sample may be held. The coil was made 
of "I--in, copper tubing which was bent to shape and mounted on low-
impedance leads . During the bending operation, the tubing was filled with 
Woods me ta l to prevent col lapse of the tubing. 

The work coil was brought into the P y r e x react ion cel l 
through a 75/50 ground-g lass bal l joint, which was sealed to the leads of 
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t h e w o r k c o i l b y m e a n s of a q u a r t z - f i l l e d e p o x y r e s i n , i n o r d e r t o m a k e a 
v a c u u n a - t i g h t o r p r e s s u r e - t i g h t s e a l . T h e r e m a i n d e r of t h e b a l l j o i n t w a s 
f i l l e d w i t h s i l i c o n e r u b b e r t o l i m i t t h e a m o u n t of s t e a m c o n d e n s a t i o n o n 
t h e w a t e r - c o o l e d l e a d s , a n d a l s o t o p r e v e n t t h e r m a l s h o c k s f r o m c r a c k i n g 
t h e e p o x y s e a l . A c l o s e - u p v i e w of t h e c o i l w i t h a n a l u m i n u m saiaaple 
b e i n g l e v i t a t e d a t a b o u t 1600 C i s s h o w n i n F i g u r © 6 5 . 

Figure 64 

LEVITATION COIL SHOWING 
VACUUM-STEAM SEALING 

SYSTEM 

Figure 65 

MOLTEN DROP OF ALUMINUM 
SUSPENDED IN AIR 

AT 1600 C 

I 
1 

ANL-108-5785 ANL-108-5783A 

A s m a l l s h e e t of T e f l o n c o n n e c t e d t o a s m a l l m a g n e t w a s 
u s e d t o s u p p o r t t h e s p e c i m e n p e l l e t b e f o r e b e g i n n i n g a r u n . T h e s h e e t w a s 
r a p i d l y r e m o v e d a s s o o n a s t h e r a d i o f r e q u e n c y p o w e r w a s t u r n e d on . O n c e 
l e v i t a t i o n w a s e s t a b l i s h e d , s a m p l e s w e r e r a p i d l y h e a t e d to t h e t e s t t e m ­
p e r a t u r e . T h e t e m p e r a t u r e w a s m e a s u r e d b y m e a n s of a c o m m e r c i a l t w o -
c o l o r o p t i c a l p y r o m e t e r . * T h e u s e of t h i s t y p e of t e m p e r a t u r e s e n s o r w a s 
d i c t a t e d b y t h e n e e d f o r a n o n c o n t a c t i n g s y s t e m a n d t h e l a c k of d a t a f o r t h e 
e m i s s i v i t y v a l u e s f o r m o l t e n m e t a l s . T h e o u t p u t of t h e p y r o m e t e r , w h i c h 

* I n s t r u m e n t D e v e l o p n a e n t L a b o r a t o r i e s , I n c . , P y r o - E y e . 



was recorded on a potentionaetric s t r ip char t r e c o r d e r , was also used to con­
t ro l the t e m p e r a t u r e of the aluminum sample by means of a motor-dr iven 
var iab le t r ans fo rmer controlling the output of the induction genera tor . 

In this s e r i e s of exper iments , s team from the building 
supply was exhausted from the react ion v e s s e l through a jet to prevent 
back-diffusion of a i r into the ves se l . After exposure to the tes t conditions 
for a fixed per iod of t ime, the samples were cooled rapidly to room tem­
pe ra tu r e and analyzed grav imet r ica l ly . The pellet of aluminum coated 
with oxide was weighed; the aluminum was then dissolved, according to the 
method of P r y o r and Keir,^*^ in an iodine-methyl alcohol solution, leaving 
only the oxide. F r o m the s tar t ing weight, the weight of the reac ted pellet, 
and the oxide weight, the amount of a luminum which had reac ted with s team 
was calculated. Losses of oxide during the exper iment did not in ter fere 
with the ana lys i s . There was no indication that any loss of unreacted meta l 
occur red . 

b. I so thermal Oxidation Rates 

The re su l t s of the exper iments in which samples did not 
ignite a r e given in Table 42. The RMS (root mean square) e r r o r s a r e 
given for each value. A plot of the r e su l t s given in Table 42 is shown in 
F igure 66. The lengths of the ve r t i ca l l ines a r e equal to the RMS e r r o r s . 
Where no l ines a r e shown, the RMS e r r o r is l e ss than the size of the point. 
It is evident from Figure 66 that the r e su l t s at 1400, 1500, and 1600 C 
tend to follow a l inear r a t e law, whereas the r e su l t s at 1200 and 1300 C 
tend to follow a cubic r a t e law. Also shown in the figure a r e the r e su l t s 
r epor ted by Mason and Mart in for the a luminum-s tea ra react ion at 800, 
1000, and 1200 C. 

Table 42 

EFFECT OF TEMPERATURE ON THE REACTION 
OF ALUMINUM AND STEAM 

(S-mm spheres in levitation) 

Aluminum Reacted (mg/sq cm ± RMS e r r o r ) 
Reaction at Indicated Tempera tu re s 

Time 
(min) 1200 C 1300 C 1400 C 1500 C 1600 C 

5 
10 
15 
20 
30 
60 

100 

0.76 ± 0.65 

0.47 ± 0.15 
1.07 ± 0.26 
1.48 ± 0.07 

1.37 ± 0.17 

1.95 ± 0.54 
1.90 ± 0.14 
2.58 ± 0.92 

1.28 ± 0.33 
2.19 ± 0.15 

2.17 ± 0.08 
4.91 ± 0.31 
6.47 ± 0.40 

1.59 ± 0.11 
3.19 ± 0.59 

5.37 ± 0.34 
7.2 ± 1.0 

15.7 ± 3.6 
16.0 ± 1.4 

3.9 ± 0.2 
7.7 ± 0.2 

11.4 ± 2.2 

Pryor, L L, and Keir, D. S,, I Eleccochenio -SoCo 102, 370 (1955)= 
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Figure 66 

THE REACTION OF ALUMINUM 
WITH STEAM 

(Data points and solid lioes obtained by 
the levitation melting method. Dashed 
lines obtained by the pressuie pulse 
method; see ANL-6413, p. 179). 

. 8 0 0 C 

1 ^ j m 
6 8 10 20 4 0 60 80100 

REACTIorg TIME, mm 
200 4 0 0 

ANL-108-6102 

Reaction ra t e s at 1200 C obtained by Mason and Martin 
with the p r e s s u r e - p u l s e method were about twice those obtained by the 
levitation melt ing method at 1200 C. In the p r e s s u r e - p u l s e method, molten 
aluminum was contained in alumina crucibles and was brought to t emper ­
a ture in vacuum or an inert environment. Steam was then brought into 
momentary contact with the molten meta l and rapidly removed by a sys ­
tem of e lec t r ica l ly activated va lves . The amount of react ion was de te r ­
mined by an analysis of the quantity of hydrogen generated during the 
period of contact. The higher r e su l t s obtained by the p r e s s u r e - p u l s e 
method might have been due to react ion of aluminum with s team which 
diffused through the side and bottom of the slightly porous alumina c ru ­
cibles . Additional react ion of s team may have occurred with smal l quan­
t i t ies of aluminum vaporized onto the upper portions of the crucibles or 
onto the walls of the react ion cel l during sample heating. Resul ts of both 
methods of studying the a luminum-s team react ion indicate that the cubic 
ra te law is valid in the t empera tu re region around 1200 C. 

The possibi l i ty was studied that the differences in resu l t s 
obtained from the two methods were caused by an inaccurate method of 
determining the quantity of react ion. Two runs were therefore performed 
by the levitation method in which the quantity of aluminum reacted was de­
termined grav imet r ica l ly and also by collecting the hydrogen generated 
by react ion. The value obtained grav imet r ica l ly was 2.29 ± 0.07 mg Al 
reac ted per sq cm, whereas the value obtained from the hydrogen analyses 
was 2.32 i 0.35 mg Al reac ted per sq cm, based on the assumption that the 
react ion products were AI2O3 and Hj. Values found by the two methods 
agreed within the anticipated l imits of e r r o r . 
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La Figure 67 is shown the variat ion of the l inear ra te con­
stants with r ec ip roca l t empera tu re . The p a r a m e t e r s of the Arrhenius 
equation, 

k = Ae 
• E / R T 

where 

k is the react ion ra te constant, mg/ ( sq cm)(min) 

A is the frequency factor, mg/ ( sq cm)(min) 

E is the activation energy, ca l /mole 

R is the gas constant, 1.99 cal/(mole)(deg) 

T is the t empera tu re , K 

were determined to be as follows: 

A = 2.95 X 10^ mg/ ( sq cm)(min); E = 73.5 kca l /mole . 

Figure 67 

EFFECT OF TEMPERATURE ON THE LINEAR 
RATE CONSTANTS OF THE ALUMINUM-
STEAM REACTION OBTAINED BY THE 

LEVITATION MELTING METHOD 

c. Ignitions 

Oxidation resu l t s at 1600 C could not be extended to longer 
t imes because the specimens ignited. Delayed ignitions occur red in alu­
minum spheres heated in s team to 1600 C or above; immediate ignition 



2 0 1 

Sample Surface 
Temperature 

(c) 
1600 
1650 
1700 
1750 

Ignition Delay 
(min) 

18 
9 
5 
0 

o c c u r r e d when the s p e c i m e n s u r f a c e 
Table 43 t e m p e r a t u r e r e a c h e d 1750 C. A p p r o x i ­

m a t e igni t ion d e l a y s a t v a r i o u s s u r f a c e 
IGNITION DELAY FOR ALUMINUM t e m p e r a t u r e s a r e g iven in Tab le 43 . 

SPHERES IN STEAM 

(Nominal 8-nim. spheres in levitation) An igni t ion beg ins wi th the 
f o r m a t i o n of a s m a l l hot spot which 
r a p i d l y s p r e a d s a c r o s s the s u r f a c e of 
the s p h e r e . The t e m p e r a t u r e a t the 
hot spo t r i s e s above 2100 C. Burn ing 
a p p e a r s to be s i m i l a r to the v a p o r -
p h a s e bu rn ing p r e v i o u s l y r e p o r t e d to 
o c c u r in a i r a t 1750 C ( see A N L - 6 3 7 9 , 
p. 208), a l though the vo luminous whi te 
s m o k e w a s l e s s a p p a r e n t du r ing b u r n ­

ing in s t e a m . Ev iden t ly , the r a p i d l y flowing m o i s t s t e a m c a r r i e d s m o k e 
p a r t i c l e s away a s soon a s they w e r e f o r m e d . 

The o c c u r r e n c e of d e l a y e d ign i t ions a t t e m p e r a t u r e be low 
1750 C m a y be a r e s u l t of the e x p e r i m e n t a l p r o c e d u r e . Sample t e m p e r a ­
t u r e is m e a s u r e d and c o n t r o l l e d by m e a n s of a t w o - c o l o r op t i ca l p y r o m ­
e t e r which is focused on the o u t e r oxide s u r f a c e . The m o l t e n m e t a l c o r e 
of s p e c i m e n p e l l e t s m a y r e a c h s ign i f i can t ly h i g h e r t e m p e r a t u r e s than the 
ou t e r oxide s u r f a c e b e c a u s e of the i n s u l a t i o n af forded by the oxide f i l m s . 
A t t e m p t s w i l l be m a d e to c o m p u t e the m e t a l c o r e t e m p e r a t u r e a t the 
m o m e n t of ign i t ion by c o n s i d e r i n g the p r e s e n c e of the oxide f i lm, e s t i ­
m a t i n g i t s t h e r m a l conduc t iv i ty and t h i c k n e s s , and comput ing the r a t e of 
h e a t l o s s f r o m the o u t e r oxide s u r f a c e . 

3. S tud ies of the A l u m i n u m - W a t e r R e a c t i o n in T R E A T 
(R. O. Iv ins , F . J . T e s t a , P . K r a u s e ) 

S tud ies w e r e cont inued of m e t a l - w a t e r r e a c t i o n s in i t i a t ed by 
n u c l e a r r e a c t o r b u r s t s in the T R E A T r e a c t o r a t the Na t iona l R e a c t o r 
T e s t i n g Sta t ion, Idaho. The m e t h o d c o n s i s t s of expos ing a fuel s p e c i m e n 
i m m e r s e d in w a t e r to a n e u t r o n p u l s e f r o m the T R E A T r e a c t o r . The o b ­
j e c t i v e s of t h i s p r o g r a m a r e : 

1. to d e t e r m i n e the ex ten t of r e a c t i o n be tween the m e t a l 
and w a t e r ; 

2. to d e t e r m i n e the fuel t e m p e r a t u r e and p r e s s u r e h i s t o r y 
du r ing the e x c u r s i o n ; 

3. to d e t e r m i n e the p h y s i c a l d a m a g e tha t o c c u r s a s a r e s u l t 
of the t r a n s i e n t ; t h i s i n c l u d e s m e t a l l o g r a p h i c and p a r t i c l e 
s i z e e v a l u a t i o n s . 
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Nine aluminum-clad, 77 w/o aluminum-23 w/o fully enriched 
uranium plates have been subjected to destruct ive t rans ien ts in TREAT 
during the quar t e r . These plates had nominal dimensions of 0.06 in. by 
0.5 in. by 1.4 in. Both of the cladding layers and the core were 20 mi ls 
thick. The pla tes , placed in h i g h - p r e s s u r e autoclaves, were each sub­
merged in 45 cc of disti l led water in a 20-psia helium a tmosphere . They 
were subjected to single bu r s t s of energy ranging from 174 ca l /g to 
794 ca l /g (based on the total weight of both core and clad mater ia l ) . 

Chromel -a lumel thermocouples were wired to the surface of 
some of the plates; however, the t empera tu re t r aces indicated only an in­
te rmedia te t empera tu re between that of the me ta l surface and the water . 
During the t rans ien ts run at the higher r eac to r energies , p r e s s u r e t r a n s ­
ducers were used to r eco rd the p r e s s u r e h is tory . No significant p r e s s u r e 
r i s e s were noted. The autoclaves were lined with a thin sheet of s tainless 
s teel in some of the runs which could be removed and unrolled to show the 
par t ic les of molten meta l which became attached to the l iner. The resu l t s 
of these exper iments a r e summar ized in Table 44. 

Table 44 

BEHAVIOR OF ALUMINUM CLAD, 77 w/o ALUM INUM-23 w/o URANIUM (FULLY ENRICHED) PLATES IN TREAT 

Reactor Pulse 
TREAT 

Transient 
CEN 

109 

110 

111 

Fuel 
Wt 

(gi 

1.9685 

1.9434 

1.9192 

Period 
(msec) 

104 

96 

Internal Power 
(Mw-sec) 

169 

238 

80 350 

112 
117 
118 
113 
119 
120 

1.9546 
2.2526 
2.3370 
1.9628 
2.1908 
2.2301 

50 
52 
50 
53 
42 
42 

417 
512 
560 
633 
710 
770 

Calc 
Energy 
Input 

(cal/g of 
plate) 

174 

245 

361 

430 
527 
577 
652 
731 
794 

Peak Temp 
(Adiabatic) 

(C) 

660 

690 

1170 

1440 
1820 
2010 
2220 

2330 (vapor) 
2330 (vapor) 

iampfpr fi^w = 

Extent of 
Metal-Water 

Reaction 

(%) 
0.10 

0.13 

0.30 

3.9 
11.0 
11.0 
10.4 
13.6 
36.9 

l ^n jdf 
-i r Fyrsn 

Xe"= 
Released, Appearance 

(%ofXe' Of Fuel after 
produced) Transient 

0.02 Plate intact. 

0.02 

2.8 

27.7 ] 
33.5 
37.7 
35.6 
35.4 

49.0 J 

fnr nnmhp 

Central region 
shows melting. 

Plate bulged, in ­
dicating extensive 
melting. 

Plate melted into 
a single spherical 
drop. 

Plates melted 
y and 

fragmented. 

rq nrsriaded hv . ^ w/hinh 

Average 
Particle 
Size.s 

dsvdnils) 

_ 

~500 

~450 

~300 
44.6 
24.2 

~100 
21.8 
18.6 

Injdf 

estimated, these values were determined by sieve screen analysis. 

The appearance of the plates after i r radia t ion showed the 
effects of the increasingly destruct ive energy inputs. Figure 68 shows the 
f i rs t four plates ( t ransients CEN 109 to 112) after i r radia t ion. In CEN 109 
at 174 ca l /g fission energy input, only slight melting occurred . The in­
tegrated reac to r power and fission energy input were increased in succeed­
ing exper iments , and the or iginal shape of the plates was lost due to melting. 
Above an energy input of 430 ca l /g , the plates were fragmented. 



Figure 68 

FOUR ALUMINUM-CLAD, 77 w/o ALUMINUM-23 w/o URANIUM 
(FULLY ENRICHED) CORE PLATES AFTER TREAT 

TRANSIENT BURSTS 

(Original dimensions: 0.06 in. by 0.5 in. by 1.4 in.) 

M 

| * - | - inch—^ 

- ^ THERMOCOyPLES 

^ 

CEN-109 CEN-IIO' CEN-III CEN-ll2 
174 col/f 245 Cfll/§ 361 col/f 430 col/g 

Figures b9, 70, 71, 72, and 7B contain photographs of the frag­
mented plates from CEN 117, CEN 118, CEN 113, CEN 119, and CEN 120, 
as well as macrographs and mic rographs of the fragments. In these ex­
per iments the plates were fragmented into pieces at energv inputs of 527, 
577, 652, 731, and 794 cal /g , respect ivelv . The par t ic le size distribution 
obtained by sieve sc reen ana l \ s i s is a lso shown in Figures 69 through 73. 
The average par t ic le d iameter was determined as the Sauter mean diam­
eter , dgy, which is defined as the d iameter of a spher ical par t ic le having 
the same surface to volume ratio as the ent i re fragmented sample. The 
average par t ic le d iamete rs were 44.6, 24.2, 100, 21.8, and 18.6 mils for 
CEN 117, CEN 118, CEN 113, CEN 119, and CEN 120, respectively. For 
the other runs in which little or no fragmenting occurred, mean par t ic le 
d iameters were es t imated by visual examination. These values also a re 
listed in Table 44. 
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Figure 69 

TREAT TRANSIENT CEN-117: 2S ALUMINUM-CLAD, 
77 w/o ALUMINUM-23 w/o URANIUM 

(FULLY ENRICHED) PLATE 

FRAGMENTED PLATE AFTER 
TRANSIENT AT 527 ca l /g 

• UNIRRADIATED PLATE 

J;S;i^«^a«*,®*.W#-«il8.*M^W»'^^^ 

f" ̂ ^0^ 

.':", '«tv.--*. 
• ^ ^ . - ' ^ * 

MACROGRAPH OF FRAGMENT 

108-5770 5K 

50 r 

5 I 
a- 20r-

PARTICLE SIZE DISTRIBUTION 
dsv =44.6 mils 

. i 
28 12 28 66 132 

DIAME'^EP T! s 

MICROGRAPH OF FRAGMENT 

• >i;-'-

^ ^ . * 
« r « 

125X 
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Figure 70 

TREAT TRANSIENT CEN- 118: 2S ALUMINUM- CLAD, 
77 w/o ALUMINUM-23 w/o URANIUM 

(FULLY ENRICHED) PLATE 

FRAGMENTED PLATE AFTER 
TRANSIENT AT 577 cal /g 

-UNIRRADIATED PLATE 

I 4.f. 
* . * . 

I .a<:n 

108-5771 

MACROGRAPH OF FRAGMENT 

PARTICLE SIZE DISTRIBUTION 
d s 24.2 mils sv 

60 

i I 

uj 4 0 

a: 
2 30 

L 

,L 

i = r - = C 
0 3 6 

X" 
J T-

12 28 66 

DIAWETER mils 

. f i 
132 250 

MICROGRAPH OF FRAGMENT 

X 
<„ -. 

t 
125X 
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F i g u r e 7 1 

T R E A T T R A N S I E N T C E N - 1 1 3 : 2S A L U M I N U M - C L A D , 

77 w / o A L U M I N U M - 2 3 w / o U R A N I U M 
( F U L L Y E N R I C H E D ) P L A T E 

108-5565 

. ma FRAGMENTED PLATE 
AFTER TRANSIENT AT 

652 cal/g 

(Portions of the plate 
were found to have ad­
hered to inner parts of 
the autoclave ) 

MACROGRAPH OF FRAGMENT 

5X 

MICROGRAPH OF FRAGMENT 

125X 
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Figure 72 

TREAT TRANSIENT CEN-119: 28 ALUMINUM-CLAD, 
77 w/o ALUMINUM-23 w/o URANIUM 

(FULLY ENRICHED) PLATE 

FRAGMENTED PLATE AFTER 
TRANSIENT AT 731 cal /g 

- JNIRRAD ATED PLATE 

/ 

/ 

|mcfc 

108-5772 

MACROGRAPH OF FRAGMENTS 

« ' " ' ' i i ' . ' • • ^ • ' " 
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5X 
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/ 

Figure 73 

TREAT TRANSIENT CEN-120: 25 ALUMINUM-CLAD, 
77 w/o ALUMINUM-23 w/o URANIUM 

(FULLY ENRICHED) PLATE 

FRAGMENTED PLATE AFTER 
TRANSIENT AT 794 cal /g 

-UNIRRADIATED PLATE 

MACROGRAPH OF FRAGMENTS 

108-5773 5X 

PARTICLE SIZE DISTRIBUTION 
djy =18.6 mils 
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A photomicrograph of the c r o s s section of an unirradiated 
plate is shown in Figure 74. The core m a t e r i a l had three phases , two of 
which were probably in termeta l l ic compounds of uranium and aluminum 
(UAI4 and possibly UAI3) plus the aluminum phase. Macrographs and 
micrographs of var ious portions of the plates i r rad ia ted in experiments 
CEN 110, 111, and 112 a r e shown in F igure 75. 

F igure 74 

PHOTOMICROGRAPH OF UNIRRADIATED PLATE - CROSS-SECTIONAL 
VIEW SHOWING BOTH CLADDING AND CORE 

(etched with 0.5 percent H F ) 

ANL-108-6125 250X 

Some striking differences a r e apparent in the meta l lurgical 
appearance of the fuel samples , which was dependent on the reac tor energy 
to which they were subjected. The samples that received energies less 
than 430 ca l /g had no well-defined phases but appeared to be a porous ag­
glomerat ion of smal l rounded c rys ta l s . At energies above 430 ca l /g but 
below 794 ca l /g , large slab-l ike c rys ta l s were present which were ran­
domly a r ranged in a many-phased mat r ix . At 794 ca l /g , the ma te r i a l 
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T R E A T TRANSIENTS C E N - 1 1 0 , C E N - H I , AND C E N - 1 1 2 : P H O T O M A C R O G R A P H S AND 
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a p p e a r s t o b e a n e u t e c t i c w i t h s m a l l , f i n e l y d i s p e r s e d p h a s e f i e l d s . T h e 
e x a m i n a t i o n of t h e f u e l p l a t e s a f t e r i r r a d i a t i o n r e v e a l e d t h a t t h e u r a n i u m 
w a s d i s p e r s e d t h r o u g h o u t t h e m a t e r i a l in a l l of t h e fu l ly m e l t e d p l a t e s . 
N o p u r e c l a d d i n g m a t e r i a l c o u l d b e f o u n d . A l s o , t h e p o r o s i t y of t h e m a t e ­
r i a l h a d g r e a t l y i n c r e a s e d . T h e l a r g e s p h e r i c a l p o r e s f o r m e d i n d i c a t i n g 

t h e p r e s e n c e of a g a s w h i c h 
Figure 76 w a s p r o b a b l y h y d r o g e n , s i n c e 

o n l y a v e r y s m a l l q u a n t i t y 
of f i s s i o n p r o d u c t g a s e s w e r e 
g e n e r a t e d b y t h e i r r a d i a t i o n . 

TREAT EXPERIMENTS: PERCENT OF METAL REACTED 
VERSUS NUCLEAR ENERGY INPUT FOR ALUMINUM-

CLAD, 77 w/o ALUMINUM-23 w/o URANIUM 
(FULLY ENRICHED) PLATES 
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NUCLEAR ENERGY INPUT, col/g of plate 

The p e r c e n t of m e t a l 
r e a c t e d , a s d e t e r m i n e d by 
h y d r o g e n a n a l y s i s of a gas 
s a m p l e f r o m e a c h e x p e r i ­
m e n t , i s p lo t ted a s a funct ion 
of n u c l e a r e n e r g y input to 
the p l a t e s in F i g u r e 76. The 
e n e r g y input was d e t e r m i n e d 
on the b a s i s of 2.8 f i s s ions 
p e r m i c r o g r a m of u r a n i u m - 2 3 5 
p e r w a t t - s e c o n d of r e a c t o r 
e n e r g y . Th i s v a l u e w a s d e ­
t e r m i n e d by z i r c o n i u m - 9 5 
f i s s ion p r o d u c t a n a l y s i s of 
n a t u r a l u r a n i u m foils p l a c e d 

next to the c r u c i b l e holding the s p e c i m e n . A c o r r e c t i o n for flux d e p r e s s i o n 
h a s b e e n m a d e t h r o u g h u s e of the da t a f r o m the e x p e r i m e n t a l w o r k of 
L e w i s . 5 1 The t o t a l we igh t of c l ad and c o r e m a t e r i a l w a s u s e d in c a l c u ­
la t ing n u c l e a r e n e r g y input v a l u e s . 

The ex ten t of r e a c t i o n a p p a r e n t l y i n c r e a s e d in two s t e p s a s the 
n u c l e a r e n e r g y input w a s i n c r e a s e d . Up to an e n e r g y input of 430 c a l / g , 
t h e r e w a s v e r y l i t t l e r e a c t i o n - l e s s than 0.5 p e r c e n t . When the e n e r g y 
input to the p l a t e s w a s g r e a t e r than 430 c a l / g and l e s s than 794 c a l / g , the 
ex ten t of m e t a l r e a c t i o n w a s a p p r o x i m a t e l y 11 p e r c e n t . At an e n e r g y input 
of 794 c a l / g , the ex ten t of r e a c t i o n i n c r e a s e d m a r k e d l y in a s ing le 
e x p e r i m e n t . 

The p e a k t e m p e r a t u r e r e a c h e d w a s e s t i m a t e d to be be tween 
1200 and 1400 C for the t r a n s i e n t a t 430 c a l / g . Th i s i s l e s s t han the 
a d i a b a t i c t e m p e r a t u r e b e c a u s e of h e a t l o s s e s . At an e n e r g y input of 
794 c a l / g ( T r a n s i e n t CEN 120), the p e a k t e m p e r a t u r e w a s e s t i m a t e d to be 
above 1800 C. The i n t e r n a l p a r t s of the a u t o c l a v e w e r e c o v e r e d wi th a 
fine whi te p o w d e r in T r a n s i e n t CEN 120. The powder w a s p r o b a b l y AI2O3, 
wh ich s u g g e s t s tha t v a p o r - p h a s e b u r n i n g had b e e n in i t i a t ed . 

51 Lewis, W. B., Flux Perturbations by Materials under Irradiation, Nucleonics 13, 82 (Oct 1955). 



The data appear to co r r e l a t e well with the resu l t s of i so ther ­
m a l studies of the aluminum react ion by the levitation melting method r e ­
ported in the preceding section. Slow oxidation of aluininum in s team 
occurr ing at 1300 C and below according to the cubic law would account 
for the lack of significant reac t ion in the in-pile studies below an energy 
input of 430 ca l / g . The vigorous oxidation of aluminum in s team repor ted 
to occur between 1400 and 1750 C according to a l inear law might then be 
identified with the in-pile specimens that received energy inputs between 
430 and 794 ca l /g . The vapor -phase ignitions at t empe ra tu r e s above 
1750 C would then account for the la rge amount of reac t ion occurr ing dur­
ing the most vigorous t rans ien t of the s e r i e s . 

It is expected that a m o r e r igorous cor re la t ion between the 
r e su l t s of the two exper imenta l methods can be achieved by a mathemat i ­
cal study with a computer . A s imi la r study, concerned with the zirconium 
water react ion, was successful in cor re la t ing i so the rma l oxidation r a t e s 
with resu l t s obtained by the condense r -d i scharge method (see ANL-6548). 



V. ENERGY CONVERSION* 

Two methods of di rect ly converting nuclear energy into e lec t r ic i ty 
a re being studied. One method involves the use of regenerat ive emf ce l l s , 
the other method concerns itself with studies of the thermocouple effects 

A. Regenerat ive Emf Cell 
(C. E. Crouthamel , M. F o s t e r , C. E. Johnson, R. Heinrich, R. Eppley, 
J . Allen, G. McCloud) 

Work is continuing on the development of a regenerat ive cell for 
the conversion of heat into e lec t r ic i ty in a closed cyclic system. These 
studies a re being made in th ree high-pur i ty helium glove boxes in which 
oxygen and ni trogen impur i t ies a r e l e s s than 10 ppm for each eleinent and 
water is l e s s than 1 pprn. 

The p r e s e n t studies include the following: 

(a) P h a s e - d i a g r a m investigations of liquid salt and metal sys tems . 
During the pas t quar te r the binary salt sys tem lithium hydride- l i thium 
chloride has been studied. 

(b) Investigations of b imeta l l ic ce l l s . The h igh- tempera ture b e ­
havior of the cel ls has been observed, and emf data at var ious t empera tu re s 
for the l i th ium-bismuth cells have been obtained. 

The p rob lem of fabrication of meta l diaphragmis with suitable 
p rope r t i e s for the diffusion of hydrogen in the hydride cell is current ly 
being studied by the Advanced Mater ia l s Technology Division of the 
Battel le Memoria l Institute on an Argonne National Laboratory subcontract . 

1. Inert Helium Atmosphere Pur i f ie r 

The necess i ty of a very high-puri ty iner t a tmosphere for 
successful -work in the regenera t ive cell p rogra in has been discussed p r e ­
viously (see ANL-6543, p . 196). 

The second model of the hel ium-purif icat ion unit has been in 
operat ion throughout the jaast qua r t e r . This unit has been descr ibed in 
detail in ANL-6652. Working drawings of the unit a re included in the 
repor t . 

Lithiumi meta l and c lear c rys t a l s of l i thium hydride have been 
handled in the boxes at room t e m p e r a t u r e . No visible react ion on the su r ­
face of the bright l i thium meta l sample could be detected until the second day 

*A summary of this section is given on pages 28 to 29. 
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of exposure , when a slight darkening of the metal was noted. Lithium 
hydride c rys t a l s showed no evidence of react ion after severa l days of ex­
posure to the box a tmosphere . In addition to monitoring water vapor in 
the box a tmosphere by the phosphorus pentoxide cell , which was descr ibed 
in the previous quar te r ly , ANL-6596, p . 202, and in ANL-6652, gas ch ro ­
matographic samples have been analyzed at per iodic intervals during the 
pas t qua r t e r . The gas chromatographic analysis shoived that the concen­
t ra t ions of oxygen and nitrogen were each below 5 ppm in the boxes. 
Water content of the boxes remained consistently below 1.0 ppm, as 
indicated by the phosphorus pentoxide cell monitor , and below the detection 
l imi t s (5 ppm) of the gas chromatographic equipment. 

2. Heating and Cooling Curve Phase Studies 
(C. E . Johnson and J . Allen) 

Current ly , phase studies a re being made of var ious sys tems 
that a re of in te res t in the development of the l i thium hydride regenera t ive 
cell . The determinat ion of the solid-l iquid equil ibrium is an important 
technique in obtaining n e c e s s a r y thermodynamic and physical data. The 
free ene rg ies of dilution or activity coefficients, degree of dissociat ion in 
solution, heat capacity, solubility l imi t s , eutectic composition, and freezing 
points a r e all of i n t e r e s t in the design and operation of the regenera t ive 
cell . The apparatus that is being used in these studies was descr ibed in 
the previous quar t e r ly (ANL-6596, p . 203). 

F igure 77 

LITHIUM HYDRIDE-LITHIUM 
CHLORIDE PHASE DIAGRAM 
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During the pas t quar te r the 
l i thium hydride- l i th ium chloride 
sys tem has been investigated. Dif­
ferent salt compositions were used 
to obtain the tentative phase d iagram 
for this sys tem (see F igure 77). A 
single eutect ic , melting at 496 C, 
was observed at 33 m / o l i thium 
hydride . There was no evidence of 
compound formation or of solid 
solution. 

The li thium hydride was 
p r epa red from lithium metal of 
99.99 percent puri ty obtained from 
Foote Mineral Company.* The im­
puri ty analysis supplied by the 
Foote Mineral Company was 
0.003 percen t sodium, 0.0028 percen t 
potass ium, 0.003 percent chlorine, 
and 0.0031 percen t nitrogen. The 
l i thium hydride was p repa red by 

*Foote Mineral Company, 410-418 West Chelten Bldg., Philadelphia, Pa . 



contacting the molten l i thium meta l with hydrogen purified as needed by 
diffusion through a s i lver -pa l lad ium valve heated to 400 C. The lithiuin,, 
held in a pure iron cup, was reac ted at 750 C for 12 hr with hydrogen at a 
p r e s s u r e of about 1000 m m Hg. The ma te r i a l was cooled and t r ans fe r r ed 
under vacuum to the hel ium a tmosphere box. Clear crysta l l ine l i thium 
hydride was broken free of the iron cup and weighed into a Type 347 s ta in­
l e s s steel cup. 

Purif ied l i thium chloride was also weighed into the s ta inless 
steel cup and the whole was introduced into the furnace well which is con­
nected to the floor of the hel ium box and which, at this point, contained the 
purified hel ium-box a tmosphere . Before heating of the sample, the furnace 
well was isolated from the box (by placing a cover over the well). evacuated, 
and refil led with hydrogen (purified by passage through the s i lver -pal ladium 
valve) to about 800-900 mm Hg p r e s s u r e . The sample was heated to melt 
all the pure components and held in the liquid state for about one hour. The 
t empera tu re was then dec reased and the f i r s t break in the cooling curve 
was observed. The sample was remel ted and a second cooling-curve run 
was made to locate again the f i rs t b reak in the curve. This procedure was 
repeated until the location of the f i r s t b reak was consistent , after which a 
coinplete cooling curve was determined. This procedure was followed to 
insure that complete mixing of the components of the sys tem had occurred . 

3. Bimetal l ic Cells 
(M. F o s t e r , R. Eppley) 

As a pa r t of a sys temat ic study of the thermodynamic p r o p e r ­
t ies of b imetal l ic cel ls which may be of in te res t in a regenerat ive cell 
sys tem, measu remen t s a re being made of the emf of the cell L i /L iCl -KCl 
(eutec t ic ) /Li -Bi (liquid alloy) as a function of t empera tu re and lithium 
content in the bismuth alloy. The r e su l t s that have been obtained for this 
cell a re still considered incomplete. 

The liquid anode and liquid cathode both were contained in 
porous bery l l ium oxide c ruc ib les . The crucibles were in contact with the 
molten l i thium ch lor ide-po tass ium chloride e lectrolyte , which was con­
tained in a tantalum cup. Stainless steel solid wi res contacted the anode 
and cathode mel t s to p e r m i t passage of the e lec t r ic cur ren t . 

In the f i rs t cel ls tes ted, the mole fraction of li thium in the 
cathode was 0.05. In operat ion of the cell , some difficulty was experienced 
in obtainii].g data for t e m p e r a t u r e s above approximately 450 C. At the 
higher t e m p e r a t u r e s , the cell voltage became increasingly unstable . 
Moreover , the observed emfs of two success ive cel ls were found to differ 
by as much as 0.030 v, the slopes of the emf- tempera tu re plots , however, 
were the same . The t empera tu re coefficient was found to be positive in 
both ce l l s , i .e . , the emf increased-with increasing t empe ra tu r e s . The 



relat ionship between the emf £ and the t empera tu re for the two cel ls is 
given by the following equations: 

F i r s t Cell: e = 0.743 + 2.44 x 10""* T (over the range from 
625 to 839 K) ; (l) 

Second Cell: £ = 0.742 + 2.79 x 10"* T (over the range 
from 633 to 720 K) . (2) 

The porous bery l l ium oxide crucibles used as e lectrode con­
ta ine rs w^ere found to dis integrate after u se . This p rob lem was investigated 
by t empera tu re cycling the potassiuna chloride-li thium, chloride eutectic in 
one of the bery l l ium oxide c ruc ib les . It was observed that the molten salt 
mixture wetted the crucible throughout i ts porous s t ruc tu re . The cracking 
of the crucible wall was at t r ibuted to the mechanical forces which devel­
oped as a r esu l t of the volume change that occur red during the freezing of 
the e lec t ro ly te . No adverse effects Avere noticed when l i thium meta l alone 
was heated in a bery l l ium oxide crucible . 

The s tatus of the Battelle Memor ia l Institute (BMl) contract 
for the manufacture of metal d iaphragms has been reviewed per iodical ly 
in this qua r t e r . Alloy prepara t ion of i ron-molybdenum alloys up to 20 w/o 
molybdenum have been cas t successfully at Battelle using a graphi te mold. 
I ron-molybdenum diaphragms of 5 and 10 w/o molybdenum have been 
successfully bonded to 347 s ta in less s teel ho lders . Three samples of each 
diaphragm have been received from BMI and a re now being evaluated. 
G a s - p r e s s u r e bonding of niobium and vanadium to s ta in less steel holders 
has not produced a good bond. Attempts a re being made to p r e s s u r e bond 
1-mil s i lver -pa l lad ium foil to "clean" niobium sheet. If this is s u c c e s s ­
ful, it would alleviate the p rob lem of the formation of an oxide b a r r i e r on 
the hydrogen gas side of the niobium diaphragm. Elec t ron beam welding of 
vanadium to s ta in less steel holders has not yet been successful . Cracks 
have appeared in the vanadium diaphragms, but not in the weld a r ea . 

B. Thermoelec t r i c i ty Resea rch 
(R. K. Edwards , H. M. Feder ) 

Studies in the rmoelec t r i c i ty a re under way to contribute to the 
future technological development of d i rec t conversion of nuclear reac to r 
heat energy into e lec t r i ca l power by means of the thermocouple effect. 

Liquid thermocouple sys tems and ref rac tory solid thermocouple 
m a t e r i a l s a re being studied. The liquid sys tems are being investigated 
because they offer cer ta in exper imental advantages; the re f rac tory solids 
a re being investigated because they are of pa r t i cu la r in te res t to r eac to r 
energy conversion. 



1. Liquid Systems 
(R. K. Edwards , P . Daniel son) 

The the rmoe lec t r i c p rope r t i e s of liquid sys tems are of im­
portance since their study should contribute to the extension of sol id-s ta te 
theory to the liquid s tate . At the p re sen t , there a re only meager data in 
the l i t e r a tu re on the e lec t r i ca l t r anspor t p roper t i e s of liquid sys tems . 
However, it is evident that the e lec t r ica l c l a s ses used to descr ibe solids 
are each also r ep resen ted by l iquids.^^ The semiconductors and semi -
meta l s , liquid or solid, are of pa r t i cu la r in te res t as possible conversion 
m a t e r i a l s . The semimeta l s have received l e s s attention as to the con­
trol led modification of their e lectronic s t r uc tu r e s , although an analysis 
by Klemens^^ has indicated the nature of the des i red electron distribution. 

Liquid binary sys tems offer a Avide latitude for the study of 
composition dependencies. Sol id-s tate investigations of the t ranspor t 
p rope r t i e s of binary semiconductors a re general ly l imited to very na r row 
composition ranges by vir tue of na r row ranges of phase stability. 

The binary liquid sys tems from the indium-ant imony-bismuth 
t r iad were chosen for the initial investigation, for sol id-s ta te combinations 
of e lements l is ted in this region of the per iodic table have led to a number 
of semiconducting phases with interest ing e lec t r ica l p rope r t i e s . The two 
sys tems indium-antimony and indium-bismuth a re isoelectronic and have 
e lec t ron:a tom ra t ios which vary •with composition. The third system, 
ant imony-bismuth, is one in which the e lec t ron:a tom rat io is constant with 
composition. The study of the t r i ad should pe rmi t some isolation of 
e lec t ron:a tom ra t io effects. 

The p r e sen t r epor t will p r e s e n t the resu l t s of a par t ia l ly 
completed study of the var ia t ion of the Seebeck coefficient ( thermoelect r ic 
power) with composition in the binary sys tems of the selected t r iad. The 
apparatus and s tandard p rocedures adopted for the general investigation 
are f i r s t descr ibed. 

Exper imenta l Apparatus - The a r rangement of the e lec t r ica l 
c i rcui t for the measu remen t of Seebeck coefficients in the liquid alloys is 
shown schematical ly in F igure 78. The liquid alloy. A, has a t empera tu re 
gradient between the two i so thermal regions , Tĝ  and T]j. A short piece of 
tungsten wi re dips into each of the i so thermal regions of the alloy. Each 
tungsten wi re is connected to a short length of molybdenum ribbon. The 

52ioffe, A. F . , and Regel, A. R., P r o g r e s s in Semiconductors , Edited 
by A. F . Gibson, John Wiley and Sons, Inc., New York (i960) Vol. 4, 
p . 237. 

•'•^Klemens, P . G., Theoret ica l Requirements for Thermoelec t r ic 
Mate r i a l s , Westinghouse R e s e a r c h Report 929-8904-R2 (July 12, 1961). 



two ribbons a r e , in turn, connected to plat inum and plat inum-10 percen t 
rhodium wi re s of thermocouple g rade . The plat inum and plat inum-10 p e r ­

cent rhodium wi res a re joined (all 
joins hereaf ter noted a r e of " the rmal 
free solder") to s i lver wi res and each 
junction is i m m e r s e d in an individual 
minera l oil bath contained within a 
P y r e x tube. The P y r e x tubes a re im­
m e r s e d in a common ice bath to main­
tain the reference t empera tu re , TQ. 
The s i lver lead w i r e s , 1, 2, 3, and 4, 
connect to a double-pole, multiple 
pos i t ion-se lec tor switch (silver com­
ponents). The lead wi res from the 
switch to the potent iometer a re also 
of s i lver . A type K-3 potent iometer 
and a type 2430 galvanometer from 
Leeds and Northrup Company are 
used for the m e a s u r e m e n t s . 

The se lector switch could be 
used to obtain the voltage between any 
des i red pai r of w i r e s . Thus, the volt­
age at 1-2 yields the t empera tu re Ta_. 

TX). The difference between these two 
observat ions is the AT for the liquid A, and the average of Tg, and T)^ is 
Tm for which the thermal voltage measu remen t s on A apply. The m e a s ­
u remen t at 1-4 is the the rmal voltage of alloy A rela t ive to plat inum for 
the given AT and Tj-^- Similar ly , the measu remen t at 2-3 gives the 
thermal voltage of alloy A relat ive to plat inum-10 percent rhodium for the 
same AT and Tj-^. It follows that the difference between these las t two 
measu remen t s also leads to a value of AT. The la t te r values of AT were 
used in the calculations of Seebeck coefficients since these AT values a r i se 
from smal le r numbers and also correspond more near ly in t ime with the 
1-4 observation used in the final evaluation of the Seebeck coefficients. 
Values of AT obtained from the two sets of observat ions should, of course , 
agree in s teady-s ta te conditions; however, because slightly drifting condi­
tions a r e general ly encountered and because the measu remen t s a re not 
s imultaneous, d i sagreement between the two values of AT is mostly a 
m e a s u r e of the ra te of the rmal drift between observat ions . As a ma t te r 
of p rocedure , only sets of m e a s u r e m e n t s with values of AT that d isagreed 
by l e s s than 0.2 C were considered sat isfactory. 

The thermocouple e lec t rodes indicated schematical ly in F i g ­
u re 78 a r e of special ized construct ion. One electrode is shown in detail 
in F igure 79. The thermocouple w i r e s a re welded to molybdenum ribbon 
which is welded to tungsten wi re , and the assembly is enclosed within a 
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Figure 79 
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quar t z -g l a s s envelope. A vacuum-t ight seal is made by fusing the qua r t z -
glass around the molybdenum ribbon. The seals made by the fusion of the 

qua r t z -g la s s around the tungsten wire and 
around the thermocouple wi res in the vicinity 
of their junction with molybdenum are very 
close but general ly not vacuum-tight . F o r 
this reason the envelopes were evacuated 
and sealed off by means of epoxy glue to p r e ­
vent oxidation of the molybdenum joins of 
the couple w i r e s . 

Tungsten was used to contact the 
liquid alloys since it is more generally com­
patible with the elements of the sys tems to 
be studied. The plat inum-plat inum-10 percen t 
rhodium couple -was used because of its g r ea t e r 
t empera tu re range and par t icu la r ly because 
platinum is more stable and is bet ter cha r ­
ac ter ized in its thermoelec t r ic p roper t i e s 
than are other ma te r i a l s available for high-
t empera tu re use . 

-STANDARD 1 2 / 3 0 
TAPER JOINT 

- FUSED QUARTZ 
INSULATING TUBES 

-QUARTZ-GLASS ENVELOPE 

SPOT WELDS 

A drawing of the quar tz -g lass cell 
used to contain the liquid alloys is shown in 
F igure 80. The cell, with the two thermocouple-
e lec t rodes in place, is shown within one-half 
of the split "H-furnace," the forward (hinged) 
half of which is shown open as required when 
a new cell is being installed. The furnace is 
mounted on a pivot tube whose axis (into the 
paper) is indicated. The furnace can be 
rotated 180° about this axis to empty the cell 
at the conclusion of a s e r i e s of measu remen t s . 
The shape of the r e se rvo i r sections of the cell 

with r ega rd to the axis of rotation is such that complete pouring of the 
contents from one side of the cell to the other (without holdup) can be 
made as des i red in mixing or emptying operat ions. A bellows-type 
flexible s ta inless steel tube is joined at the semi-bal l joint of the cell . 
This allows the cell to be connected, through valves , to either a vacuum 
pumping sys tem or a source of purified helium, gas . 

-MOLYBDENUM RIBBON 
(vacuum-t ight seal) 

TUNGSTEN WIRE 

Concentric metal l ic pipes passed from, the furnace through the 
pivot axis mount. All of the thermocouple lead-out w i r e s passed through 
the outer annulus and the power leads passed through the centermost pipe. 
F igure 81 shows a photograph of the furnace-cel l portion of the apparatus . 
The network of small pipes coming from the H-furnace are copper shield­
ing tubes for a number of monitoring thermocouples . 
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Figure 80 

QUARTZ-GLASS CELL WITH THERMOCOUPLE ELECTRODES 
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Figure 81 

H-SHAPED FURNACE USED IN THE STUDY OF 
THERMOELECTRIC PROPERTIES 

OF LIQUID ALLOYS 
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Exper imenta l P rocedu re - The cleaned cell and e lec t rodes 
were degassed in operating posit ion at the highest t empe ra tu r e s for the 
planned run. The cell was cooled and indium (99-999+%). antimony 
(99.999%), or b ismuth (99-999%) was added through the addition por t . Ap­
proximate ly one g r a m - a t o m of the pure metal was introduced for the initial 
run of a given s e r i e s , and composit ions were then successively a l te red by 
additions of the pure alloying element out to a composition of approximately 
50-60 a /o . The p r o c e s s was then repea ted start ing now with the other 
coinponent. 

After the init ial introduction of the pure component, the addi­
tion por t cap was put on and the sys tem was subjected to vacuum pumiping 
while being heated. Degassing p r e s s u r e s were kept below 1 x 10"^mmHg 
and final p r e s s u r e s at operating t empe ra tu r e s were about 3 x 10" n imHg, 
as mieasured by an ionization gauge which was situated about 8 ft f rom the 
cell along the -g--in.-ID, flexible s ta in less steel tube. High-purity hel ium 
gas , which was purified further by being passed through a charcoal t rap 
cooled in liquid ni t rogen, was admitted to a p r e s s u r e of one a tmosphere in 
o rde r to miniixiize losses of metal by vaporizat ion. 

Des i red composition changes were effected by additions of the 
appropr ia te alloying component through the additions por t against a strong 
counterflo^v of heliuin gas . The sys tem was then quickly evacuated (about 
lO"** m m Hg within a minute) and hel ium was again introduced into the s y s ­
tem. Mixing of the cell contents was thorough. The mixing was easi ly 
accomplished by pouring the contents of the cell f rom one side of the cell 
to the other twelve t imes or more by tilting the furnace about i ts pivot 
mount. 

Evaluation of Measurements - F o r each coinposition four sets 
of m e a s u r e m e n t s , meeting the c r i t e r ion set above for the rate of t e m p e r a ­
tu re drift, were taken with T^ - TX) = 100 C, and averaged. These a re 
conveniently designated "normal" as to t empera tu re gradient . Then the 
furnace t e m p e r a t u r e s were " r eve r sed" and the procedure repeated for 
TXJ - T^ - 100 C. The, same mean t empera tu re Avas maintained in both 
c a s e s . Calculation of the Seebeck coefficient can then be c a r r i e d out in 
such a manner that extraneous voltage contributions can be el iminated, 
as miay be seen by re fe r r ing to F igure 82. 

In the figure, both the plat inum-liquid alloy and the p la t inum-
10 pe rcen t rhodium-l iquid alloy voltages a re plotted against their differ­
ence voltage for a given liquid composit ion in the indium-antimony sys tem 
at a constant T j ^ = 750 C. The difference voltages a re a measu re of 
Tg_ - Tx). A res idual extraneous voltage is evident since the two curves 
show finite ve r t i ca l ordinate values at TQ_ - T|-, = 0. The l inear i ty of the 
two curves in F igu re 82 is excellent, and it is apparent that Seebeck co­
efficient values (relative to platinum) may be bes t obtained by taking the 



223 

s lope of the a p p r o p r i a t e l ine ( conve r t i ng the a b s c i s s a to t e m p e r a t u r e un i t s ) 
o v e r a l a r g e r t e m p e r a t u r e i n t e r v a l r a t h e r than t r y ing to u s e s m a l l AT o b ­

s e r v a t i o n s to a p p r o x i m a t e a d i f f e r -

Figure 82 
SEEBECK VOLTAGES DEVELOPED FOR VARYING 

TEMPERATURE INTERVALS ALL ABOUT A 
GIVEN MEAN TEMPERATURE, 750 C 

(Liquid alloy of antimony/indium ratio 0.4748/0.5252) 

MEASUREMENT 
WITH "REVERSED" 

TEMPERATURE ' 
GRADIENT 

MEASUREMENT 
WITH "NORMAL" 
TEMPERATURE 

GRADIENT 

-1200-1000-800-600-400-200 0 £00 400 600 800 1000 1200 

(Ta~T[,)lN UNITS OF MICROVOLTS DEVELOPED BY THE 
PLATINUM versus PLATINUM-10 PERCENT RHODIUM THERMOCOUPLE 

e n t i a l . It c an be shown tha t for 
r e g i o n s in wh ich the Seebeck coef­
f i c i en t s of p l a t i n u m and p l a t i n u m -
10 p e r c e n t r h o d i u m a r e l i n e a r wi th 
t e m p e r a t u r e , a s r e p o r t e d by N y s t r o m , ^ ^ 
a s t r a i g h t l ine s igni f ies tha t the 
a b s o l u t e Seebeck coeff ic ient of the 
l iqu id d e r i v e d frojxi the s lope of the 
l ine i s dependen t only on Tj-^ and i s 
t hen i ndependen t of the i n t e r v a l s of 
Ta " Tb ^ s e d . 

U n d e r t h e s e c i r c u m s t a n c e s 
i t b e c o m e s an advan tage to c a r r y 
out the m e a s u r e m e n t s u s i n g the 
l a r g e r AT i n t e r v a l s in o r d e r to 
d e c r e a s e p e r c e n t a g e e r r o r s . The 
p r o c e d u r e adopted for the g e n e r a l 
i n v e s t i g a t i o n w a s to c o n s i d e r the 
s lope of the l ine a d e q u a t e l y d e t e r ­
m i n e d by two s e t s of o b s e r v a t i o n s 
a t a g iven Tj-n> the one at a n o r m a l 
AT of 100 C and the' o the r at a 
r e v e r s e d AT of 100 C. The d e r i v e d 
Seebeck coe f f i c i en t s , r e l a t i v e to 
p l a t i n u m , w e r e then ad jus t ed to 
abso lu t e v a l u e s by a l lowing for the 
c o n t r i b u t i o n of p l a t i n u m , us ing N y -
s t r o m ' s ^ ' * v a l u e s . The l a t t e r v a l u e s 

•were found to be in a g r e e m e n t w^ith 
v a l u e s ob ta ined by Rudn i t sk iy55 in 

h i s w o r k wi th " t h e r m o c o u p l e g r a d e " p l a t i n u m . It i s to be b o r n e in m i n d 
tha t C u s a c k and K e n d a l l , 5 " h o w e v e r , d e r i v e d v a l u e s for p l a t i n u m -which 
a r e m o r e n e g a t i v e by a s m u c h a s 0.8 m i c r o v o l t p e r d e g r e e . If t h e s e v a l u e s 
w e r e u s e d to c o r r e c t for the c o n t r i b u t i o n of p l a t i n u m , the abso lu t e v a l u e s 
of the S e e b e c k coe f f i c i en t s in the c u r r e n t r e p o r t would be m o r e nega t ive 

54NySt rom, J . , A r k i v . Ma t . , A s t r o n . , F y s i k , 34A, 1 ('1948). 

^^Rudn i t sk iy , A. A. , A E C - t r - 3 7 2 4 , P h y s i c s and M a t h e m a t i c s , A t r a n s ­
l a t ion by the Uni ted S t a t e s A t o m i c E n e r g y Commiiss ion , T e c h n i c a l 
I n f o r m a t i o n S e r v i c e , of ( A l e k s a n d r A l e k s e e v i c h Rudn i t sk i i , 
I z d a t e l ' s t v o A k a d e m i i Nauk SSSR, M o s k v a , 1956). 

5 6 c u s a c k , N . and Kenda l l , P . , P r o c . P h y s . Soc. (London), 7 2 , 8 9 8 ( 1 9 5 8 ) . 
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by this amount. The re la t ive values of the Seebeck coefficients for a given 
binary sys tem a re not influenced by the choice of absolute values for the 
reference ma te r i a l , and the main in te res t in the work is in the relat ive 
value s. 

Resul ts - Sufficient information has been obtained in the three 
sys tems to provide for some tentative compar i sons , although the study is 
not yet complete . 

In F igure 83 a re shown the Seebeck coefficient values for the 
ant imony-bismuth sys tem at the mean t empera tu re 750 C. All points were 
es tabl ished by both normal and r e v e r s e d t empera tu re gradient observations 
to e l iminate any extraneous voltage contributions as descr ibed in the 
procedure above. 

F igure 83 

ABSOLUTE SEEBECK COEFFICIENTS IN THE 
LIQUID SYSTEM ANTIMONY-BISMUTH AT 750 C 
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The Seebeck coefficient values for the indium-antimony sys ­
tem a re shown in F igure 84, also for 750 C. However, some of the points 
(solid squares) were determined by only a single direction of the t empera ­
ture gradient . Fo r these , the plotted values a re values which have been 
cor rec ted by an assumed constant extraneous voltage t e r m determined at 
each of the two composit ions indicated by the open squares and found there 
to be a constant. Otherwise , all points were determined by both normal 
and r e v e r s e d gradient observa t ions . The inset for this figure shows some 
measu remen t s made toward the close of the lef t - to-r ight s e r i e s -with a 
view to noting any sequential factors in the m e a s u r e m e n t s . 



Figure 84 

ABSOLUTE SEEBECK COEFFICIENTS IN THE LIQUID SYSTEM INDIUM-ANTIMONY AT 750 C 
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The Seebeck coefficient values for the indium-bismuth sys tem 
are shown in F igure 85 for the mean t empera tu re 450 C instead of 750 C 
(because of a t empora ry power l imitat ion). All points , except the one 
denoted "x," were obtained from measu remen t s which involved only a 
single direct ion of the t empera tu re gradient . The single point (at 100 p e r ­
cent bismuth) was f rom a l a te r run with new ma te r i a l and was c a r r i e d out 
with both normal and r e v e r s e d gradient observat ions . F r o m the good 
agreement of the l a t t e r point with the other values , it would appear that 
no significant cor rec t ion t e r m is implied; however, this cannot be con­
s idered to have been establ ished. La te r measu remen t s in the 750 C 
range are planned; ineanwhile, the relat ive shape of the curve is considered 
of significance for compar ison purposes . 

F igure 85 

ABSOLUTE SEEBECK COEFFICIENTS IN THE LIQUID SYSTEM 
INDIUM-BISMUTH AT 450 C 

0.4 0.5 0.6 
ATOM FRACTION BISMUTH 

Discussion - A number of factors need to be considered before 
more than a qualitative evaluation of the meaning of the resu l t s is appro­
p r i a t e . Thus, liquid indium antimonide (atom fraction = 0.5) has been 
studied by Blum and Ryabtsova.57 They have repor ted a Seebeck coeffi­
cient of -35 microvol ts pe r degree and that this value was constant with 
t empera tu re in the range 530 to 700 C. The work of Blum and Ryabtsova 
was c a r r i e d out in a cell which was open to the a tmosphere during m e a s ­
u r emen t s . Some work repor ted by F i s che r -Co lb r i e and Lit tebrant^S on 
indium antimonide of "unspecified impurity" yielded posit ive values in the 

57Blum, A. I. and Ryabtsova, G. P . , Soviet Phys ics Solid State _1, 692 
(1959). 

58Fi scher -Colbr i e , E. and Li t tebrant , E . , General E lec t r i c E lec t ron ics 
Labora tory Technical Information Ser ies R59ELS 39, (Electronics 
Labora tory Technical Information, Bldg. 3, E lec t ronics Pa rk , 
Syracuse , New York). 



liquid state ranging from 5 microvol t s p e r degree at the melting point to 
about 38 microvol ts per degree (short extrapolation) at 750 C. These d i s ­
crepancies suggested that the var iab le behavior in our own data in this 
composition region (see inset in F igure 84) might be associa ted with un­
known impuri ty fac tors . A check m e a s u r e m e n t was ca r r i ed out in which 
melted indium antimonide of semiconductor grade was used- The Seebeck 
coefficient value is plotted in F igure 84 and it is seen to be in good a g r e e ­
ment with the other va lues . 

At p resen t , it is in teres t ing to compare qualitatively the 
three sys t ems studied. The ant imony-bismuth sys tem yields a simple 
l inear dependence of the Seebeck coefficient on the atom fraction com­
posit ion. F o r compar ison p u r p o s e s , it i s reasonable to consider this 
sys tem to have a constant e lec t ron:a tom ra t io since the two elements 
have s imi la r outer e lect ron s t r u c t u r e s . The indium-antimony and indium-
bismuth sys tems yield complex re la t ionships between the Seebeck coef­
ficient values and alloy composit ion. This re la t ionship, though complex, 
is quite s imi la r for the two sys t ems . The s imi lar i ty of the two curves is 
at t r ibuted to the s imi lar i ty of the outer e lect ronic s t ruc tu res of bismuth 
and antimony. The complexity of the relat ionship is at t r ibuted to the fact 
that the e lec t ron:a tom ra t ios change with composition. 

2. Refractory Solid Thermocouple Systems 
(M. Tetenbaum and F . Mrazek) 

Mate r ia l s possess ing high melting points and low vapor p r e s ­
su res a re des i rab le if energy-convers ion devices are to be used at high 
t e m p e r a t u r e s , such as might be encountered in cur ren t nuclear reac to r 
sy s t ems . The lanthanide and actinide sulfide sys tems a r e highly re f rac tory 
and have phases with c a r r i e r concentra t ions in the semiconducting range. 
The u ran ium and thor ium sulfide sys tems and their solid solutions have 
been selected for the initial s tudies . 

It has been found that the re la t ive Seebeck coefficient values 
for u ran ium monosulfide had been ass igned incor rec t signs and, as a con­
sequence, the derived absolute Seebeck coefficient values shown in two 
previous r epo r t s (ANL-6569, p . 157, F igu re 57 and ANL-6596, p . 209. 
F igure 80) requ i re cor rec t ion . These values then become positive in sign 
and of magnitudes dec reased by t^vice the contribution of the reference 
ma te r i a l , plat inum, to yield the values shown in Figure 86. The data from 
Elec t ro-Opt ica l Sys tems, Inc.59 was a lso incorrect ly shown in the cited 
ea r l i e r f igures , but is co r rec t ly shown in F igure 86. 

^"Jordan,. C. B. , High Tempera tu re Semiconducting Compounds for 
Thermoe lec t r i c Power Generat ion, Bimonthly P r o g r e s s Repor tNo .4 , 
June 15-August 1962, EOS-1592-2M-4, Final Comprehensive Report , 
Dec. 15, I960 through Dec 15, 1961-, EOS-1592-Final , E l e c t r o -
Optical Sys tems , Incorpora ted . Pasadena , California. 
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Figure 86 

ABSOLUTE SEEBECK COEFFICIENT 
VERSUS TEMPERATURE FOR 

VARIOUS SPECIMENS OF 
URANIUM MONOSULFIDE 

The exper imental conditions which 
existed during the measu remen t 
sequences, 1, 2, 3 a re explained in 
the text on page 209 of ANL-6596. 
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Kazmierowicz and Kanter°0 find, from the la tes t evaluation of 
thei r measuren ien t s , posit ive Hall coefficients for uran ium monosulfide 
r a the r than negative values . Thus, their values repor ted in ANL-6543, 
p . 205 and ANL-6569, p . 159, Table 44 a re to be considered as posi t ive. 
The dominant cu r ren t c a r r i e r s in u ran ium monosulfide a re therefore pos i ­
tive holes r a the r than e lec t rons . 

A se r i e s of Seebeck coefficient measuremen t s were made with 
the a r c - m e l t e d slab of u ran ium monosulfide (insolubles: ~16 percen t UOS) 
which had yielded favorable f igure-of -mer i t values (see ANL-6477, p . 216) 
and the equipment (Z meter ) for the measu remen t of the figure of m e r i t 
at Westinghouse. The surface of the specimen, which had become some­
what ta rn ished froin previous handling, -was "cleaned" by heating the 
specimen in vacuum at 1800 C for approximately 15 min. This heat t r e a t ­
ment yielded a specimen with a br ight shiny surface. A duplicate set of 
Seebeck measu remen t s was obtained in the following manner : The speci­
men was removed from the Seebeck apparatus upon completion of the 
initial run. The specimen was again cleaned by means of the high-
t empera tu re vacuum t rea tment descr ibed above, and re turned to the 
Seebeck appara tus . 

The re su l t s of the duplicate se ts of measu remen t s of Seebeck 
coefficients as a function of t empera tu re are shown in F igure 87. It is 
apparent that agreement between the two sets of measurement s is good, 
and that the Seebeck apparatus is capable of yielding reproducible data. 

The resu l t s of Seebeck coefficient measu remen t s as a function 
of t empera tu re for s in tered specimens of uran ium monosulfide, thorium 

°^Kazmierowicz, C. W., and Kanter , M. A., Solid State Science Division, 
Argonne National Laboratory , pr ivate communication, April 13, 1963. 
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m o n o s u l f i d e , a n d a 5 0 - 5 0 m / o u r a n i u m m o n o s u l f i d e - t h o r i u m m o n o s u l f i d e 
s o l i d s o l u t i o n a r e s h o w n i n F i g u r e 8 8 . T h e s i n t e r e d u r a n i u m m o n o s u l f i d e 
p e l l e t ( d e n s i t y a b o u t 8 5 p e r c e n t of t h e o r e t i c a l ) w a s o b t a i n e d f r o m a r e l a ­
t i v e l y p u r e b a t c h of u r a n i u m m o n o s u l f i d e w h i c h h a d a n o x y s u l f i d e c o n t e n t 
of a b o u t 0 .1 p e r c e n t . T h e s i n t e r e d t h o r i u m m o n o s u l f i d e p e l l e t ( d e n s i t y 
a b o u t 80 p e r c e n t of t h e o r e t i c a l ) w a s p r e p a r e d b y u s i n g t h o r i u m m o n o s u l ­
f i d e p o w d e r o b t a i n e d f r o m t h e M e t a l l u r g y D i v i s i o n . T h e i n s o l u b l e c o n t e n t 
of t h e t h o r i u m m o n o s u l f i d e w a s a p p r o x i m a t e l y f i v e p e r c e n t . T h e u r a n i u m 
n a o n o s u l f i d e - t h o r i u m m o n o s u l f i d e s o l i d s o l u t i o n in t h e f o r m of a s i n t e r e d 
p e l l e t ( d e n s i t y a b o u t 84 p e r c e n t of t h e o r e t i c a l ) w a s o b t a i n e d f r o m t h e 
M e t a l l u r g y D i v i s i o n . 

Figure 88 

ABSOLUTE SEEBECK COEFFICIENT VERSUS TEMPERATURE FOR 
URANIUM MONOSULFIDE, THORIUM MONOSULFIDE AND 

50-50 m/o URANIUM MONOSULFIDE-THORIUM 
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The resu l t s shown on F igure 88 suggest that the the rmoelec t r i c 
power dec rease s with increasing thor ium monosulfide concentration in the 
u ran ium monosulf ide- thorium monosulfide solid solution sys tem. F r o m 
res is t iv i ty and Plall m e a s u r e m e n t s , it appears that thor ium monosulfide is 
more meta l l ic than u ran ium monosulfide. The trend shown in F igure 88 
may reflect , therefore , the inc rease in the metal l ic nature of the solid 
solution with increasing thor ium monosulfide content. F u r t h e r t h e r m o ­
e lec t r ic p a r a m e t e r measu remen t s will be made on other composit ions in 
this system. 

Simultaneous Seebeck coefficients and res is t iv i ty m e a s u r e ­
ments as a function of t empera tu re have been made with a s in tered plate 
of u ran ium monosulfide containing approximately 5 percen t uran ium 
oxysulfide (UOS). The potential p robes consisted of plat inum w i r e s 
wrapped around two para l le l grooves which had been cut around the 
p e r i m e t e r of the slab by means of Elox techniques. P r i o r to these m e a s ­
u remen t s , the specimen was cleaned by means of the h igh- tempera ture 
vacuum t rea tment descr ibed above. The resu l t s of Seebeck coefficients 
and res is t iv i ty measu remen t s are shown inF igu re s 89 and 90, respect ively. 
In addition, the product a^a, where a is the Seebeck coefficient and O the 
e lec t r ica l conductivity, is plotted v e r s u s t empera ture in F igure 91-

Figure 89 

ABSOLUTE SEEBECK COEFFICIENT VERSUS 
TEMPERATURE FOR SINTERED SLAB 

OF URANIUM MONOSULFIDE 

Figure 90 

RESISTIVITY VERSUS TEMPERATURE 
FOR URANIUM MONOSULFIDE 

s o o -

i. 

300 400 800 SOO 
TEMPERATURE,C 

O SINTERED SLAB OF US 5% UOS 
# DATA FOR SINTERED US,~-l%UOS 

(PSHALEK.ANL METALLURSY DIVISION) 

300 400 500 600 
TEMPERATURE,C 

Figure 91 

DEPENDENCE OF a^a ON TEMPERATURE FOR 
SINTERED SLAB OF URANIUM MONOSULFIDE 

(Sample contained about S^o UOS) 

ax) 

300 400 800 
TEMPERATURE, C 



The Seebeck coefficient values shown in F igure 89 are higher 
than the values which were previously obtained from a s imi lar slab of this 
ma te r i a l and which a re shown in F igure 86. The slab used in the ea r l i e r 
studies had not been cleaned after fabricat ion. In addition, the ea r l i e r 
Seebeck m e a s u r e m e n t s were made under l e s s refined experimental 
conditions. 

It is apparent f rom F igure 90 that the res is t iv i ty of our u ran ium 
monosulfide specimen inc reased but slightly with t empera tu re . Fo r com­
par i son , values obtained by Shalek^l a re also shown in F igure 90. A 
s imi la r t rend of res i s t iv i ty with t empera tu re was found with the ceriuna 
sulfide sys tem.o^ 

We can conclude from the above the rmoelec t r i c p a r a m e t e r 
measure inen t s that u ran ium monosulfide, thor ium monosulfide, and their 
solid solution behave somewhat like a meta l . 

Some recent the rmal conductivity values measured over a 
l imi ted t e m p e r a t u r e range by McElroy°3 of Oak Ridge National Labora tory 
with a s in tered specinien of u ran ium monosulfide (one percent insolubles) 
supplied by Argonne allows the calculation of approximate f igure-of -mer i t 
values for our s in tered slab of u ran ium monosulfide from the data sho'^vn 
in F i g u r e s 89, 90, and 91. The r e su l t s of the calculations are summar ized 
below: 

Terap Thermal Conductivity F igure of Meri t 
(C) [w/(cm)(C)] (K"^ X 10^) 

40 0.0914 1.3 
75 0.0990 1.0 

125 0.0850 1.2 

These f igu re -o f -mer i t values a re roughly comparable with the values 
found with the promis ing re f rac tory ce r ium sulfide sys tem in the same 
t empera tu re range , and a r e approximately 5 to 10 t imes lower than the 
f igure -o f -mer i t values obtained with lead tel lur ide (maximuiTi operating 
t empera tu re ~600 C). 

o^Shalek, P . , Metal lurgy Division, Argonne National Laboratory , 
pr iva te coirmaunication. 

62Ryan, F . M., I. N. Greenberg , F . L. Ca r t e r , and R. C. Mil ler , 
J . Appl. Phys . , 33, 864 (1962). 

o^McElroy, P . L. , Oak Ridge National Lebora tory , pr ivate 
communication. 
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VI. DETERMINATION OF NUCLEAR CONSTANTS* 
(C. Crouthamel) 

Measurements of neutron c r o s s sections of in t e re s t to the reac tor 
p r o g r a m a r e continuing. Both low-intensi ty monoenerget ic neutrons de» 
r ived f rom the (p,n) react ion in a Van de Graaff acce l e ra to r and the intense 
continuous spec t ra from nuclear r e a c t o r s a r e being used, depending upon 
the sensit ivity requi red for the measuremen t . 

This r epor t contains a d iscuss ion of two se r i e s of exper iments . The 
f i r s t is a s e r i e s of runs in the Trans ient Reactor Test Faci l i ty (TREAT) 
designed to m e a s u r e the r a t e of double neutron capture by rhodium to form 
36-hr rhodium-105 and to der ive the pile neutron capture c r o s s sections of 
the shor t - l ived in t e rmed ia te s , rhodium-104m and rhodium-104, Radiochem­
ical r e su l t s of isotope buildup and fission studies in EBR-I (Mark III) a r e 
a lso presented. Data a r e given on uranium-238 capture and fission c ros s 
sect ions. Data on plutonium-240 capture supplement the information p r e ­
viously repor ted for plutonium-239, uranium-233 and uranium-235 in the 
same loading, 

A. Double Neutron Capture Exper iments 
( E . H . Dewell) 

The TREAT (Trans ien tREActor Test) facility at the National Reactor 
Testing Station (ANL Idaho Division) offers an unusual opportunity for study­
ing the behavior of samples exposed to ve ry high neutron fluxes for short 
per iods . Among other phenomena, the capture c ro s s sect ions of the shor t ­
lived radioact ive species which can be produced in situ from a stable ta rge t 
may be studied in TREAT. 

The equations for such reac t ions can be wri t ten 

(n, 7) g (n,7j ^ 
^B 

D 

The differential equations for each of the species involved become 

dt 

d t 

= -NA0aA ; (1) 

= NA0CJA - N B ( ^B ~ ^ ^ B ) J (2) 

dNc 
- d T " N B < ^ ^ B " ^ C N C . (3) 

* A sumnaary of this section is given on page 29. 
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where Ni r e p r e s e n t s the number s of a toms of species i involved, Xj_ their 
respect ive decay constants , Oi their respect ive capture c ros s sect ions, and 
0 is the reac to r flux. 

If B is postulated to be shor t - l ived, it can never accumulate to any 
large degree in any sys tem. There i s , accordingly, little hope of getting 
good m e a s u r e m e n t s for i ts c r o s s sect ions unless the quantity (f>0^ can be 
made sufficiently large with r e spec t to Xg that a fair fraction of the B atoms 
formed a r e converted by (n, 7) reac t ion to C ra ther than into the ordinary 
decay product, D. Even when this situation occurs , some very sensit ive 
measu remen t of C mus t be available. Since C is isotopic with A and B, 
it cannot be separa ted chemical ly from ei ther of them; hence, it probably 
cannot be detected unless it, too, is radioactive and has a short enough half-
life that i ts decay can be observed. Its half-life mus t be much longer than 
that of B , however, since B is initially many million-fold more active than 
C. Measurement of C mus t wait on the decay of B. There i s , however, 
another possibil i ty, that i s , the m e a s u r e m e n t of an active daughter of C may 
be made ra ther than the m e a s u r e m e n t of C itself. This route has not shown 
promise in the cu r ren t work, however. 

If Equations 1 to 3 a r e solved together, the decay ra te of C at the 
close of an exposure t t ime units long is given by 

N A 0 c^ 
XcNc = Xc0aB Xg + 0 a g 

Xc-C^B + * ^ B H ^ -e / + r ^ V ^ - ® 

(4) 

It is readi ly apparent that, for comparable exposure t imes , the decay ra te of 
C is proport ional to the product of the two capture c ro s s sect ions, cJĵ  a-î d CJg. 
Since these a r e smal l n u m b e r s , the amount of C generated is ext remely sinall. 
The decay r a t e i s a lso propor t ional to the square of the reac to r flux. Hence., 
it is n e c e s s a r y to i nc rease the flux as high as possible for double capture 
studies. 

Severa l t a rge t m a t e r i a l s a r e suitable for study in TREAT-rhodium 
in par t i cu la r . It is monoisotopic, rhodium-103 being the lone stable isotope. 
The rhodium equations a r e 



234 

Rh"^ 
stable 

12b 

(n,7)^ 
140b 

Rh^°4m 

4.3 min 

Rh"* 
44 sec 

Rd"* 
stable 

105m Rh 
30 sec 

105 Rh' 
36 hr 

After an exposure , the rhodium-104 act ivi t ies die out with the 
4 .3-min half-life of the metas tab le s ta te , leaving the 36-hr rhodium-105 
as a m e a s u r e of the number of double captures taking place. 

If rhodium were available completely free of contaminating e lements , 
the m e a s u r e m e n t s would be s t ra ightforward. The reac t ion-born rhodium-105 
has a 0.320-Mev gamma r a y in i ts decay scheme, which makes it easy to 
m e a s u r e by means of conventional g a m m a - r a y spec t romet ry . Rhodium 
occurs in nature in o re s containing mos t of the plat inum meta l s , f rom which 
it is difficult to s epa ra t e . In pa r t i cu la r , it r e ta ins t r a c e s of i r id ium with 
r emarkab le tenaci ty. This would not be ser ious except for the fact that 
i r id ium has a pa i r of resonance capture peaks at energies a l i t t le above 
t he rma l neutron energ ies (o co.Gsev - 5000b, ac, i .3ev ~ 6000b), The f i r s t 
produces 74-day i r id ium-192, and the second produces 19-hr i r id ium-194. 
Ir idium, therefore , act ivates strongly in a pile spectruin. Both of these 
emi t t e r s have gamma rays of 0.32-Mev energy and can be expected to 
mask the rhodium-105 gamma rays completely. Moreover , if the rhodium 
contains any ruthenium, an a l te rna te path for rhodium-105 production exis ts 
via the react ion 

Ru^"* 
18.6% 4.5 hr 

-C 
Rh"5m 

30 sec 

Rh"^ 
36 hr 

The rhodium-105 produced by the l a t t e r react ion adds to any rhodiumi-105 
produced by double neutron capture to give high values for the c ro s s sect ions 
of rhodium-104, -104m. Clear ly , the lower the ruthenium level, the more 
accura te ly the des i r ed c ro s s sections of rhodium can be measured . The 
actual r equ i rement s in this r e g a r d cannot be calculated direct ly, but a rough 
es t imate shows that 10 ppm of ruthenium would add about 10 percent to the 
rhodium-105 level expected f rom the i r rad ia t ion of rhodium-104, assuming 
that the c ro s s sections for rhodium-104 and - I 0 4 m a r e near 50 b. One 
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unpublished set of values""* places the two c ro s s sections at 800 ± 100 b 
and 40 ± 30 b for the 4 -min and 42-sec i s o m e r s , respect ively. 

A sample of rhodium sponge of nominal 99.995% purity was obtained 
from the Johnson-Matthey Company, Activation analysis showed strong lines 
for sodium, chlorine, iodine, and i r id ium. Ruthenium lines have not been 
unambiguously identified yet, and work is continuing on this point. A num­
ber of other samples of rhodium were a l so examined in which the impuri ty 
levels were higher . I r id ium was common to all samples ; sodium and the 
halogens were usually observed, along with t r a c e s of gold and antimony. 

Several exposures of rhodium in TREAT have been completed. 
Because of the overwhelming p resence of iridiuna-192, and -194 act ivi t ies , 
even in the case of the sample obtained from the Johnson-Matthey Company, 
it was n e c e s s a r y to dissolve the exposed m a t e r i a l by ineans of a potass ium 
acid sulfate fusion, to convert the rhodium to the anionic chloro coniplex, 
and to separa te it f rom i r id ium by anion exchange. The procedure was 
based on a method worked out by B e r m a n and McBryde"^ for m i c r o g r a m 
quanti t ies of rhodium and i r id ium. Scaling up to the 100-mg level for the 
pile exper iments was not very successful , but decontamination factors of 
10 or so were observed. Three pa s se s through the column gave sufficient 
decontamination so that the rhodium-105 level could be obtained from the 
composite decay curve of the res idua l i r id ium and rhodium act ivi t ies . 

Calibrat ion exper iments a r e in p r o g r e s s to provide the data needed 
to convert the observed rhodiuna count r a t e s to absolute dis integrat ion r a t e s . 
Sufficient rhodium-105 for this purpose can easily be obtained, using the 
ruthenium reac t ion a l ready d iscussed . These data will pe rmi t the des i red 
c r o s s sections to be calculated. 

B. Capture and F iss ion Reactions in EBR-I 
(C, E. Crouthamel , R, R. Heinrich, G. H. McCloud) 

The previous r e p o r t s of data f rom EBR-I Mark III i r rad ia t ions , 
made in ANL-6569, p. 162, and ANL-6596, p. 212, gave the horizontal and 
ve r t i ca l var ia t ions of the capture and fission c ro s s sections for uran ium-233, 
uran ium-235, plutonium-239, and also the (n,2n) react ions per 10 
uranium-233 a toms as a function of r eac to r position. The significance of 
these data to the fast b r e e d e r r eac to r p r o g r a m was discussed, and the 
Mark III loading was briefly descr ibed . Where the data were a repeti t ion 
of EBR-I Mark I and Mark II i r rad ia t ion data, the two sets of data were 
compared and d iscussed. These data which a r e in a re la t ively raw and in­
convenient form for genera l application, will be reduced, by means of a 
computer , to monoenerget ic neutron c r o s s - s e c t i o n values by the use of the 
known reac to r neu t ron-energy spec t rum and neutron mult igroup calculat ions, 

"^Unpublished data from Chalk River repor ted in BNL-325, 2nd ed,, 
SuppL 1, p. 2, Jan. 1, I960. 

65 Berman, S. S., and McBryde, W.A, E,, Can. J, Chem. 36, 845 (1958). 
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as descr ibed by Yiftah, Okrent, and Moldauer , °° It is planned to repor t the 
data in this form when the calculat ions a r e completed. 

The data presented h e r e essent ia l ly complete the chemical analysis 
of the Mark III samples . 

The data from the ve r t i ca l and horizontal loading of highly depleted 
uranium-238 a r e summar ized in Table 45. Mass analysis of the batch of 
uranium-238 used in these i r rad ia t ions showed an initial u ranium-235 con­
tent of 100 ppm. In the core and inner blanket, the number of f issions from 
uranium-235 is l e s s than 0,2 percent of the total. F igures 92 through 97 
give capture , fission, and alpha values for uranium-238 and allow compar ison 

Table 45 

VERTICAL AND HORIZONTAL VARIATIONS OF a c / g f OF 
URANIUM-238 IN EBR-I , MARK III 

Ver t ica l Loading 

Ver t i ca l Distance 
fromi Midplane (in.) 

9,86 
7,86 
5.86 
3.87 
1,87 

-0.13 
-2,12 
-4.12 
-6.11 

Posi t ion 
of Sample 
in Reactor 

upper bl. 
upper bl. 
upper bl. 

core 
core 
core 
core 
core 

lower bl. 

Captures 
per 10^ 

U"^ atoms 

26.7 
42.3 
61.0 
69.7 
75.7 
78.3 

_ 

57.9 
43.4 

F i s s ions^ 
per 10^ 

U^̂ ^ a toms 

2,88 
6,96 

19.8 
69.8 

110,0 
118,1 
106.4 

57.8 
16.6 

a ( a c / c f ) 

9.27 
6,08 
3,08 
0.999 
0.688 
0,663 

_ 
1.00 
2.61 

Horizontal Loading 

Distance from 
Reactor Axis (in.) 

0.93 
3.80 
4.60 

core 
core 

inner bl. 

78,3 
75.4 
58.9 

118.1 
65.7 
29.0 

0.663 
1.15 
2.03 

T 2 3 5 ^ U contained 100 ppm U and negligible quantit ies of other f issi le 
i so topes . F i s s ion was de termined by Cs ' monitoring, assuming a 
yield of 5.5 percent and a half-life value of 30.0 yr . 

66 Yiftah, S., Okrent, D,, and Moldauer, P. A., Fas t Reactor Cros s 
Sections, Pe rgamon P r e s s (i960), p, 5. 
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6? with previous r e su l t s obtained by Kafalas and Heinr ich for horizontal 
loadings of u ran ium-231 . The data for f issions in the r eac to r core a r e in 
ve ry good agreement with the previous r e su l t s for Mark II, This un­
doubtedly r e su l t s f rom the re la t ively low t empe ra tu r e s* at which these 
samples were i r rad ia ted , since the number of f iss ions is measured by a 
ces ium-137 determinat ion. Such m e a s u r e m e n t s can be er roneously low if 
the samples a r e subjected to ex t remely high t e m p e r a t u r e s and if a vapor -
escape path is avai lable , since ces ium-137 itself and i ts 3.8-min xenon 
p r e c u r s o r a r e both volat i le . As was noted in ANL-6556, p. 364, some 
overheating of the u ran ium-235 and plutonium-239 samples apparently o c ­
c u r r e d in the M a r k I samples with a consequent loss of ces iumf i s s ionproduc t . 

The capture events in the uranium-238 were de termined by counting 
the alpha activity of the plutonium-239 with a so l id-s ta te alpha spectrometer , 
whereas the previous r e s u l t s " " were obtained with the F r i s h grid p ropor ­
tional gas spec t romete r . The capture r e su l t s of the two sets check within 
the exper imenta l e r r o r (±5 percent s tandard deviation). 

The Mark III loading contained, in the core of EBR-I , samples of 
U238̂  U " ^ U " ^ Pu"9 , and Pu^*^ The Pu^^" samples were analyzed only for 
the capture events . Table 46 s u m m a r i z e s the fission and capture data ob­
tained at posit ions near the core center . Since al l these samples were ex­
posed to s imi lar neutron spec t ra , the observed alpha (Cc/af ) values can be 
comLpared direct ly; these a r e the values for the mos t energet ic spec t rum in 
the r eac to r . 

CENTER-

Isotope, X 

U233 

U " 5 
U238 

Pu"9 
p^240 

•OF -CORE RESULTS 

F i s s ions 
per 10^ a toms 

1420 
985 
118 

1170 
^ 

Table 46 

FOR EBR-I , MARK III IRRADIATIONS 

Captures 
per 10 atoms 

79.0 
123 

78.3 
87.5 

108 

a = Oc iX)/of (X) 

0.0556 
0.125 
0,663 
0.0747 

^ 

r238 6 'Kafa las , P . , and Heinrich, R. R., Capture and F i s s i on Pa t t e rn s of U^ 
in EBR-I (Mark II), Nuclear Sci. and Eng. 4_, 698 (1958). 

*The fission ra te for U^^^ is nea r ly five-fold l e s s than that for Pu^^' and 
U '̂̂ .̂ The t e m p e r a t u r e attained by the sample is correspondingly lower. 



VII, ROUTINE OPERATIONS 
(H, G. Swope) 

A. Waste P roces s ing 
( H . G . Swope, K, B r e m e r , B, KuUen and R, Juvinall) 

Routine Operat ions 

A total of 495255 gal of liquid radioact ive wastes was p rocessed 
during October^ Novembers and December , 1962„ The process ing methods 
and volumes were as follows: 

P r o c e s s Voluine (gal) 

Evaporat ion and Concentrat ion 32,132 
Fi l t ra t ion 8,435 
Ion Exchange (cation only) 8,435 
Absorption into Vermicul i te 253 

Total 49,255 

Special P r o b l e m s 
( R , Juvinal l and Bo KallenJ 

This is the final p r o g r e s s repor t for the process ing of liquid r ad io ­
active waste by the Chemical Engineering Division, During December , 1962, 
dismantling of the equipment and i ts t ransfe r to the Plant Services Depar t -
mient was began. Henceforth, the iiquid radioact ive wastes as well as the 
solid wastes will be p roces sed by Plant Services Department. A topical 
repor t will be p r epa red by the Chemical Engineering Division on the ope r ­
ation of the liquid radioact ive waste t r ea tmen t facility over the pas t twelve 
y e a r s . 

The amounts of wastes p rocessed by the var ious methods in 1962 a r e 
shown in Table 47. 

B. High-level Gamma- i r r ad ia t ion Faci l i ty 
(H. G . Swope, N. Ondracek, G. Teats and V. Lemke) 

The year 1962 was the seventh full year of operation of the Argonne 
High-level Gamma- i r rad ia t ion Facil i ty. Table 48 summar izes work in 
Rack M='l. There were 2,443 sam.ples (equivalent to a No. 2 sized can) 
i r r ad ia ted in 196Z, as compared with 5,234 samples in 1961. In addition, 
1,547 special dos imet ry samples were run during the year . Rack M-̂ Z also 
was used from March through August 1962. 
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SUMMARY OF RADIOACTIVE UQUID WASTES PROCESSED DURING 1%2 

1962 
Quarterly 

Period 

Jan.-March 

April-June 

July-Sept. 

Oct.-Dec. 

Totals 

Retention 
Tanks 

2,190 

9,990 

25,480 

19,155 

56,815 

Abbreviations 

Decon. 
Soln. 

12.270 

11,873 

11,348 

6,760 

42,251 

Misc. 
Aqueous 

822 

832 

661 

445 

2,760 

Struthers-Wells Evaporator 

GIF 
Pool 

Water 

476 

490 

435 

390 

1,791 

Cim-
Cool 

605 

330 

700 

305 

1,940 

Flocculation 

200 

-
-
-

200 

D-34 
Sludge 

1.3(H) 

2,210 

-
-

3.510 

Regen. 
Soln. 

2,470 

1.710 

2.935 

2.730 

9.845 

Adam's 
Filter 
Cake 

1.050 

1.355 

1.564 

1.045 

5.014 

Volume, gal 

30-gal 
Concentrator 

Evap. 
Bottoms 

1,697 

1,209 

1.477 

1.066 

5.449 

(ViiSG. 
Aqueous 

-
160 

-
236 

396 

Distillatmn 
Org. 

62 

-
-
62 

Cation 
txcl^ange 
(HCR-H'> 

R.T. LBWR 

-
-

9,950 

8,435 

18,385 

-
21,520 

2,300 

"23,820 

Filtration 

-
21.520 

12,250 

8,435 

42,205 

Flocculation 

1,13) 

-
-

1,120 

Absorption 
into 

Vermiculite 

372 

791 

478 

253 

1,894 

Neutralization 
ol HF Waste 

-
171 

288 

459 

Totals 

24,634 

74,161 

69.866 

49,255 

217,916 

GIF - High Level Gamma Irradiation Facility 

R.T. ' Retention Tanks 

H.F. .• Hydrofluoric acid wastes 

EBWR • Experimental Boiling Water Reactor VHastes 

Table 48 

ARGONNL HIGH Ll VLL GAMWA-IRRADIAI luN FACIII lY 

January 

February 

March 

April 

May 

June 

July 
August 

September 

October 

November 

December 

Total 

QMC 

155 

125 

93 

122 

30 

58 

77 

723 

205 

167 

39 

68 

1.872 

No. of Samples^ 

Lduc. Fed. 

Inst. 

0 

25 

5 

16 

3 

13 

0 

60 

10 
1 

5 

3 

141 

Grand Total 2.443 

Gort 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

30 

30 

AML 

21 

25 

57 

30 

18 

30 

15 
14 

26 

28 

16 

120 

400 

1962 Summary (RackM-li 

gac 

m 
205 

123 

185 

40 

84 

108 

2,275 

720 

308 
94 

121 

4.572 

Total Day 

Lduc. 

I'ifik 

0 

22 

11 

49 

14 

44 

0 

S3 

20 
2 

8 

255 

Units ' ' 

-

10.624 

in Rdds 

fed. 

Gort 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

24 

24 

AN[ 

237 
344 

300 

457 

450 

565 

351 

579 

850 

667 
4/7 

490 

5,773 

QM£ 

0 
4 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

4 

Total Wg 

tduc. 

Inst 

0 

0 

10 

30 

14 

0 

0 

19 

58 

45 

n 
6 

254 

at Units 

24.666 

^ in Rads 

Led. 

Govt. 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

8 

8 

Mil 

1,404 

2.028 

1.220 

2.177 

1.791 

2,423 

1.628 

2,467 

3.043 

2.531 

1.639 

2.049 

24.400 

s tqu iva len t to a No. 2 size can 13-7/16 i n . i n diam \ 4-9/16 in l i i gh i . 

' ' I nc ludes loadings and re immers ions. One un i t 2 x 10* rad. 




