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CHEMICAL ENGINEERING DIVISION 
SUMMARY REPORT 

October, November, December , I960 

SUMMARY 

I. Chemical -Meta l lurg ica l P roces s ing (pages 25 to 129) 

The r e s e a r c h and development work that is being done on py ro ­
meta l lurgica l p r o c e s s e s is p rompted by the cons iderable likelihood that 
the application of these p r o c e s s e s to the recovery of nuclear r eac to r fuel 
may lead to a reduction in the cost of nuclear power. Of these py rome ta l ­
lurgical p r o c e s s e s , mel t refining will be the f i r s t to be used on a plant 
scale. The p roces s will be incorpora ted into the fue l - recovery cycle of 
the second Exper imenta l B r e e d e r Reactor (EBR-II). The r eac to r and the 
fuel-cycle facility a r e now under const ruct ion at the Reactor Testing 
Station in Idaho. 

Final r esu l t s on the f i r s t high-act ivi ty level demonst ra t ion of the 
melt refining p r o c e s s for EBR-II core fuel have been obtained. A 388-gram 
charge of uranium-five percen t f i ss ium fuel pins i r r ad i a t ed to a total atom 
burnup of about 0.6 percent was mel t refined for th ree hours at 1400 C. 
F iss ion product removal was much as expected on the bas i s of e a r l i e r work 
with uni r radia ted ma te r i a l , t r a c e r s , and i r r ad ia t ed uranium. Rare e a r t h s , 
y t t r ium, ces ium, ba r ium, s t ront ium, and iodine r emova l s exceeded 99 p e r ­
cent. Approximately 95 pe rcen t of the te l lur ium and 9 pe rcen t of the z i r ­
conium were removed. 

A second exper iment on the r e l ea se of f iss ion product krypton and 
xenon from i r rad ia ted f iss ium fuel pins was completed. The amount of gas 
evolution appears to depend p r i m a r i l y on t e m p e r a t u r e r a the r than on the 
heating ra te . The removal of krypton and xenon was complete at 1025 C 
within the l imi ts of analyt ical accuracy . 

Uranium and u ran ium-f i s s ium alloy pins r eac t with ni t rogen in an 
argon a tmosphere , forming uran ium n i t r ides . The reac t ion follows a p a r a ­
bolic rate law, with approximate ly the same ra te constants for uranium 
and the f iss ium alloy. In both c a s e s , however, the ra te is approximately 
doubled by the p resence of meta l l i c sodium coatings on the p ins . Activation 
energies for the react ion, about 15 k c a l / m o l e , a r e not affected significantly 
by the presence of f i ss ium const i tuents in the uran ium at five weight pe rcen t 
concentrat ion, nor by sodium coatings on the u ran ium or the f iss ium alloy. 
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Various techniques a r e being invest igated for inc reas ing nnelt r e ­
fining pouring yields under adverse c i r c u m s t a n c e s . Ce r t a in mechanica l 
devices , for example , a r e being evaluated as poss ib le methods of punc tu r ­
ing oxide or ni t r ide c r u s t s on the surface of molten u ran ium. 

Work was continued on the development of a p r o c e s s for r ecovery 
and suitable purif ication of f issionable m a t e r i a l contained in crucible skull 
m a t e r i a l remaining after mel t refining opera t ions . The p r o c e s s e s under 
considera t ion ut i l ize liquid metal solvents as media in which recovery and 
purif icat ion operat ions a r e conducted. To enable remova l of skull m a t e r i a l 
f rom a crucible , the m a t e r i a l is f i r s t oxidized under control led conditions 
to a free-flowing powder, w^hich is readi ly poured f rom a cruc ib le . The 
oxide is then reduced by magnes ium dissolved in zinc. The reduced u r a ­
nium appears in zinc solution. Two prec ip i ta t ions of u ran ium, f i r s t as a 
u ran ium-z inc in te rmeta l l i c compound f rom the zinc solution, and then as 
u ran ium meta l f rom a m a g n e s i u m - r i c h solution, together with remova l of 
the supernatant liquid meta l phases provide purif icat ion of the u ran ium. 
It is then r e to r t ed to vapor ize assoc ia ted solvent me ta l s and to effect con­
solidation of the u ran ium product . 

This p r o c e s s was improved considerably during the pas t qua r t e r 
through the use of one of s eve ra l poss ib le mol ten halide fluxes in conjunc­
tion with a magnes ium-z inc reducing solution. In the p r e sence of a suitable 
flux and by adequate mixing, quantitative reduct ions of both pure u ran ium 
oxides and skull oxides were consis tent ly obtained within two hour s , many 
within th i r ty minutes . Complete reduct ion of plutonium dioxide was s i m i ­
l a r ly achieved. Another outstanding advantage of a flux is that it acts as a 
vehicle in which the magnes ium oxide reac t ion product is suspended, thereby 
enabling a clean separa t ion of this m a t e r i a l f rom the me ta l phase . Phys ica l 
removal of the magnes ium oxide from a meta l phase by f i l t rat ion or through 
liquation of the magnes ium oxide has been t roublesome and unsat i s fac tory . 
A th i rd advantage of the halide sal t fluxes is that the reduct ions can, if de­
s i red , be conducted in an a i r a tmosphere . Since unreduced u ran ium oxides 
a r e a lso suspended in the flux phase , a fourth potential benefit of a chlor ide 
flux a r i s e s f rom the poss ib i l i ty of reducing and leaching noble me ta l s f rom 
the skull oxide with zinc p r i o r to the reduct ion of u ran ium and the m o r e 
stable f ission product oxides with magnes ium. The removal of ruthenium 
from skull oxides by this p rocedu re was demons t ra t ed during the pas t 
qua r t e r . 

A fair ly extensive study of salt fluxes was under taken in the pas t 
qua r t e r to define those sy s t ems which produced the mos t rapid and quant i ­
tat ive reductions of U3O8 by a dilute magnes ium-z inc alloy. The salt fluxes 
found beneficial were mix tu r e s of alkali and alkaline ea r th e lement chlo­
r i d e s , the mos t rapid reduct ions occur r ing with the l ighter ca t ions . Mag­
nes ium chloride was a major ingredient in all fluxes that gave complete 
reduct ion within 30 minutes and i s , the re fore , p re sen t ly r ega rded as an 
essen t i a l ingredient . Magnesium fluoride (5 mole percen t ) was a l so p re sen t 
in all fluxes because of i ts effectiveness in providing clean and rapid 
coalescence ajid separa t ion of the salt and meta l p h a s e s . 
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Studies of reduction in the absence of flux w e r e conducted in both 
pure magnesium and dilute magnes ium-z inc al loys. With a 10 pe rcen t 
magnesium concentrat ion in z inc, reduct ions were fair ly rapid and near ly 
quantitative, but became much slower at a five pe rcen t magnes ium con­
centrat ion. Reductions in pure magnes ium were st i l l s lower and i r r e -
producible. In this sys tem, chlor ide fluxes a r e also beneficial . It is 
noteworthy that in pure magnes ium-f lux sys tems ce r ium (and, there fore , 
possibly other r a r e ear ths) r ema ins in the flux phase . In dilute 
magnes ium-zinc-f lux sys tem, r a r e e a r t h oxides a r e quanti tat ively r e ­
duced and appear in the meta l phase along with the u ran ium. 

P repa ra t ions a re now underway for m e d i u m - s c a l e (200 g r a m s 
of uranium) demonst ra t ions of the skull rec lamat ion p r o c e s s , shown in 
Figure 8, page 49, which ut i l izes salt f luxes. However, the step for r e ­
moval of noble me ta l s will not be incorpora ted until fur ther l abora to ry 
studies have been made . A s m a l l - s c a l e (15 g r a m s of uranium) demon­
stra t ion run showed good remova l s of c e r i um, molybdenum, and z i rconium, 
the only e lements followed, thus indicating that the p r o c e s s will provide 
adequate decontamination. 

In re tor t ing studies of u ran ium prec ip i ta ted f rom m a g n e s i u m - r i c h 
sys tems , a considerable port ion of the product has been in the form of 
la rge agglomerated m a s s e s of u ran ium. Since these have been very easi ly 
handled, their formation appears de s i r ab l e . The uran ium agglomerat ion 
occurs during decomposit ion of u ran ium-z inc in te rmeta l l i c compounds with 
magnesium. The factors responsib le for thei r format ion a r e not yet known, 
although s t i r r ing is believed to play a major ro le . 

A possible simplification of the p r o c e s s for isolat ion of plutonium 
bred in the uranium blanket of the EBR-I I r eac to r involves the d i rec t low-
tempera tu re (450 C) react ion of u ran ium with zinc in slight excess of that 
requi red for s toichiometry to give an in te rmeta l l ic (UZnii.5) which would 
then be t r ea ted with magnes ium to decompose the in te rmeta l l i c and d i s ­
solve the plutonium. The l o w - t e m p e r a t u r e react ion was demons t ra ted in 
the pas t qua r t e r with ful l-s ize blanket p ins , 0.433 inch in d i ame te r . T imes 
of around 100 hours were r equ i red for completion of the react ion. It is 
hoped that these t imes can be apprec iably shortened by fur ther work. 

In a 100-hour holding run, a plutonium-zinc solution at 800 C was 
stable in a graphite c ruc ib le . An init ial loss of plutonium occu r r ed from 
magnesium solutions held in tanta lum cruc ib les at 800 C, after which the 
plutonium concentrat ion stabil ized. This loss is probably caused by a 
react ion with ei ther solution or tanta lum impur i t i es and will be fur ther 
investigated. 

A p r o g r a m is underway for evaluating m a t e r i a l s for containing 
liquid meta l sys t ems of in te res t . The very slight a t tack of tantalum by 
zinc at 850 C is reduced by the addition of magnes ium. In p r e l i m i n a r y 
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t es t s a tan ta lum-7 .5 percen t tungsten alloy has shown be t te r r e s i s t ance to 
at tack by zinc than tanta lum. Molybdenum is ser ious ly at tacked by zinc at 
850 C, whe reas graphi te shows p r o m i s e as an outstanding container 
m a t e r i a l . 

A d i r ec t - cyc l e fue l - r ep rocess ing plant using pyrometa l lu rg ica l p r o ­
cedures is being designed and cons t ruc ted as p a r t of the Exper imenta l 
Breede r Reactor No. II (EBR-II) project . A Labora to ry and Service Building 
is also included. Melt refining, liquid meta l ext rac t ion , and p r o c e s s e s in­
volving fract ional c rys ta l l i za t ion from liquid me ta l sys t ems a r e being 
examined for the r ecove ry and purif icat ion of EBR-II fuels. Based on these 
studies, p r o c e s s equipment is being designed and tes ted . 

Instal lat ion of equipment in the Labora to ry and Service Building has 
been completed, and shakedown test ing has begun. 

Construct ion of the Fuel Cycle Faci l i ty Building is continuing. The 
s t ruc tu re , which was 40 pe rcen t completed by September 6, I960, was about 
70 percent completed by December 6, I960. Enc losure of the building has 
been completed and work is continuing inside during the winter . 

The s tandard Genera l Mills Model 300 manipula tor a r m has been 
successfully at tached by remote means to the radiat ion stable e l e c t r o ­
mechanical operat ing manipula tor . This i n c r e a s e s the versa t i l i ty of the cell 
manipulator sys tem. An o rde r for 12 Model 8 manipula tors for the Air Cell 
has been placed. 

The switchboard and control cabinets for manipu la to r s , c r a n e s , and 
b l i s te r hoist have been tes ted and shipped to Idaho. 

The final shipment of components for the Fuel Cycle Faci l i ty p r o c e s s 
cell windows has been received in Idaho. 

The major lamp manufac tu re r s have modified the design of the m e r ­
cury lamps specified for use in the p r o c e s s ce l l s . Tes ts show that the new 
lamps a re very infer ior for the proposed use as compared with the l amps 
previously manufactured. An adequate supply of l amps of the type fo rmer ly 
manufactured has been o rde red . 

Redesign of the smal l a i r lock and component p a r t s is near ly com­
pleted. KoUmorgen Corpora t ion was chosen to modify an existing wall 
per iscope to raake it suitable for use in the Air Cell by the addition of in­
te rna l shielding. The instal lat ion drawings for the high-frequency power 
dis tr ibut ion sys tem have been completed. Work continues on the drawings 
or instal lat ion packets of the mel t refining off-gas sys tem, the space 
radia t ion-moni tor ing sys tem, the se rv ice plugs, and other equipment i tems 
for the Fuel Cycle Faci l i ty , 



Three types of r ad ia t ion - res i s t an t g r e a s e s have been i r r ad i a t ed 
and then tes ted in a ro l l e r bear ing of a type used in the manipula tor br idge . 
The tes ts indicate that the g r e a s e s a r e adequate for the proposed use , but 
further tes ts a r e being conducted to de te rmine the effects of radiat ion at 
levels below those used in the initial expe r imen t s . 

An economical r ad ia t ion - re s i s t an t end sea l for MI cable is d e s i r ­
able for nonpermanent instal lat ions in the p r o c e s s ce l l s . Severa l types 
have been tes ted and one type appears sa t i s fac tory . Flexible leads a r e 
also needed in the ce l l s . Leads with four types of asbes tos insulat ion 
have been i r r ad ia t ed and tes ted. Two of the types appear sa t i s fac tory . 

The ser ious cracking prob lem previous ly noted with mel t refining 
crucibles has been el iminated. This was accompl ished by the modif ica­
tion made by the supplier in the manufacturing method and by the appl i ­
cation of a set of acceptance s tandards devised and applied by this 
Division. 

Tests have shown that the F ibe r f rax fume t rap will be adequate 
to handle the quanti t ies of fumes evolved in the me l t refining furnace. 
These exper iments a lso show that a tight sea l is not n e c e s s a r y between 
the crucible and the fume t r ap . 

Twenty-four batches of enr iched pin s c r a p were mel ted down into 
ingots for recas t ing of fuel pins for EBR-II . 

Fundamental studies a r e being made in sufJport of the p r o c e s s 
development ac t iv i t ies . Data bas ic to the var ious liquid meta l p r o c e s s e s 
a re the solubil i t ies of those e lements whose separa t ions a r e being at tempted. 
The solubili t ies of the r a r e ea r th e lements europium, gadolinium, dysp ro ­
sium, and erb ium in liquid cadmium may be r ep re sen t ed by the following 
empir ica l equations : 

europium (330 to 500 C): log (atom percent ) = 6.063 - 4210 T"^ 

gadolinium (325 to 500 C): log (atom percent ) = 3.217 - 3279 T~^ 

dyspros ium (325 to 630 C): log (atom percent ) = 3.335 - 2447 T~' 

e rb ium (325 to 630 C): log (atom percen t ) = 6.309 - 6444 T~^ 

+ 1.485 x 10^ T"^ 

The solubil i t ies of manganese and nickel in liquid cadmium, which 
a r e important consti tuents of h igh-s t reng th alloy s t e e l s , may be r ep re sen t ed 
by the following empi r i ca l equat ions: 
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manganese (325 to 650 C): log (atom percent) = 3.263 - 3054 T"'' 

+ 0.4476 X 10^ T"^ 

nickel (509 to 650 C): log (atom percent) = 1.954 - 740.8 T"^ 

nickel (330 to 509 C): log (atom percent) = 6.722 - 5628 T"^ 

+0.9045X 10^ T"2 

Additional studies with the z inc -u ran ium sys t em indicate the ex is t ­
ence of two in te rmeta l l i c compounds: a delta phase (phase r i ches t in u r a ­
nium) and an epsilon phase (phase r i ches t in zinc). The epsilon phase was 
found, by t he rma l ana lys i s , to decompose per i tec t ica l ly into the mel t and 
delta phase at 844 C. Two contiguous in te rmeta l l ic l aye r s were found in 
diffusion t e s t s made below 800 C, the outer l ayer being the epsi lon phase 
and the inner layer the delta phase . A single layer of delta phase was 
found when diffusion tes ts were made at 875 C. 

Measu remen t s of the vapor p r e s s u r e of the z inc -u ran ium sys t em 
by the effusion method have confirmed the exis tence of two u ran ium-z inc 
in te rmeta l l i c phases . The delta phase was found to have a constant vapor 
p r e s s u r e , indicating a constant composi t ion, the z inc -u ran ium ra t io of this 
phase being approximate ly 8.4 to 1, The epsilon phase was found to have 
a vapor p r e s s u r e which d e c r e a s e d with loss of zinc, indicating a range 
of composi t ion. The l imi t s of the conaposition of the epsi lon phase a r e 
from UZnii.2 ^o UZn9.4. 

Severa l additional observa t ions have been made re la t ive to the 
u ran ium-cadmium sys tem. The t e m p e r a t u r e of the a lpha-be ta u ran ium 
t rans format ion is unaffected by sa tura t ion with cadmium, indicating no 
appreciable solubility of cadmium in solid uranium. S imi la r ly , no a p p r e ­
ciable solubility of uran ium in solid cadmium was found. The eutect ic 
t e m p e r a t u r e at which equi l ibr ium between cadmium, UCdu, and mel t 
exis ts was found to be 0.26 C below the freezing point of cadmium. 

A sys temat ic study is underway to a s c e r t a i n the influence of atomic 
s ize , meta l l i c valence, and e lec t ronic configuration on the coprecipi ta t ion 
of var ious meta l l i c e lements with the c e r i u m - c a d m i u m in te rmeta l l i c phase 
CeCdji. The following values for the coprecipi ta t ion coefficient, X, defined 
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, ^, . 1 / t r a c e r m solution ^ ^ , / c a r r i e r m solution \ , 
by the equation log 7- ) = A log I — ;; : 1, have 

\ total t r a c e r / \ total c a r r i e r / 
been determined: sodium, X = 0; l i thium, X = 0; po tass ium, X = 0; y t t r ium, 
X= 0; lanthanum, X - 1.49; u ran ium, X= 0.13; s t ront ium, X = 0.10; e u r o ­
pium, X = 0.099; and z i rconium, X= 0.04. 

The dis tr ibut ion coefficient of r ep resen ta t ive f iss i le and fission 
product e lements between the two immisc ib le l iquids , zinc and bismuth, 
at 548 C have been determined. Values of the coefficient (weight percen t 
in zinc phase/weight percent in bismuth phase) a r e pal ladium, 33.3; 
uranium, 0.17; ce r ium, 0,05; and s t ront ium, 7.7 x 10""*, The coefficient 
for uranium was found to vary from 0,078 at 447 C to 0.17 at 548 C, 

The mutual solubili t ies of liquid aluminum and cadmium may be 
rep resen ted by the empi r i ca l equations 

log (atom percen t cadmium in aluminum) = 3,479 - 2944 T~^ 

log (atom percen t aluminum in cadmium) = 3,702 - 2815 T~^ 

in the t empera tu re range from 680 to 720 C. 

The molar magnetic susceptibi l i ty of c e r i u m in the in te rmeta l l ic 
phase CeCdji may be r ep re sen t ed by a C u r i e - W e i s s equation [X = C/(T-A)], 
with A = -2 K and C = 0.81, The effective Bohr magneton number for this 
system is 2.55, This value is in good ag reemen t with the value of 2,56 ca l ­
culated for a free gaseous ce r ium ion in a ^"^s/z ground state . 

Exper imenta l work on the study of the heat of format ion of tungsten 
disulfide has been completed with the de te rmina t ion of the energy change 
of the react ion 

W(c) + 2S(c) + 9/2 02(g) + 4 NaOH(aq) —^ ^O^jyc) + 2 Na2S04 (aq) + 2H2O , 

The p re l iminary value for A E ° / M of the reac t ion is -2226,70 i 0.88 cal 
per g r am of tungsten-sulfur mix tu re (mole ra t io of one to two). 

Conditions for the combustion of uranium mononi t r ide and z i rconium 
hydride in oxygen in a bomb c a l o r i m e t e r have been de termined, Ca lo r i -
me t r i c combustions of uranium mononitr ide a r e being c a r r i e d out. 

In the fluorine bomb c a l o r i m e t r y phase of the p r o g r a m , ca lo r ime t r i c 
studies a r e complete for the de terminat ion of the hea ts of formation of z i r ­
conium te t raf luor ide , molybdenum hexafluoride, and boron t r i f luor ide . P r e ­
l iminary values for z i rconium te t raf luor ide and molybdenum hexafluoride 
were repor ted previously (ANL-6231, page 82). The p re l im ina ry value for 
the s tandard heat of formation of boron t r i f luoride gas is -269.97 1 0.32 kcal/ 
mole . Work is in p r o g r e s s on the de terminat ion of the heat of formation of 
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uranium hexafluoride and boron n i t r ide . Because boron ni t r ide r eac t s 
spontaneously with f luorine, a special react ion ves se l was const ructed for 
the study, which will be useful a lso for studies of other e lements that r eac t 
spontaneously with f luorine. 

Work is continuing on the a s sembly of a 1500 C h igh - t empera tu re 
enthalpy ca lo r ime te r and the design of a 2500 C furnace for studies at even 
higher t e m p e r a t u r e s . 

II. Fuel Cycle Applications of Volatility and Fluidizat ion Techniques 
(pages 130 to 167) 

A d i rec t f luorination volatil i ty p r o c e s s has been proposed for the 
recovery of uranium and plutonium from i r r ad ia t ed nuc lear r eac to r fuels . 
In this p roces s advantage is taken of the vola t i l i t ies of uran ium and pluto­
nium hexafluoride and of fluidization techniques. At tempts a re being made 
to apply this p r o c e s s to uraniunn oxide and z i rconium m a t r i x fuels. 

The proposed p r o c e s s for recovery of uran ium and plutonium from 
spent uranium oxide, involves decladding by an appropr ia te react ion in a 
fluidized bed. Plutonium and uran ium hexafluo r i d e s , which resu l t from the 
react ion of the declad oxide fuel with f luorine, may be separa ted using a 
combination of the var iabi l i ty of the r a t e s of f luorination of the plutonium 
and uranium compounds, and chemica l reac t iv i t i e s of the hexafluo r ides . 

The decladding step of the p r o c e s s for uran ium dioxide fuels in­
volves ga s -me ta l reac t ions in the case of e lements clad e i ther with s ta in­
l e s s steel or Zi rca loy. The g a s - m e t a l reac t ions a r e c a r r i e d out with the 
fuel e lements submerged in an iner t fluidized bed (calcium fluoride or 
alundum) which s e r v e s as a heat t r ans fe r medium. Dilute mix tu re s of 
hydrogen chloride in hydrogen fluoride or the separa te gases have been 
successfully employed where z i rconium decladding is n e c e s s a r y . In r e ­
cent work chlorine has rep laced the hydrogen chlor ide . In the case of 
s ta in less steel cladding, chlor ine alone appea r s suitable as the decladding 
reagent based on r e su l t s f rom pi lot-plant s tudies . 

The cladding reac t ions ( r e fe r r ed to as prinnary) a r e being c a r r i e d 
out in a two-zone fluid-bed r eac to r . Volati l ization of the clad or alloying 
m a t e r i a l occurs in the lower zone during the chlor inat ion react ion. The 
volatile m a t e r i a l s p a s s upw^ard into the upper zone where hydrogen fluoride 
is admitted, thus effecting convers ion to solid f luor ides . The two zones 
a r e separa ted by an inver ted conical baffle (other types may also be sui t ­
able) which reduces back-mixing of the gases and p reven t s the formation 
of gas mix tu res that have been shown to affect these reac t ions adverse ly . 
The two-zone scheme a p p e a r s a t t rac t ive for react ing the cladding or a l loy­
ing agent as well a s for the chlorinat ion of the s in te red oxide fuel itself. 
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In pi lot-plant studies the react ion of 304 s ta in less s teel tube sections 
with chlorine has been investigated in a l y - inch d iame te r , two-zone fluid-
bed reac tor . Penet ra t ion ra t e s ranged from 6 m i l s / h r at 570 C to 10.6 m i l s / 
hr at 590 C, using 100 percent chlor ine as the p r i m a r y (lower zone) r e a c -
tant. Hydrogen fluoride was admit ted to the upper react ion zone where the 
volatile f e r r i c chloride is conver ted to the solid f luoride. The solid m a ­
te r ia l deposits p r ima r i l y on the surface of the bed p a r t i c l e s , with a smal l 
fraction forming in the gas phase and remaining as f ines. At 570 C, a 
th ree -hour exper iment resu l ted in reac t ion of 75 pe rcen t of the 50-mi l 
thick specimen. Other halogenating agents tes ted for decladding included 
bromine , carbon t e t rach lo r ide , and a mix tu re of carbon t e t r ach lo r ide and 
water vapor , but none of these showed any p r o m i s e . An equimolar rat io 
of chlorine and carbon te t rach lor ide gave a slightly lower ra te of reac t ion 
than chlorine alone, 7.3 and 3,4 m i l s / h r at 600 and 577 C as compared with 
about 9.0 and 5.5 m i l s / h r . 

After decladding has been achieved, a subsequent f luorination step 
is expected to provide the n e c e s s a r y separa t ion of the f iss i le e l emen t s . 
The d i rec t f luorination of dense u ran ium dioxide pel le ts is being examined 
in fluid-bed pi lot-plant s tudies . A s ix- inch deep bed of— -inch ine r t - f i r ed 
pel le ts was completely reac ted in 6.5 h r , with sa t is factory reac t ion control 
at 500 C and 20 percent inlet f luorine. In p re l imina ry runs with hydrogen-
fired pe l le t s , overal l fluorination r a t e s appear lower by a factor of about 
3 than with ine r t - f i red pe l le t s . In t h r e e - i n c h deep beds sa t i s fac tory fluo-
r inat ions were c a r r i e d out at 500 C with up to 40 pe rcen t inlet f luorine 
concentrat ion. Analysis of runs to date shows a substant ial effect on 
react ion ra te and fluorine efficiency of the concentra t ion of in te rmedia te 
uranyl fluoride fines in the fluid bed. 

Heat t r ans fe r t es t s a r e being continued in mockup sys t ems s imi la r 
to those encountered in f luorinations of uran ium dioxide pe l l e t s , that i s , 
with a fluidized medium in the voids of a nonfixed bed of heated pe l l e t s . 
F i lm coefficients for heat t r an s f e r f rom a single hea ter to a fluidized 
medium in the pel let voids obtained for -g--inch pel le ts w e r e 75 pe rcen t 
of those for fluidization without pe l l e t s . Heat t r ans fe r for this ca se 
appeared as good or be t te r than in a s i m i l a r sys tem with •2-inch pe l l e t s . 
Tes ts a r e in p r o g r e s s to de te rmine the effective radia l t h e r m a l conduc­
tivity of packed, fluidized beds in a sys tem with an axial hea te r and a 
cooled column wall . P r e l i m i n a r y r e s u l t s show a conductivity of the o rde r 
of 10 Btu/ (hr) (sq ft)(F/ft). This value is very close to that for s ta in less 
steel type 347. 

Spent oxide reac to r fuels will contain both plutonium and uran ium. 
Labora tory investigations a r e in p r o g r e s s to examine the p rob l ems involved 
in the s teps of the Direct F luor ina t ion Volatility P r o c e s s , including those 
encountered in the quantitative t r a n s p o r t of plutonium hexafluoride. 



Two exper imen t s have been pe r fo rmed on the fluorination of 
mul t ig ram quant i t ies of plutonium dioxide, and 99 and 97 pe rcen t of the 
plutonium was accounted for in the volat i le effluent. 

Expe r imen t s have been made to demons t ra te that plutonium hexa­
fluoride produced in a l abora tory f luorinator can be pas sed through heated 
sections of pipe and through the rma l gradients with very good recovery of 
the compound. T r a p - t o - t r a p t r a n s p o r t through labora tory equipment has 
demons t ra ted that 98 to 100 pe rcen t of the plutonium hexafluoride volat i l ized 
could be r ecove red . 

It has a lso been demons t ra ted that a 38 -g ram sample of plutonium 
hexafluoride could be held at 60 C for 25.5 hours with no m o r e decompos i ­
tion than could be a t t r ibuted to alpha radiat ion decomposit ion. 

The react ion of b romine with plutonium hexafluoride, with and with­
out the p r e s e n c e of uranium hexafluoride, has been invest igated. Bromine 
is a sa t is factory reagent for the reduct ion of plutonium hexafluoride to 
plutonium te t raf luor ide and can be used to separa te uran ium and plutonium. 

The g a m m a - r a y spec t rum of plutonium te t raf luor ide has been in­
vest igated up to 2.0 Mev. F a s t neut ron flux m e a s u r e m e n t s have been made 
on samples of plutonium te t raf luor ide to a s say the haza rds connected with 
theo:-n react ion. 

A combined chlor inat ion-f luor inat ion p r o c e s s (Direct Chlorinat ion 
P r o c e s s ) has been proposed as an a l t e rna te to the fluorination step. Accord­
ingly, work was begun on the chlor inat ion of s in te red uranium dioxide pel le ts 
using chlor ine , carbon t e t r ach lo r ide , and mix tu r e s of the two. Initial expe r ­
iments conducted in a tube furnace on single pel le ts of dioxide (p repared at 
Mall inckrodt Nuclear Corp . , with a densi ty near ly 95 pe rcen t of theoret ica l ) 
attained reac t ion r a t e s of 370 to 780 m g / ( s q cm)(hr) , based on pel le t weight 
loss data and the or iginal surface a r e a of the pel let . The highest ra te r e ­
flects about 25 pe rcen t consumption of a pel le t in one hour at 600 C. The 
ch lo r ine -ca rbon t e t r ach lo r ide mix tu re (— each and -j nitrogen) proved bes t 
in the range from 500 to 600 C, although the difference in ra te between 
this mix ture and carbon te t rach lor ide alone na r rowed at the higher t e m ­
p e r a t u r e . These chlor inat ion r e su l t s suggest a Direc t Chlorination P r o c ­
e s s as an a l t e rna te to the Direct F luor ina t ion P r o c e s s now being developed. 
This p r o c e s s would have the advantages of l e s s costly reagents and lower 
heat load (lower hea ts of react ion) . 

Supporting co r ro s ion studies on typical m a t e r i a l s of cons t ruc t ion 
being c a r r i e d out in a one- inch tube-furnace showed nickel and Inconel s u s ­
tained s imi l a r c o r r o s i o n r a t e s , about 20 m i l s / m o at 600 C, in ch lo r ine -
nitrogen s t r e a m (equiinolar quant i t ies) , w h e r e a s the ra te for Has te l loy-C 
was somewhat lower , being 12 m i l s / m o . At 550 C, the ra te for nickel and 
Inconel was about 6 m i l s / m o . 



Application of The Direct Fluor inat ion Volatility P r o c e s s to highly 
enriched, low u ran ium-Z i r ca loy alloy pla te- type fuels has been repor ted 
previously (ANL-6183, pages 101 to 106 and ANL-6145, page 119). Appli­
cation of a Direct Chlorination P r o c e s s has been examined in pi lot-plant 
s tudies. Appreciably higher r a t e s of a t tack on u r a n i u m - Z i r c a l o y - 2 alloy 
plate a s sembl i e s were achieved with chlor ine as the p r i m a r y reac tan t in­
stead of hydrogen chloride in the lower zone of the s ix- inch d i ame te r , 
two-zone r eac to r ; r a tes ranged from 274 to 417 g /h r of me ta l r eac t ed as 
opposed to a maximum rate of 300 g / h r using hydrogen chlor ide at t e m ­
p e r a t u r e s nea r 400 C, Also, much lower concentra t ions of chlor ine were 
used, about 10 to 20 percent as compared w^ith 60 to 90 pe rcen t hydrogen 
chloride. Analyses of severa l size f ract ions of the final bed indicate the 
uranium and z i rconium a re uniformly deposi ted on the p a r t i c l e s in the 
upper zone during the course of the hydrofluorinat ion reac t ion . No l o s s e s 
of these m a t e r i a l s from the r e a c t o r have been exper ienced, a s de te rmined 
by analys is of the off-gas scrub solution, indicating that the two-zone 
scheme has high efficiency for " t rapping" vola t i les . 

The react ion of chlor ine and hydrogen fluoride with anhydrous 
ammonia in the gas phase follow^ed by wa te r scrubbing was found to be 
an effective method for efficient d isposal of the excess r eac tan t s in these 
halogenation s tudies . Appreciable c o r r o s i o n had been exper ienced p r e ­
viously in a rec i rcu la t ing caust ic column. A t h r e e - i n c h d i ame te r by 
three-foot long g lass column (par t ia l ly packed) was adequate for a b s o r b ­
ing a combined flow of 12 m o l e / h r chlor ine and 10 m o l e / h r hydrogen 
f luoride, using about 5 to 10 g a l / h r wa te r and 25 pe rcen t exces s ammonia . 

The convers ion of u ran ium hexafluoride to u ran ium dioxide by a 
two-s tep fluid-bed p r o c e s s is cu r r en t ly being studied. The majo r p rob lem 
in the f i r s t s tep, react ion of the hexafluoride with s team to form uranyl 
f luoride, continues to be one of control of pa r t i c l e s ize . A recycle s t r e a m 
of "seed" pa r t i c l e s equivalent to about 15 pe rcen t of the feed is being e m ­
ployed. The p re sen t feed ra te is equivalent to 174 lb u ran ium/ (h r ) ( sq ft 
r eac to r c r o s s section), and the column is being opera ted at 200 C. 

An auxi l iary t h r ee - inch r e a c t o r has been ins ta l led for work on the 
second step, reduction of the uranyl f luoride to dioxide with hydrogen or 
hydrogen-s team m i x t u r e s . The column has been designed so that both 
fluid and static or moving-bed experinnents may be c a r r i e d out. P r e l i m i ­
nary data from runs at 600 and 650 C indicate that much b e t t e r convers ion 
is obtained with a hydrogen s team mix tu re than with hydrogen alone. 

III. Reactor Safety (pages 168 to 199) 

The oxidation, ignition, and combust ion p r o c e s s e s of u ran ium, zir­
conium, and plutonium a r e being studied to provide information to aid in 
minimizing the haza rds assoc ia ted with handling these m e t a l s . 
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Studies of the ignition of u ran ium powders by the burning curve 
method a r e continuing. Resul ts have shown that an i nc rease in heating 
ra te caused an inc rease in ignition t e m p e r a t u r e for a -80 +100 m e s h 
(d = 149 mic rons ) powder. An i nc r ea sed heating r a t e , however , d e c r e a s e d 
the c r i t i ca l height of powder r equ i red to yield a constant ignition t e m p e r ­
a tu re . The c r i t i ca l height was shown previous ly to be near ly independent 
of conta iner d iamete r . The effects of heating ra te w e r e shown to be con­
sis tent with the F rank -Kamene t sk i i theory of t h e r m a l explosions and the 
Mur ray , Buddery and Taylor ignition equation. Both t r e a t m e n t s apply 
when a l inear oxidation ra te law p r e v a i l s . 

The effect of pre-oxida t ion on the ignition t e m p e r a t u r e of a -140 
+ 170 m e s h (d = 88 mic rons ) u ran ium powder was invest igated. The igni­
tion t e m p e r a t u r e dec reased as much as 25 C when the surface of the 
p a r t i c l e s appeared to be fully covered by oxide nodules (20 pe rcen t r e a c ­
tion). F u r t h e r pre-oxida t ion caused the ignition t e m p e r a t u r e to i n c r e a s e . 

Ignition t e m p e r a t u r e s of u ran ium and uran ium carb ide powders 
were m e a s u r e d in a i r and compared to values obtained in pure oxygen. 
Ignition t e m p e r a t u r e s of both m a t e r i a l s in a i r we re within 20 C of those 
in oxygen. 

Studies of the r a t e of burning propagat ion along u ran ium and z i r ­
conium foil s t r i p s is continuing. Propaga t ion r a t e s did not i n c r e a s e 
significantly with u ran ium when the ambient a i r t e m p e r a t u r e was inc reased 
to 300 C. Propagat ion r a t e s i nc r ea sed about 40 pe rcen t at m o s t in e x p e r i ­
men t s with z i rconium when the ambient a i r t e m p e r a t u r e was i n c r e a s e d to 
400 C. 

P r ev ious work has shown that the p r e s e n c e of ce r t a in halogenated 
hydrocarbons in a i r d e c r e a s e s the burning propagat ion ra t e along m e t a l 
foils . An invest igat ion into the cause s of the d e c r e a s e d r a t e s was init iated. 
Studies of the cooling of a heated plat inum foil by va r ious m i x t u r e s of t r i -
f luorobromomethane and dichlorodif luoromethane with alir and a rgon indi­
cated that i nc reased heat r emova l was not respons ib le for the d e c r e a s e d 
burning r a t e s . 

The exper imenta l p r o g r a m to de te rmine r a t e s of reac t ion of mol ten 
r e a c t o r fuel and cladding m e t a l s with wa te r is continuing. The pr inc ipa l 
l a b o r a t o r y - s c a l e method involves the rapid melt ing and d i spe r s ion of meta l 
w i r e s in a wa te r environment by a surge c u r r e n t f rom a bank of condense r s . 
A new h i g h - p r e s s u r e appara tus was desc r ibed in the p rev ious q u a r t e r l y (see 
ANL-6231 , page 155). The s e r i e s of runs with 60-mi l z i rconium w i r e s at 
p r e s s u r e s up to 1500 p s i is continuing. More extensive and m o r e rap id r e ­
action was r epo r t ed in the p rev ious q u a r t e r l y for runs in heated w a t e r . 
This t r end was found to continue to higher meta l t e m p e r a t u r e s . Up to 
90 pe rcen t reac t ion o c c u r r e d a t an init ial me ta l t e m p e r a t u r e of 2200 C. 
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A s e r i e s of equations was der ived to desc r ibe the behavior of heated 
meta l spheres in a water environment . The der iva t ions were s imi l a r to 
those repor ted in a previous qua r t e r ly (see ANL-6029, page 126), with the 
addition of equations to descr ibe the gaseous diffusion p r o c e s s whereby 
water vapor diffuses through the hydrogen mant le surrounding react ing 
pa r t i c l e s . P r e l i m i n a r y resu l t s of s tudies on the analog computer have 
led to a reasonable in te rpre ta t ion of the unusual p r e s s u r e effect. 

A second l a b o r a t o r y - s c a l e method involves the rapid contact of 
s team with heated meta l . In this method, the me ta l r ece ives a " p r e s ­
sure pu l se" of water vapor . A new appara tus was cons t ruc ted which is 
ent i re ly enclosed in a box heated to 105 C. Runs with one a tmosphe re of 
water vapor react ing with molten a luminum at 1000 C a r e repor ted . P r e ­
l iminary r e su l t s indicate that the oxide film is ve ry protec t ive at these 
tempe r a tu r e s. 

A s e r i e s of m e t a l - w a t e r t r a n s i e n t i r r ad i a t i on expe r imen t s in 
TREAT was made with uranium w i r e s for which the ra te of energy input 
was p rogres s ive ly changed. Nine ty- three pe r c e n t enr iched uran ium w i r e s 
with d i a m e t e r s of 34 and 64 mi l s w e r e used. Observat ion of the u ran ium 
after the r e a c t o r b u r s t s indicated that , with an ave rage energy of 
44 megawat t - seconds (216 ca lo r i e s pe r g r a m uran ium) , a r e a c t o r per iod 
of 515 mi l l i seconds did not mel t the u ran ium. Reac to r pe r iods of 
304 mi l l i seconds or l e s s resu l ted in mel t ing of the w i r e s . The u ran ium 
attained t e m p e r a t u r e s of about 1500 C and the p r o c e s s was accompanied by 
the extensive format ion of p a r t i c l e s . One run with a bundle of th ree u r a ­
nium w i r e s resu l ted in 12.9 pe rcen t reac t ion , accompanied by the fusing 
together of the three w i r e s with the product ion of some fine p a r t i c l e s . 
A plot of the amount of u r a n i u m - w a t e r r eac t ion v e r s u s the r e a c t o r per iod 
indicated that the extent of reac t ion d e c r e a s e d a s the per iod inc reased . 

P a r t i c l e size m e a s u r e m e n t s w e r e made on uran ium wi re which had 
been mel ted and d i spe r sed under wa te r by the TREAT reac to r b u r s t s . The 
pa r t i c l e s of m o s t frequent occu r r ence had d i a m e t e r s in the range 2 to 
16 m i l s ; this is to be compared with the or ig inal d i ame te r of 64 m i l s . How­
ever , the p r e sence of l a r g e r globules r e su l t ed in Sauter mean d i a m e t e r s 
(see Table 56 for definition) ranging from 17 to 78 m i l s . A c o r r e l a t i o n was 
observed between the extent of u r a n i u m - w a t e r reac t ion and the change in 
specific surface a r e a ; as the ra t io of final a r e a to init ial a r e a i n c r e a s e d f rom 
1.0 to 5.4, the pe rcen t of m e t a l - w a t e r reac t ion i nc reased f rom 0.4 to 
17.2 percen t . 

IV. Reactor Chemis t ry (pages 200 to 206) 

The neutron capture c r o s s sec t ions of u ran ium-236 have been d e t e r ­
mined at neutron ene rg ie s ranging f rom 0.36 to 1.73 Mev. The c r o s s sect ions 
var ied from 0.27 b a r n at 0.36 Mev to <0 .1 b a r n at 1.73 Mev, going through a 
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maximum of 0.32 b a r n at 0.97 Mev and a min imum of 0.25 b a r n at 0.47 Mev. 
Work has begun on the de te rmina t ion of the fast neutron capture c r o s s s e c ­
tions of neptuniunn-237 for monoenerget ic neutrons in the range from 0.4 
to 1.7 Mev. 

The Reactor Decontamination P r o g r a m has two pr inc ipa l object ives : 
1) to de te rmine exper imenta l ly in p i lo t -p lant equipment the degree of con­
taminat ion to be expected in the steana phases of a boiling wa te r r e a c t o r 
sys tem in the event of fuel cladding fa i lu re , and 2) to find suitable methods 
of removing deposi ted activity f rom in terna l su r faces , should it be n e c e s ­
sa ry because of excess ive radiat ion l eve l s . The pi lo t -p lant equipment used 
for the f i r s t objective cons i s t s of a s t a in less s teel type 304 loop that s imu­
la tes the act ion of a boiling wate r r e a c t o r . Fuel rup tu re s a r e s imula ted by 
inser t ing t r a c e r ac t iv i t ies or i r r ad i a t ed meta l l i c u ran ium. In a pa ra l l e l 
effort, s tudies a r e being made in the l abora to ry to find suitable m e a n s of 
removing deposi ted ac t iv i t i es . 

In l abora to ry s tudies , scouting exper imen t s indicated that oxalic or 
dilute sulfuric ac ids in conjunction w^ith hydrogen peroxide have p romis ing 
decontaminat ion capabi l i t ies for s t a in less s teel type 304 su r f aces . Modifi­
cat ions of the second step of the alkal ine p e r m a n g a n a t e - c i t r a t e decontam­
ination p rocedu re to reduce the c o r r o s i v e n e s s on low alloy s t ee l s did not 
impai r the abil i ty to decontaminate s t a in less s teel . The modif icat ions con­
s i s ted of upward pH adjus tments or the addit ion of inh ib i tors . Ci t r i c acid 
alone was not ve ry effective a s a decontaminant ; peroxide addit ions i m ­
proved the r e s u l t s obtained. The addit ion of Delchem 2128A as a th i rd 
step in conjunction with the alkal ine p e r m a n g a n a t e - c i t r a t e p rocedu re 
yielded somewhat improved decontaminat ion over the conventional two-
step p r o c e d u r e . 

Two s e r i e s of reproducibi l i ty runs were made with the s t a in less 
steel type 304 pi lo t -p lant loop. In the f i r s t s e r i e s of t h r ee runs , s t a in less 
s teel type 304 sample s t r i p s w e r e used , w h e r e a s SAE type 1018 mi ld steel 
s t r ips were used in the second. Resul t s a r e not yet ava i lab le . 

V. Routine Operat ions (pages 20 7 to 208) 

The opera t ion of the radioac t ive w a s t e - p r o c e s s i n g facil i ty and the 
g a m m a - i r r a d i a t i o n facility continued without incident. 

F o r the convenience of the r e a d e r , appropr ia te p a r t s of th is s u m m a r y 
a r e r epea ted at the beginning of each of the f i r s t four sect ions of this r epor t . 



I. CHEMICAL-METALLURGICAL PROCESSING 

The r e s e a r c h and development work that is being done on py ro ­
meta l lu rg ica l p r o c e s s e s is prompted by the cons iderable likelihood that 
the application of these p r o c e s s e s to the r e c o v e r y of nuclear r eac to r 
fuel may lead to a reduction in the cost of nuc lear power. Of these py ro ­
meta l lu rg ica l p r o c e s s e s , mel t refining will be the f i rs t to be used on a 
plant scale . The p rocess will be incorpora ted into the fuel r ecove ry cycle 
of the second Exper imenta l Breeder Reactor (EBR-Il) . The r e a c t o r and 
the fuel cycle facility a r e now under const ruct ion at the Reactor Testing 
Station in Idaho. 

Final r e su l t s on the f i rs t h igh-act ivi ty level demons t ra t ion of the 
mel t refining p rocess for EBR-II core fuel have been obtained. A 
388-gram charge of uranium-five percen t f i ss ium fuel pins i r r ad i a t ed to 
a total atom burnup of about 0.6 percent was me l t refined for th ree hours 
at 1400 C. F iss ion product r emova l was much as expected on the bas i s 
of ea r l i e r work with un i r rad ia ted m a t e r i a l , t r a c e r s , and i r r ad ia t ed 
uranium. Rare ea r ths , y t t r ium, ces ium, ba r ium, s t ront ium, and iodine 
remova l s exceeded 99 percent . Approximate ly 95 pe rcen t of the t e l lu r ium 
and 9 percent of the z i rconium w^ere removed . 

A second exper iment on the r e l e a s e of f ission product krypton and 
xenon from i r r ad ia t ed f iss ium fuel pins was completed. The amount of gas 
evolution appears to depend p r i m a r i l y on t e m p e r a t u r e r a the r than on the 
heating ra t e . The r emova l of krypton and xenon was complete at 1025 C 
within the l imits of analyt ical accuracy . 

Uranium and u ran ium-f i s s ium alloy pins r e a c t with ni t rogen in an 
argon a tmosphere , forming uranium n i t r i de s . The reac t ion follows a 
parabol ic ra te law, with approximate ly the sanae ra t e constants for u ran ium 
and the f iss ium alloy. In both ca se s , however, the r a t e is approximate ly 
doubled by the p resence of meta l l i c sodium coatings on the pins. Act iva­
tion energies for the react ion, about 15 k c a l / m o l e , a r e not affected signifi­
cantly by the p resence of f i ss ium const i tuents in the uran ium at five weight 
percent concentrat ion, nor by sodium coatings on the u ran ium or the 
f iss ium alloy. 

Various techniques a r e being invest igated for increas ing mel t 
refining pouring yields under a dve r s e c i r c u m s t a n c e s . Certain mechan ica l 
devices , for example, a r e being evaluated as poss ib le methods of puncturing 
oxide or ni t r ide c r u s t s on the surface of mol ten uran ium. 

Work was continued on the development of a p r o c e s s for r e c o v e r y 
and suitable purification of f issionable m a t e r i a l contained in crucible skull 
m a t e r i a l remaining after mel t refining opera t ions . The p r o c e s s e s under 
considerat ion uti l ize liquid m e t a l solvents as media in which r e c o v e r y and 
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purification operat ions a r e conducted. To enable r emova l of skull m a t e r i a l 
from a crucible , the m a t e r i a l is f i r s t oxidized under control led conditions 
to a free-flowing powder which is readi ly poured from a cruc ib le . The oxide 
is then reduced by magnes ium dissolved in zinc. The reduced uranium 
appea r s in zinc solution. Two precipi ta t ions of uranium, f i rs t as a u r an ium-
zinc in te rmeta l l i c compound from the zinc solution, and then as uranium 
me ta l from a m a g n e s i u m - r i c h solution, together with r emova l of the super ­
natant liquid me ta l phases provide purification of the uranium. It is then 
r e to r t ed to vapor ize assoc ia ted solvent me ta l s and to effect consolidation 
of the uranium product. 

This p roces s was improved considerably during the pas t quar te r 
through the use of one of s e v e r a l possible molten halide fluxes in conjunc­
tion with a magnes ium-z inc reducing solution. In the p r e sence of a suitable 
flux and by adequate mixing, quantitative reduct ions of both pure uran ium 
oxides and skull oxides were consis tent ly obtained within two hours , many 
within th i r ty minutes . Complete reduct ion of plutonium dioxide was s i m i ­
la r ly achieved. Another outstanding advantage of a flux is that it ac t s as a 
vehicle in which the magnes ium oxide react ion product is suspended, t h e r e ­
by enabling a clean separa t ion of this m a t e r i a l from the m e t a l phase . 
Phys ica l r emova l of the magnes ium oxide from a m e t a l phase by fi l trat ion 
or through liquation of the magnes ium oxide has been t roub lesome and 
unsat i s fac tory . A th i rd advantage of the halide sal t fluxes is that the r e duc ­
tions can, if des i red , be conducted in an a i r a t m o s p h e r e . Since unreduced 
uran ium oxides a r e a l so suspended in the flux phase , a fourth potential 
benefit of a chloride flux a r i s e s from the possibi l i ty of reducing and leach­
ing noble me ta l s from the skull oxide with zinc p r io r to the reduct ion of 
uranium and the m o r e stable fission product oxides with magnes ium. The 
r emova l of ru thenium from skull oxides by this p rocedure was demons t ra t ed 
during the past qua r t e r . 

A fair ly extensive study of salt fluxes v/as under taken in the pas t 
qua r t e r to define those sy s t ems which produced the mos t rap id and quant i ­
tat ive reduct ions of U3O8 by a dilute magnes ium-z inc alloy. The salt fluxes 
found beneficial were m i x t u r e s of alkali and alkal ine ea r th e lement ch lor ides , 
the m o s t rap id reduct ions occur r ing with the l ighter ca t ions . Magnesium 
chlor ide was a major ingredient in a l l fluxes that gave complete reduct ion 
within 30 minutes and is , t he re fo re , p resen t ly r e g a r d e d as an e s sen t i a l 
ingredient . Magnesium fluoride (5 mole percent ) was a l so p r e sen t in a l l 
fluxes because of its effectiveness in providing clean and rapid coa lescence 
and separa t ion of the sal t and m e t a l phases . 

Studies of reduct ion in the absence of flux were conducted in both 
pure magnes ium and dilute m a g n e s i u m - z i n c a l loys . With a 10 percen t 
magnes ium concentrat ion in zinc, reduct ions were fair ly rapid and nea r ly 
quanti tat ive but became mus t s lower at a five pe rcen t magnes ium concen­
t ra t ion . Reductions in pure magnes ium were s t i l l s lower and i r r ep roduc ib l e . 



27 

In this sys tem, chloride fluxes a r e a l so beneficial. It is noteworthy that in 
pure magnesium-f lux sys tems ce r i um (and, there fore , possibly other r a r e 
ear ths ) r emains in the flux phase . In dilute magnes ium-z inc - f lux systena, 
r a r e ea r th oxides a r e quanti tat ively reduced and appear in the me ta l phase 
along with the uranium. 

P repa ra t i ons a r e now underway for m e d i u m - s c a l e (200 g r a m s of 
uranium) demonst ra t ions of the skull r ec lamat ion p r o c e s s shown in 
F igure 8, page 49, which ut i l izes sa l t fluxes. However, the slip for r emova l 
of noble me ta l s will not be incorpora ted until further l abora to ry studies have 
been made . A sma l l - s ca l e (15 g r a m s of uranium) demons t ra t ion run showed 
good removals of cer ium, naolybdenum, and z i rconium, the only e lements 
followed, thus indicating that the p roces s will provide adequate 
decontamination. 

In re tor t ing studies of u ran ium prec ip i ta ted from m a g n e s i u m - r i c h 
sys t ems , a considerable port ion of the product has been in the form of l a rge 
agglomera ted m a s s e s of uranium. Since these have been v e r y eas i ly 
handled, their formation appea r s des i r ab le . The u ran ium agglomerat ion 
occurs during decomposit ion of u ran ium-z inc in t e rme ta l l i c compounds with 
magnes ium. The factors respons ib le for their formation a r e not yet known, 
although s t i r r ing is believed to play a major ro le . 

A possible simplification of the p r o c e s s for isolat ion of plutonium 
bred in the uranium blanket of the EBR-II r eac to r involves the d i rec t low-
t empe ra tu r e (450 C) react ion of u ran ium with zinc in slight excess of that 
r equ i r ed for s to ichiometry to give an in te rmeta l l i c ( U Z n ^ s ) which would 
then be t r ea t ed with magnes ium to decompose the in t e rme ta l l i c and dissolve 
the plutonium. The l ow- t empera tu r e reac t ion was demons t r a t ed in the past 
quar te r with full size blanket pins, 0.433 inch in d i ame te r . T imes of 
around 100 hours were r equ i r ed for completion of the reac t ion . It is hoped 
that these t imes can be apprec iab ly shor tened by fur ther work. 

In a 100-hour holding run, a plutonium-zinc solution at 800 C was 
stable in a graphi te crucible . An ini t ial loss of plutonium o c c u r r e d from 
magnes ium solutions held in tanta lum c ruc ib les at 800 C, after which the 
plutonium concentrat ion stabi l ized. This loss is probably caused by a 
react ion with either solution or tanta lum impur i t i e s and will be further 
invest igated. 

A p r o g r a m is underway for evaluating m a t e r i a l s for containing 
liquid m e t a l sys t ems of in t e re s t . The v e r y slight a t tack of tanta lum by 
zinc at 850 C is reduced by the addition of magnes ium. In p r e l i m i n a r y 
tes t s a t an ta lum-7 .5 percent tungsten alloy has shown bet ter r e s i s t a n c e to 
at tack by zinc that tantalum. Molybdenum is s e r ious ly a t tacked by zinc at 
850 C, whereas graphi te shows p r o m i s e as an outstanding container 
m a t e r i a l . 
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A d i r ec t - cyc le fue l - reprocess ing plant using pyrometa l lu rg ica l 
p rocedures is being designed and cons t ruc ted as pa r t of the Exper imen ta l 
Breeder Reactor No. II (EBR-Il) project . A Labora to ry and Service 
Building is a l so included. Melt refining, liquid m e t a l extract ion, and 
p r o c e s s e s involving fract ional c rys ta l l iza t ion from liquid me ta l sy s t ems 
a r e being examined for the r e c o v e r y and purif ication of EBR-II fuels. Based 
on these s tudies , p r o c e s s equipment is being designed and tes ted. 

Instal lat ion of equipment in the Labora to ry and Service Building has 
been completed, and shakedown testing has begun. 

Construct ion of the Fuel Cycle Fac i l i ty Building is continuing. The 
s t ruc tu re , which was 40 percent completed by September 6, 1960, was about 
70 percent completed by December 6, I960. Enc losu re of the building has 
been completed and work is continuing inside during the winter . 

The s tandard Genera l Mills Model 300 manipula tor a r m has been 
successful ly a t tached by r emote means to the radia t ion stable e l e c t r o ­
mechan ica l operating manipula tor . This i n c r e a s e s the ve r sa t i l i t y of the 
cell manipula tor sys tem. An order for 12 Model 8 manipu la tors for the 
Air Cell has been placed. 

The switchboard and control cabinets for man ipu la to r s , c r a n e s , and 
b l i s te r hoist have been tes ted and shipped to Idaho. 

The final shipment of components for the Fue l Cycle Fac i l i ty p r o c e s s 
cel l windows has been rece ived in Idaho. 

The major lamp manufac tu re r s have modified the design of the 
m e r c u r y lamps specified for use in the p r o c e s s ce l l s . Tes t s show that the 
new lamps a r e ve ry infer ior for the proposed use as compared with the 
lamps previous ly manufactured. An adequate supply of lamps of the type 
fo rmer ly manufac tured has been o rdered . 

Redesign of the sma l l a i r lock and component pa r t s is nea r ly com­
pleted. KoUmorgen Corporat ion was chosen to modify an existing wall 
pe r i scope to make it sui table for use in the Air Cell by the addition of i n t e r ­
nal shielding. The ins ta l la t ion drawings for the high-frequency power 
dis t r ibut ion sys tem have been completed. Work continues on the drawings 
or instal la t ion packets of the mel t refining off-gas sys tem, the space r a d i a ­
tion monitoring sys tem, the se rv ice plugs, and other equipment i t ems for 
the Fuel Cycle Faci l i ty . 

Three types of r a d i a t i o n - r e s i s t a n t g r e a s e s have been i r r a d i a t e d and 
then tes ted in a ro l l e r bear ing of a type used in the manipula tor br idge. 
The t e s t s indicate that the g r e a s e s a r e adequate for the proposed use , but 
further t e s t s a r e being conducted to de t e rmine the effects of radia t ion a t 
levels below those used in the init ial expe r imen t s . 
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An economical r ad i a t i on - r e s i s t an t end seal for MI cable is des i rab le 
for nonpermanent instal lat ions in the p r o c e s s ce l l s . Severa l types have 
been tested and one type appears sa t i s fac tory . Flexible leads a r e also 
needed in the ce l l s . Leads with four types of asbes tos insulation have been 
i r rad ia ted and tested. Two of the types appear sa t i s fac tory . 

The ser ious cracking prob lem previous ly noted with me l t refining 
crucibles has been el iminated. This was accompl ished by the modification 
made by the supplier in the manufacturing method and by the application of 
a set of acceptance s tandards devised and applied by this Division. 

Tests have shown that the F ibe r f r ax fume t r ap will be adequate to 
handle the quantit ies of fumes evolved in the mel t refining furnace. These 
exper iments also show that a tight sea l is not n e c e s s a r y between the c r u ­
cible and the fume t r ap . 

Twenty-four batches of enr iched pin s c r a p were mel ted down into 
ingots for recas t ing of fuel pins for EBR-II . 

Fundamental s tudies a r e being made in suppor t of the p r o c e s s 
development ac t iv i t ies . Data bas ic to the var ious liquid meta l p r o c e s s e s 
a re the solubili t ies of those e lements whose separa t ions a r e being at tempted. 
The solubili t ies of the r a r e ea r th e lements europium, gadolinium, d y s p r o ­
sium, and e rb ium in liquid cadmium may be r e p r e s e n t e d by the follow^ing 
empi r ica l equations : 

europium (330 to 500 C): log (atom percen t ) = 6.063 - 4210 T"^ 

gadolinium (325 to 500 C): log (atom percent ) = 3.217 - 3279 T"^ 

dysprosium (325 to 630 C): log (atom percen t ) = 3.335 - 2447 T"^ 

erbium (325 to 630 C): log (atom percent ) = 6.309 - 6444 T~^+1.485 x 1 0^ T"^ . 

The solubil i t ies of manganese and nickel in liquid cadmium, which a r e 
important const i tuents of h igh-s t reng th alloy s t e e l s , may be r e p r e s e n t e d by 
the following empi r i ca l equat ions: 

manganese (325 to 650 C): log (atom percent ) = 3.263 - 3054 T"^ + 0.4476 x 1 0^ T"^ 

nickel (509 to 650 C): log (atom percent ) = 1.954 - 740:8 T"^ 

nickel (330 to 509 C): log (atom percent) = 6.722 - 5628 T"^+0.9045 x 1 0^ T"^ . 

Additional studies with the z inc -u ran ium sys t em indicate the exis tence 
of two in te rmeta l l i c compounds: a delta phase (phase r i ches t in uranium) and 
an epsilon phase (phase r i ches t in zinc). The epsi lon phase was found, by 
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t h e r m a l ana lys i s , to decompose per i t ec t i ca l ly into the me l t and delta phase 
at 844 C. Two contiguous in te rmeta l l i c l aye r s were found in diffusion 
tes t s made below 800 C, the outer l ayer being the epsi lon phase and the 
inner l ayer the delta phase . A single l ayer of delta phase was found when 
diffusion t e s t s were made at 875 C. 

Measu remen t s of the vapor p r e s s u r e of the z inc -u ran ium sys t em 
by the effusion method have confirmed the exis tence of two u ran ium-z inc 
in te rmeta l l i c phases . The delta phase was found to have a constant vapor 
p r e s s u r e , indicating a constant composi t ion, the z inc -u ran ium ra t io of this 
phase being approximate ly 8.4 to 1. The epsilon phase was found to have a 
vapor p r e s s u r e which d e c r e a s e d with loss of zinc, indicating a range of 
composi t ion. The l imits of the composi t ion of the epsi lon phase a r e f rom 
UZnii_2 to UZng_4. 

Severa l additional observa t ions have been made re la t ive to the 
u r a n i u m - c a d m i u m sys tem. The t e m p e r a t u r e of the a lpha-be ta u ran ium 
t rans fo rmat ion is unaffected by sa tu ra t ion with cadmium, indicating no 
apprec iab le solubility of cadmium in solid uran ium. Simi lar ly ,no a p p r e ­
ciable solubili ty of u ran ium in solid cadmium was found. The eutect ic 
t e m p e r a t u r e at which equi l ibr ium between cadmium, UCdji, and mel t 
exis ts was found to be 0.26 C below the freezing point of cadmiunn.. 

A sys t ema t i c study is underway to a s c e r t a i n the influence of a tomic 
s ize , meta l l i c valence, and e lec t ron ic configuration on the coprecipi ta t ion 
of var ious meta l l i c e lements with the c e r i u m - c a d m i u m in te rme ta l l i c phase 
CeCdij . The following values for the coprecipi ta t ion coefficient, X, defined 
, , . , / t r a c e r in solutionN ^ , / c a r r i e r in s o l u t i o n \ , 
by the equation log ; = X log : have 

^ total t r a c e r / \ total c a r r i e r / 
been de te rmined : sodium, X = 0; l i th ium, X = 0; po t a s s ium, X = 0; 
y t t r ium, X = 0; lanthanum, X = 1.49; u ran ium, X = 0.13; s t ron t ium, X = 0.10; 
europium, X = 0.099; and z i r con ium, X = 0.04. 

The dis t r ibut ion coefficient of r ep resen ta t ive f i ss i le and f iss ion 
product e lements between the two immisc ib le l iquids , zinc and b ismuth , at 
548 C have been de te rmined . Values of the coefficient (weight pe rcen t in 
zinc phase /weigh t pe rcen t in b i smuth phase) a r e pa l ladium, 33.3; u ran ium, 
0.17; c e r i u m , 0.05; and s t ron t ium, 7.7 x 10""*. The coefficient for u ran ium 
was found to va ry from 0.078 at 447 C to 0.17 at 548 C. 
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The mutual solubili t ies of liquid a luminum and cadmium may be 
r ep resen ted by the empi r i ca l equations 

log (atom percent cadnnium in a luminum) = 3.479 - 2944 T"'̂  

log (atom percent a luminum in cadmium) = 3.702 - 2815 T~^ 

in the t empera tu re range from 680 to 720 C. 

The molar magnet ic suscept ibi l i ty of ce r ium in the in te rmeta l l i c 
phase CeCdii may be r ep re sen t ed by a Cur i e -Weis s equation[(x = C / ( T - A ) ] , 

with A = - 2 K and C = 0.81. The effective Bohr magneton number for this 
sys tem is 2.55. This value is in good agreennent with the value of 2.56 
calculated for a free gaseous ce r ium ion in a ^'Fs,/z ground s ta te . 

Exper imenta l work on the study of the heat of formation of tungsten 
disulfide has been completed with the de te rmina t ion of the energy change 
of the react ion 

W(c) + 2S(c) + 9/2 O2 (g) + 4NaOH (aq) te»W03(c) + 2Na2S04 (aq) + 2H2O 

The p re l imina ry value for A E ° / M of the reac t ion is -2226.70 ± 0.88 cal 
per g r a m of tungsten-sulfur mix tu re (mole ra t io of one to two). 

Conditions for the combustion of u ran ium mononi t r ide and z i rcon ium 
hydride in oxygen in a bomb ca lo r ime te r have been de te rmined . Ca lo r ime t ­
r ic combustions of uranium mononi t r ide a r e being c a r r i e d out. 

In the fluorine bomb c a l o r i m e t r y phase of the p rog ra m, c a l o r i m e t r i c 
studies a r e complete for the de te rmina t ion of the heats of formation of 
z i rconium te t raf luor ide , molybdenum hexafluoride, and boron t r i f luor ide . 
P r e l i m i n a r y values for z i rconium te t ra f luor ide and molybdenum hexafluoride 
were r epor t ed previously (ANL-623 1, page 82). The p r e l i m i n a r y value for 
the s tandard heat of formation of boron t r i f luor ide gas is -269-97 ± 0.32 k c a l / 
mole . Work is in p r o g r e s s on the de te rmina t ion of the heat of formation of 
uranium hexafluoride and boron n i t r ide . Because boron n i t r ide r e a c t s spon­
taneously with fluorine, a spec ia l reac t ion v e s s e l was cons t ruc ted for the 
study which will be useful a l so for s tudies of other e lements that r e a c t 
spontaneously with fluorine. 

Work is continuing on the a s s e m b l y of a 1500 C h i g h - t e m p e r a t u r e 
enthalpy ca lo r ime te r and the design of a 2500 C furnace for s tudies at even 
higher t e m p e r a t u r e s . 
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A. Pyrometa l lu rg i ca l Development 

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

The 50 percent enr iched uranium fuel al loy used in the f i r s t 
EBR-II core loading will be r e c o v e r e d by the me l t refining p r o c e s s . After 
decladding, the fuel pins a r e chopped and then mel ted in a z i rconia c r u ­
cible. The charge is held at about 1400 C for t h r ee or four hou r s . Vola­
t i l izat ion of some of the fission products and select ive oxidation by the 
crucible r e su l t in the r emova l of about two- th i rds of the fission products . 
The purified m e t a l is s epa ra ted by pouring it into a graphi te mold. (A 
supplementary p rocess is r e q u i r e d to r ecover the unpoured m e t a l and 
oxide remain ing in the crucib le . ) Development work has been continued on 
the following aspec t s of the me l t refining p r o c e s s : ( l) me l t refining 
demons t ra t ion runs utilizing 400 g r a m s of highly i r r a d i a t e d u ran ium-
fiss ium alloy, (2) exper iments on the evolution of fission product krypton 
and xenon during the heating and melt ing of highly i r r a d i a t e d fuel pins, 
(3) s tudies of the ni t r idat ion of sod ium-coa ted pins in a n i t rogen-a rgon 
a tmosphe re , and (4) invest igat ions of modificat ions in mel t refining pouring 
techniques . 

a. High-activi ty Level Melt Refining Expe r imen t s 
(V. G. Tr ice , W. H. Spicer) 

Smal l - sca le mel t refining exper iments using highly i r r a ­
diated u ran ium-f i s s ium fuel pins have been s t a r t ed to demons t r a t e the 
r e c o v e r y and reconst i tu t ion of spent EBR-I I fuel and to observe the physical 
behavior of the m a t e r i a l during va r ious phases of the mel t refining p r o c e s s . 
The f i r s t exper iment of the s e r i e s has been completed. Phys ica l obse rva ­
t ions, the mos t notable of which was the formation of a c r u s t or film on the 
surface of the melt , were d i s cus sed in the previous r e p o r t (ANL-6231, 
page 38). 

In the f i rs t exper iment , the highly i r r a d i a t e d al loy was mel t 
refined for t h r ee hours at 1400 C. The exper imen ta l conditions a r e l i s ted 
in Table 1. The purified m e t a l product was r emoved from the crucible by 
top pouring. The resu l t an t ingot was sampled at the top, middle , and bottom. 
To facil i tate i ts removal , the skull remaining in the cruc ib le after pouring 
was conver ted to a powder by a i r oxidation for Z— hours at 650 to 700 C. 
The oxidation was c a r r i e d out in such a way that molybdenum was re ta ined 
in the oxidized skull and not vola t i l ized (ANL-6231, page 53). The resul t ing 
skull oxides were then t r e a t e d with hydrogen at 700 C to reduce ru thenium 
oxide to the meta l . Although the reduct ion of the oxides is not a par t of the 
p r o c e s s , its use here avoids a t roub lesome analyt ical problem, since 
ru thenium oxide is not read i ly d issolved by aqueous solut ions. After a five-
minute grinding and blending t r e a t m e n t in an e l ec t r i c m o r t a r ( "Mixer -Mi l l " 
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manufactured by Spex Indust r ies of Scotch Plain, New York), a homogeneous 
powder was produced, from which th ree random samples were obtained. 
The charge, ingot, and skull oxide samples were analyzed rad iochemica l ly 
for r a r e ea r ths -y t t r ium, ba r ium-s t ron t ium, te l lu r ium, iodine, and ces ium. 
The total molybdenum content of a l l samples was de te rmined and the charge 
and ingot samples were analyzed for fission product ru thenium and z i rconium. 

Table 1 

EXPERIMENTAL CONDITIONS FOR HIGH-ACTIVITY LEVEL 
MELT REFINING EXPERIMENT 

Composition of al loy before i r rad ia t ion , weight percent : 

Uranium-238 
Uranium-235 
Molybdenunn 
Ruthenium 
Rhodium 
Pal ladium 
Zirconium 
Niobium 

84.00 
10.73 
2.59 
2.11 
0.260 
0.186 
0.118 
0.01 

Charge Weight: 
Burnup: 
Cooling Time: 
Melt Refined: 
Crucible: 

Atmosphere : 
Crucible Wetted 

Area : 

Metal-Skull 
Separation: 

387.6 g r a m s 
* a 

0.58 percent of tota l a toms 
40 days 
3 hours at 1400 C 
Norton RZ5601 l ime- s t ab i l i z ed z i rconia 

crucible degassed at l e s s than 
25 mic rons for one hour 

750 m m argon 
35.7 sq cm (assuming an al loy densi ty 

of 17 g /cc) 

Top pouring 

Burnup de terminat ion by ces ium-137 ana lys i s . 

The chemis t ry of the me l t refining p r o c e s s has been inves ­
tigated previously through exper imenta t ion with synthetic al loys containing 
un i r rad ia ted uranium, and uran ium i r r ad i a t ed to 0.4 pe rcen t burnup and 
cooled for 380 days. These s tudies showed that the volat i le const i tuents and 
the fission product e lements m o r e e lec t ropos i t ive than uran ium a r e removed 
by mel t refining, while those e lements m o r e noble than u ran ium a r e re ta ined 
in the refined me ta l product. The observa t ions a l so showed that the reac t ive 
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f i s s ion p r o d u c t e l e m e n t s f o r m an a d h e r e n t l a y e r of r e a c t i o n p r o d u c t s on 
the w a l l s of the c r u c i b l e , p e r m i t t i n g an e x c e l l e n t s e p a r a t i o n of the p u r i ­
fied m e t a l by top p o u r i n g . 

The e x p e r i m e n t wi th h igh ly i r r a d i a t e d u r a n i u m - f i s s i u m 
a l l o y c o m p l e t e l y v e r i f i e d the c o n c l u s i o n s r e l a t i n g to the c h e m i s t r y of the 
m e l t r e f in ing p r o c e s s b a s e d on the e a r l i e r e x p e r i m e n t s . Da ta c o m p a r i n g 
the f i s s i o n p r o d u c t r e m o v a l s a f t e r m e l t r e f i n ing a r e p r e s e n t e d in T a b l e 2. 

T a b l e 2 

FISSION P R O D U C T R E M O V A L S E F F E C T E D IN THE M E L T 
R E F I N I N G O F HIGHLY I R R A D I A T E D E B R - I I F U E L 

E l e m e n t 

R a r e E a r t h s a n d Y t t r i u m 
C e s i u m 
T e l l u r i u m 
B a r i u m - S t r o n t i u m 
Iodine 
Z i r c o n i u m 

P e r c e n t 
R e m o v e d 

99.2+^^ 
99 .5 
95 .4 

> 9 9 . 9 
99 .8 

9.2 

D, e c o n t a m i n a t i o n 
F a c t o r ^ 

120 + 
200 

22 
2.3 X 10^ 

680 
1.1 

a _ . r C o n c e n t r a t i o n m p r o d u c t ! , „„ 
P e r c e n t r e m o v e d = 1 - -— : :—= -̂ x 100 

L C o n c e n t r a t i o n m c h a r g e J 

b - . . T-, C o n c e n t r a t i o n in c h a r g e 
D e c o n t a m i n a t i o n F a c t o r ~ — — 

C o n c e n t r a t i o n in p r o d u c t 

A n a l y t i c a l t e c h n i q u e l e a v e s s i g n i f i c a n t a m o u n t s of o t h e r 
a c t i v i t i e s a s c o n t a m i n a n t s in s e p a r a t e d r a r e e a r t h 
s a m p l e s . 

In p r e v i o u s w o r k e m p l o y i n g c e r i u m a s r e p r e s e n t a t i v e of 
the r a r e e a r t h f i s s i o n p r o d u c t s , c o n s i d e r a b l e i n f o r m a t i o n w a s d e v e l o p e d 
c o r r e l a t i n g the e x t e n t of t h e i r r e m o v a l by m e l t r e f i n i n g to p a r a m e t e r s 
s u c h a s c r u c i b l e d i m e n s i o n s and c h a r g e s i z e ( e x p r e s s e d in t e rnns of w e t t e d 
c r u c i b l e a r e a ) a n d the m e l t r e f i n ing c o n d i t i o n s . ^ The da t a o b t a i n e d in t h i s 
e x p e r i m e n t for t o t a l r a r e e a r t h a n d y t t r i u m r e m o v a l s a r e c o n s i s t e n t w^ith 
t h i s c o r r e l a t i o n . Da ta for the o t h e r e l e c t r o p o s i t i v e f i s s i o n p r o d u c t e l e m e n t s 
show the o c c u r r e n c e of e x t e n s i v e r e m o v a l , a s a n t i c i p a t e d . A l though 

Che l l ew , N. R. , B e n n e t t , G. A. and T r i c e , V, G., The Me l t Ref in ing 
of I r r a d i a t e d U r a n i u m : A p p l i c a t i o n to E B R - I I F a s t R e a c t o r F u e l . 
VIII The B e h a v i o r of R a r e E a r t h s , Y t t r i u m , B a r i u m , S t r o n t i u m a n d 
C e s i u m , N u c l e a r Sc i . a n d E n g . , 9, 64 ( l 9 6 l ) 
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zirconium can be removed from fiss ium mel t s by liquation of z i rconium 
carbide, the 22 ppm carbon which was found in the charge is not suffi­
cient to explain the observed 9.2 percent removal of z i rconium. The joint 
solubility of carbon and zi rconium in uranium is such that at least 100 ppm 
carbon would be requi red (see ANL-5959, page 145) to effect the removal . 

The sampling p rog ram employed in the exper iment affords 
observat ions on the distr ibutions of var ious elements between the ingot of 
purified meta l and the skull re ta ined in the crucible (see Tables 3 and 4). 

Table 3 

URANIUM AND MOLYBDENUM MATERIAL BALANCES FOR HIGH-ACTIVITY 
LEVEL MELT REFINING EXPERIMENT AND FOR R E F E R E N C E 

EXPERIMENT WITH UNIRRADIATED F U E L 

Melt Refining Conditions 

Time: 3 hou r s 
Temp: 1400 C 
Crucible : l i m e - s t a b i l i z e d z i rconia 

Relat ive weight of 
va r ious fract ions 

Uranium concentrat ion, 
weight pe rcen t 

Uranium accounted 
for, pe rcen t of 
charge 

Molybdenum concen­
t ra t ion , weight 
pe rcen t 

Molybdenum 
accounted for, 
pe rcen t of charge 

Fa te of u ran ium 
re t a ined m c ruc ib le . 
pe rcen t of charge 

Charge 
Ingot 
Oxidized 

Charge 
Ingot 
Oxidized 

Ingot 
Oxidized 
Total 

Charge 
Ingot 
Oxidized 

Ingot^ 
Oxidized 
Total 

skul l 

skull 

skull 

skull 

skull 

Unpoured U 
Oxidized U 
Rat io of unpoured 

to oxidi zed U 

I r r ad i a t ed 
Fue l 

1 00 
0.724 
0 324 

95 
94 
82 

72 
28 
100 

2 5 
2 6 
1 8 

74 
23 
97 

22 
5 9 (±1.1)' ' 
3 8 

Uni r rad ia t ed 
Fue l 

(Reference 
Exper imen t ) 

1 0 
0 867 

-
95 
79 

87 
13^ 
100 

-
2 5 
1.6 

-
-
-

10 

2.8 
3 .8 

Value computed by difference 

Molybdenum Enr i chmen t m Pur i f ied Meta l = 

Mo Concentrat ion m Ingot - Mo Concentra t ion m Charge 
100 X- Mo Concentra t ion m Charge 

3.42 pe rcen t . 

"Based on the prec i s ion (0.95 level) of the u ran ium and molybdenum 
ana lyses . 
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Table 4 

FATES OF SELECTED FISSION PRODUCTS 
IN THE HIGH-ACTIVITY LEVEL MELT 

REFINING EXPERIMENT 

Melt Refining Conditions 

Time: 3 hours 
Temp: 1400 C 
Crucible: l ime-s t ab i l i zed z i rconia 

P e r c e n t of 
amount charged 

Element 

R a r e E a r t h s and Yttr ium 
Te l lu r ium 
Cesium 
Bar ium-St ron t ium 
Iodine 
Total Metal 

Ingot 

0.59 
3.4 
0.37 
0.0032 
0.11 
72.4 

Skull 

85 
84 
0.024 
2.0 
0.089 
27.6^ 

Computed by difference. 

No at tempt was made , however., to de te rmine the extent of volat i l izat ion or 
penetra t ion of the crucible walls by the e lements present . In this r e spec t , 
the information about m a t e r i a l balance is incomplete . Never the less , 
per t inent data of p r o c e s s in te res t a r e given, namely, the composi t ions of 
the purified m e t a l to be recycled to fuel fabricat ion and the skull to be 
t r ea ted further for uran ium recovery . 

In o rde r to m e a s u r e the r e m o v a l of fission products , it is 
f i rs t n e c e s s a r y to know their concentra t ions in the charge m a t e r i a l . The 
fuel employed in this exper iment was i r r a d i a t e d in the CP-5 r eac to r in 
the form of 0. 144-in. d iamete r , 14-in. long pins. Due to longitudinal flux 
var ia t ions in the r eac to r , the fuel burnup may have var ied by as much as a 
factor of two over the length of the fuel pin. Therefore , it was n e c e s s a r y 
to select an i r r ad ia t ion moni tor . Ruthenium, a fission product that is not 
removed from the fuel by the mel t refining p r o c e s s , was chosen as the 
in ternal i r r ad ia t ion moni tor . 

Three random samples of the i r r ad i a t ed fuel were obtained 
and analyzed for the var ious fission product ac t iv i t i es . Using the r ad io -
ruthenium moni tor , data obtained from the random samples providing local 
values of the fission product ac t iv i t ies were c o r r e c t e d to yield the average 
concentrat ion of the var ious fission products in the charge by the following 
procedure : 
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(1) The radioruthenium concentra t ion in the ingot of me l t refined 
metal , co r r ec t ed for noble me ta l enr ichment (calculated from 
total molybdenum concentra t ions in the charge and ingot as 
shown in Table 3), provided the ave rage radioru thenium 
concentrat ion in the charge , RUĝ .̂ . 

(2) Multiplying the local values of fission product act ivi t ies ( F P T ), 
obtained from the random samples of the fuel, by the ra t io of 
the average to local rad ioru then ium concentrat ion, yields the 
average value of the fission product concentrat ion in the 
charge, namely, 

Ru 
av 

F P , X = F P 
L R U L ^^ 

The fates of the var ious fission product e lements (see 
Table 4) were as expected from previous s tudies . Cesium, b a r i u m -
stront ium, and iodine were apparent ly volat i l ized, since they were not 
p resen t in the ingot or in the skull. Most of the r a r e e a r t h s - y t t r i u m and 
te l lur ium were found in the skull. Of these ac t iv i t i es , an amount between 
6 and 16 percent was unaccounted for. This w^as not unexpected since 
previous mel t refining studies with inact ive u ran ium-f i s s ium alloys con­
taining ce r ium have shown that a c e r i um oxide layer formed on the w^alls 
of the crucible is not removed complete ly by the skull oxidation p rocedure . 
It has been suggested that t e l lu r ium is r e t a ined with the r a r e e a r t h s through 
the formation of r a r e ea r th t e l lu r ides . '• 

A further datum which can be der ived from the molybdenum 
contents of the charge and the ingot is the noble me ta l enr ichment in the 
ingot. Since the uranium is oxidized m o r e read i ly than the f iss ium e lements 
during mel t refining, a smal l , but significant, u ran ium depletion occurs in 
the purified meta l . Thus the f iss ium content of the purified m e t a l is slightly 
higher than that of the charge . Assuming molybdenum to be r ep re sen t a t i ve 
of the noble m e t a l s , the calculation s u m m a r i z e d in Table 3 shows the f is ­
sium or noble me ta l content of the purified m e t a l ingot to be 3.4 percen t 
g r e a t e r than that of the charge . 

In o rder to calculate the percen tage of uran ium appear ing 
in the skull as unpoured meta l , use was made of the following conclusions, 
which were based on previous exper ience : ( l) u ran ium re ta ined in the 
crucible as a component of the skull is p r e sen t ei ther as unpoured m e t a l or 

2 
B u r r i s , L., et_al.. Developments in Melt Refining of Reactor Fue l s , 
Proceedings of the Second United Nations Internat ional Conference on 
Peaceful Uses of Atomic Energy, Geneva, Switzerland (l958). Vol. 17, 
p. 401. 
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as oxidized meta l ; (2) molybdenum, a noble meta l in the p r o c e s s , appea r s 
in the skull only in the unpoured meta l ; and (3) the unpoured me ta l has the 
same composit ion as the ingot. The percentage of uranium in the skull 
p resen t as unpoured me ta l is then calculated as follows: 

U„W^ = total uranium in the skull . 

u ran ium in the skull as unpoured me ta l . 

pe rcen t of uran ium in the skull p r e sen t a s 
unpoured me ta l . 

Ug, U = uranium concentra t ions in the skull oxide and ingot, 
respec t ive ly . 

MOg, Mo = molybdenum concentra t ions in the skull oxide and 
ingot, respec t ive ly . 

Wg = w^eight of skull oxide. 

The data, calculated by this p rocedure (see Table 3) for the 
high-act ivi ty level mel t refining exper iment and for a r e fe rence exper iment 
with un i r rad ia ted alloy that immedia te ly preceded the act ive run, indicated 
two significant facts . F i r s t , 5.9 percent of the uran ium was oxidized in the 
hot run but only half as much, 2.8 percen t , was oxidized in the cold run. 
Second, the ra t io of unpoured to oxidized uranium, 3.8, was the same in both 
exper imen t s . The re la t ive ly l a rge amount of uran ium that was oxidized may 
be the r e su l t of a radiat ion effect in the react ion kinet ics or s imply the resu l t 
of a tmosphe r i c contamination. Replicat ion of the exper iment will provide the 
c o r r e c t answer . The ident ical r a t ios of unpoured to oxidized uran ium obtained 
in the two runs , if not fortuitous, show that the re la t ive ly low yield of 72.4 pe r ­
cent obtained in the hot run r e p r e s e n t s a reasonable pouring yield when the 
amount of oxidized uran ium p resen t is considered. 

b. F iss ion Gas Re lease Studies 
(N. R. Chellew, C. C. Honesty) 

Exper imen ta l de te rmina t ions of the r e l e a s e of noble fission 
gases and the swelling of fuel pins occurr ing when highly i r r ad i a t ed u ran ium-
five weight percent f iss ium al loy is heated to melt ing were continued. An 
init ial exper iment (ANL-6231, page 42) indicated that, with a pin 0.143 inch 
in d iamete r heated slowly ('^5.5 C per minute) to mel t ing, the evolution of 
xenon and krypton became rapid at about 700 C and continued to about 1050 C. 
In the same t e m p e r a t u r e in terval , swelling of the pin occu r r ed until a dia­
m e t r i c a l i n c r e a s e of approximate ly 47 percen t was obse rved at about 1000 C. 

j ^ x M o g W g = 

U Mo 
r r p x r j - ^ X 100 
Ug M O j 
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To evaluate the noble gas r e l e a s e and expansion behavior of the EBR-II 
type alloy under m o r e rea l i s t i c conditions, a second exper iment was 
performed in which an i r r ad ia t ed pin was heated to melt ing under a tinne-
t empera tu re p rog ram simulating that contemplated for plant operat ion. 
This p rog ram was es tabl ished on a tentat ive bas i s by exper iments conducted 
in a prototype furnace for the EBR-II Fuel Cycle Fac i l i ty 

The alloy employed in the gas-evolut ion studies was p r e ­
pared by i r radia t ing in the C P - 5 r eac to r , in jec t ion-cas t pins of uran ium-238 
containing 10.7 weight percent u ran ium-235 and five weight percent f i ss ium 
const i tuents . A pin, 0.143 ± 0.001 inch in d iamete r , was cut so as to yield 
charge and control samples which weighed 6.48 and 0.82 g r a m s . Analyses 
of ces ium-137 and uranium-235 in the control sample indicated the total 
atom burnup of the alloy to be 0.6 percent . The m a t e r i a l was cooled for 
106 days pr ior to the exper iment . 

The exper imenta l p rocedure was as follows: (l) the charge 
pin, approximate ly 1.6 inches long, was placed on a tantalum holder and 
inse r ted in a tube furnace equipped with g lass end por t s for viewing and 
photographing the pin during the exper iment by means of a cave-wal l p e r i ­
scope; (2) the furnace and the charge were degassed a t 120 C for 70 minutes 
at a p r e s s u r e l ess than 40 m i c r o n s ; (3) h igh-pur i ty argon, at a p r e s s u r e of 
680 mm, was introduced to the sys tem and c i rcula t ion of the a tmosphere 
was begun at a constant ra te of 183.3 cc per minute; (4) the pin was heated 
to a maximum t empe ra tu r e of 1138 C in 23 1 minu tes , then cooled rapidly. 

During the exper iment , the noble gas act ivi ty which evolved 
to the continuously circulat ing a tmosphe re was passed through a seven-cc 
Pyrex bulb and was moni tored by a g a m m a - r a y spec t rome te r equipped with 
a 2 X 2-inch sodium iodide c rys t a l . In a s epa ra t e tes t , krypton-85 was 
injected into the furnace a tmosphere under s imula ted run conditions to 
ca l ibra te the f low-rate me te r and to es tab l i sh co r r ec t i ons for the t ime lag 
involved in t ranspor t ing the act ivi ty from the i r r a d i a t e d pin to the counting 
assembly . These tes t s showed that the mixing of act ive and inactive gases 
was incomplete in the ten-minute per iod r equ i r ed to effect a complete gas 
cycle in the loop. The total act ivi ty in the r ecyc led gas was, therefore , 
calculated as follow^s: In a given per iod of t ime , a ce r ta in fraction of the 
total gas in the sys tem passed through the scint i l la t ion counter . The total 
act ivi ty in each fraction was de te rmined by integrat ing the a r e a under the 
activi ty peak observed by the counter . The ac t iv i t ies in the fract ions were 
then summed to give the total gaseous act ivi ty in the sys tem at any p a r t i c ­
ular t ime. 

The conditions employed and the exper imen ta l r e su l t s for 
the p resen t exper iment a r e r epo r t ed in F igure 1. For compar ison with 
these r e su l t s data from the f i r s t f ission gas r e l e a s e exper iment a r e p r e ­
sented in Figure 2. 
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The f i rs t exper iment was conducted in a s imi la r manner except that the 
heating ra te was slower. In both figures the a r b i t r a r y units of cumulative 
noble gas activity were adjusted to co r respond to the percentage of the 
total amount of isotope evolved as functions of heating t ime and alloy t e m ­
pe ra tu re . The overal l r e su l t s of the exper iments may be s u m m a r i z e d as 
follows: 

(1) Most of the krypton-85 and xenon-133 a r e r e l e a s e d from the 
unres t ra ined fuel pins as they a r e heated over the t e m p e r a t u r e 
range of 700 to 1025 C. The t empe ra tu r e range in which rapid 
evolution occur red w^as not a l t e r ed significantly by varying the 
heating ra t e . There was no observable r e l e a s e of gas when the 
molten alloy was allowed to cool rapidly. 

(2) It was shown that essen t ia l ly complete evolution of the noble 
gases had occu r r ed when a t e m p e r a t u r e of 1025 C was at tained 
in Exper iment FG-2 . The krypton-85 act ivi ty p resen t in a 
sample of the gas in the sys tem at the end of the exper iment 
was compared with a sample of the gas evolved when the con­
t ro l pin was dissolved. Analyses of the samples indicated 
that 98.5 percent of the krypton act ivi ty was removed from 
the heated pin during the exper iment . In considera t ion of the 
exper imenta l e r r o r s involved, it is believed that the 98.5 pe r ­
cent value is indicative of complete r emova l of krypton. 

(3) The rapid r e l e a s e of gas in both exper iments was accompanied 
by an inc rease in d iamete r of about 47 pe rcen t as the alloy 
reached a tenaperature of 1000 C. At higher t e m p e r a t u r e s the 
pins no longer re ta ined their cyl indr ica l shape. The rough 
agreement of r ad ia l expansion as a function of t e m p e r a t u r e in 
the two exper iments suggests that the heating r a t e has li t t le 
effect on the ul t imate expansion of the me ta l . The observat ions 
on expansion of the al loy during heating a r e in ag reemen t with 
r e su l t s r epor ted by Monaweck and Sowa (ANLi-6010, pages 29 
to 31), which indicated that the dominant factor controll ing 
unres t r a ined expansion of highly i r r ad i a t ed EBR-I I - type fuel 
alloy (total a tom burnup, 1.24 percent) was t e m p e r a t u r e . Their 
r e su l t s showed that cas t pins ini t ial ly 0. 144 inch in d iamete r , 
charged to a p rehea ted furnace, a t ta ined max imum expansions 
to 0. 183 inch at 871 C and 0. 196 inch at 954 C within a few 
minutes . On further heating, no significant expansion occur red . 

(4) In nei ther exper iment did any spat ter ing of m e t a l occur as a 
r e su l t of expansion or rapid gas evolution. This observat ion 
was confirmed by a subsequent inspection of the a luminum boat 
used in the furnace a s s e m b l y and by the r e c o v e r y of 99-9 pe r ­
cent of the or iginal weight of pins charged to the c ruc ib le . 
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(5) The t e m p e r a t u r e a t which the a l l o y a p p e a r e d to be fully m o l t e n , 
abou t 1080 C in E x p e r i m e n t F G - 1 and 1095 C in F G - 2 , is in 
a g r e e m e n t wi th m e a s u r e m e n t s m a d e by S a i l e r e t al.,-^ wh ich 
i n d i c a t e d t h a t the c o m p l e t i o n of m e l t i n g for a s i m i l a r u n i r r a d i ­
a t e d a l l o y (except for the a b s e n c e of ~ 0 . 0 1 p e r c e n t n i o b i u m ) 
w a s abou t 1081 C. 

c. N i t r i d e F o r m a t i o n on S o d i u m - c o a t e d F u e l P i n s 
( j . P . L a P l a n t e ) 

The pu r i f i ed a r g o n a t m o s p h e r e to be u s e d in the E B R - I I 
F u e l Cycle F a c i l i t y i s e x p e c t e d to con ta in n i t r o g e n in c o n c e n t r a t i o n s up to 
five volunne p e r c e n t . It h a s been e s t i m a t e d tha t f i s s i on p r o d u c t d e c a y h e a t 
wi l l r a i s e the t e m p e r a t u r e of the p ins to 300 C d u r i n g the v a r i o u s o p e r a t i o n s 
p r e c e d i n g the m e l t r e f in ing p r o c e d u r e . S ince the f o r m a t i o n of n i t r i d e s h e l l s 
on the fuel p ins could p r e v e n t s a t i s f a c t o r y c o a l e s c e n c e of the m e t a l in the 
m e l t r e f in ing s t e p , the n i t r i d a t i o n r a t e s of m e t a l l i c u r a n i u m under a r g o n -
n i t r o g e n a t m o s p h e r e s a r e being i n v e s t i g a t e d , w i th p a r t i c u l a r e m p h a s i s on 
the ef fects of f i s s i u m c o n s t i t u e n t s , s o d i u m c o a t i n g s , and i r r a d i a t i o n . 

FIGURE 3 
NITRIDATION RATES OF URANIUM PINS 

i 5 0 4 C ( l ) 

N i t r i d a t i o n r a t e s of u r a n i u m and u r a n i u m - f i v e p e r c e n t f i s ­
s i u m pins wi th and wi thou t s o d i u m c o a t i n g s in an a r g o n a t m o s p h e r e c o n t a i n ­
ing about five p e r c e n t n i t r o g e n w e r e d e t e r m i n e d . The s o d i u m c o a t i n g s 
w e r e p r e p a r e d by sub l im ing m e t a l l i c s o d i u m onto p ins c l e a n e d p r e v i o u s l y 

wi th a po l i sh ing w h e e l . The r a t e s of 
n i t r i d a t i o n w^ere ob ta ined f r o m m a n o -
m e t r i c m e a s u r e m e n t s of the n i t r o g e n 
c o n s u m e d in a c o n s t a n t v o l u m e 
s y s t e m . 

The n i t r o g e n - u r a n i u m r e a c t i o n 
fo l lowed a p a r a b o l i c r a t e l aw a t t e m ­
p e r a t u r e s r ang ing f r o m 197 to 504 C, 
wi th i n i t i a l induc t ion p e r i o d s of l e s s 
than 15 m i n u t e s . S ince X - r a y d i f f r a c ­
t ion s t u d i e s of u r a n i u m and u ran iunn -
five p e r c e n t f i s s i u m pins show u r a n i u m 
oxide to be p r e s e n t a s a v e r y m i n o r 
c o n s t i t u e n t , i t i s b e l i e v e d tha t a th in 
f i lm of oxide m a y be r e s p o n s i b l e for 
the induc t ion p e r i o d s . 

The a m o u n t of n i t r o g e n c o n ­
s u m e d i s p lo t t ed a g a i n s t t i m e in F i g ­
u r e s 3 and 4. If the l o g a r i t h m of the 

3 0 8 C (I) 

12 16 
T IME, hours 

S a i l e r , H. A. et a l . . P r o p e r t i e s of a F i s s i u m - t y p e Al loy, BMI-1123 
A u g u s t 3, 1956), pp. 2 0 - 2 1 . 
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FIGURE 4 
NITRIDATION RATES OF URANIUM-FIVE 

PERCENT FISSIUM ALLOY PINS 

12 16 
TIME, hours 

a m o u n t of n i t r o g e n c o n s u m e d i s 
p lo t t ed a g a i n s t the l o g a r i t h m of 
t i m e , a s t r a i g h t l ine wi th a s lope of 
a p p r o x i m a t e l y 0.5 is ob ta ined , i n d i ­
ca t ing tha t the p a r a b o l i c r a t e law i s 
a p p l i c a b l e in th i s c a s e . The e x p e r i ­
m e n t a l v a l u e s for the s l o p e s , a long 
wi th r a t e c o n s t a n t s c a l c u l a t e d for 
e a c h r e a c t i o n by d e t e r m i n i n g the 
s l o p e s of l i n e s r e s u l t i n g f r o m p l o t ­
t ing the s q u a r e of the a m o u n t of 
n i t r o g e n c o n s u m e d pe r uni t s u r f a c e 
a g a i n s t t i m e , a r e l i s t e d in Tab le 5. 

A r r h e n i u s p lo t s of the r a t e 
c o n s t a n t s ( see F i g u r e s 5 and 6) 
show t h e i r t e m p e r a t u r e d e p e n d e n c e . 
E x p e r i m e n t a l po in ts f r o m the four 
t y p e s of e x p e r i m e n t s fa l l on s t r a i g h t 
l i n e s ove r the t e m p e r a t u r e r a n g e 
f r o m 197 to 504 C when the l o g a ­
r i t h m s of the r a t e c o n s t a n t s a r e 
p lo t t ed a g a i n s t the r e c i p r o c a l of 
a b s o l u t e t e m p e r a t u r e . 

Table 5 

RATE CONSTANTS DETERMINED AT VARIOUS TEMPERATURES 
FOR THE REACTION OF NITROGEN WITH SODIUM-COATED 

AND UNCOATED URANIUM AND URANIUM-
FIVE P E R C E N T FISSIUM PINS 

Atmosphere : five pe rcen t n i t rogen m argon 

Rate Constant, k x 10 
[ (g/ sq c m ; / m m j 

Sample 
Type 

Uranium 
Uranium 
Uranium 

Uranium 
Uranium 
Uranium 

F i s s i u m 
F i s s i u m 
F i s s i u m 

F i s s i u m 
F i s s i u m 
F i s s i u m 

Coating 

None 
None 
None 

Sodium 
Sodium 
Sodium 

None 
None 
None 

Sodium 
Sodium 
Sodium 

Slope of 
Log-Log 

Plo t 

0 51 
0.55 
0 49 

0.53 
0.56 
0.49 

0.52 
0 54 
0.50 

0.53 
0.56 
0.54 

197 C 

0.230 
-
-

0 713 
-
-

0.236 
-
-

0.938 
-
-

T e m p e r a t u r e 

308 C 

5.00 
-

-
12.1 

-

-
5 60 

-

-
15.2 

_ 

504 C 

. 

-
199 0 

-
-

295 0 

-
-

186.0 

-
-

325.0 
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FIGURE 5 
TEMPERATURE DEPENDENCE OF PARABOLIC RATE 
CONSTANTS FOR NITRIDATION OF URANIUM PINS 

o 10 

SODIUM-COATED URANIUM 

UNCOATED URANIUM 

FIGURE 6 
TEMPERATURE DEPENDENCE OF PARABOLIC RATE CONSTANTS 

FOR NITRIDATION OF URANIUM-FIVE PERCENT FISSIUM PINS 
100 _ 

50 

Q: 0 I 

0 05 

.SODIUM-COATED 

16 18 
IOVT.K loyTK 

The Ar rhen ius - type equation, 

k = A exp ( - A E / R T ) 

was de te rmined for each line. The parabol ic ra te constants [ (g/sq c m ) / m i n ] 
for uranium and sodium-coated uranium pins were , respect ively . 

and 

k = 6.29 x 10"^ exp ( - 1 6 , 0 0 0 / R T ) 

k = 3.09 X 10-5 exp ( - 1 4 , 3 0 0 / R T ) 

The activation energies for the reac t ions were 16.0 and 14.3 ± 2.0 kca l /mole . 
For the uranium-five percent f issium pins, without and with sodium coatings, 
the parabol ic r a t e constants [(g/sq cm)^/min] were 

and 

k = 5.12 x 10"^ exp ( - 1 5 , 8 0 0 / R T ) 

k = 2.58 X 10"^ exp ( - 1 3 , 8 0 0 / R T ) 

The corresponding activation energies were 15.8 and 13.8 ± 2.0 kca l /mole . 
The probable e r r o r value for k is ±12 percent . 

Extrapolat ion of the l ines for uncoated pins in F igures 5 
and 6 resu l t s in values of 5.2 x 10"^ (g /sq cm)Ymin and 5.0 x 10"'^ 
(g/sq cm)Ymin for the parabol ic ra te constants of uranium and u ran ium-
five percent f iss ium alloy, 
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respect ively , at 600 C. The value for uran ium at 600 C shows reasonable 
agreement with the value of 3.4 x 10"' (ANL-5974, page 187) and with the 
values 8.0 x 10"' and 4.0 x 10"' (g /sq c m ) y m i n r epo r t ed by Mallet t and 
Gerds and Adda,^ respect ive ly . The ra t e constant of 5.0 x 10" ' (g/sq c m ) ^ 
min for uranium-five percent f i ss ium is comparab le to the value of 
5.4 X 10"' (g/sq c m ) y m i n previously r epo r t ed by J. G. Schnizlein (ANL-5974, 
page 187). An activation energy of 18.0 kc a l /mo le was r epor t ed by Adda^ for 
the ni t r idat ion of uranium at t e m p e r a t u r e s between 350 and 660 C. 

While the sodium-coated pins showed somewhat i nc reased 
ni t r idat ion r a t e s and slightly lower act ivation ene rg ie s , the differences a r e 
not considered la rge enough to justify an invest igat ion of differences in the 
mechan i sm of the react ion. 

X- r ay diffraction studies of the films formed through n i t r id ­
ation of the pins indicated that e i ther U2N3 or UN2 was presen t . It was not 
possible to dist inguish between the two compounds by this method. F i lm 
th icknesses were calculated, assuming a uran ium dini t r ide film to be d i s ­
t r ibuted evenly over the pin with a densi ty of 11.73 g / c c . The r e su l t s a r e 
given in Table 6. 

Table 6 

CALCULATED VALUES FOR THE URANIUM DINITRIDE 
FILM THICKNESS 

Atmosphere : 5 percen t n i t rogen in argon 
Time: 24 hours 

Uranium Dini tr ide F i lm Thickness {jJ.) 
T e m p e r a t u r e 

Uranium pins 
Uranium pins^ 

F i s s i u m pins 
F i s s i u m pins^ 

197 C 

0.5 
0.9 

0.5 
1.0 

308 C 

1.0 
2.5 

1.0 
1.8 

504 C 

5.5 
6.7 

6.1 
7.3 

Sodium-coated. 

4 
Mallett , M. W. and Gerds , A. F . , React ion of Nitrogen with Uranium, 
J. E lec t rochem. S o c , 102, 292 (l955). 

5 
Adda, Y., Investigation of the Kinetics of the React ions of Oxidation, 
Nitr idation and Hydridation of Uranium, Gau th i e r -V i l l a r s , Edi teur , 
Impr iment L ib ra i r e , P a r i s (l958). 



P h o t o g r a p h s of the u r a n i u m - f i v e p e r c e n t f i s s i u m p ins 
be fo re and a f t e r n i t r i d a t i o n a r e p r e s e n t e d in F i g u r e 7. The p ins w e r e 
s o d i u m - c o a t e d p r i o r to n i t r i d a t i o n , and the sodiunn was r e m o v e d a f t e r the 
e x p e r i m e n t . The a p p e a r a n c e of the una l l oyed u r a n i u m p ins w a s s i m i l a r . 

F i g u r e 7 

P H O T O G R A P H S OF U R A N I U M - F I V E P E R C E N T FISSIUM PINS 
B E F O R E AND A F T E R NITRIDATION 

At 504 C 

B e f o r e 

Af ter 

d. S u p p l e m e n t a l Me l t Ref ining P o u r i n g T e c h n i q u e s 
( G . A . Benne t t , W. A. P e h l ) 

It h a s been shown tha t unde r h i g h - p u r i t y a t m o s p h e r e s the 
p r e s e n c e of s o d i u m coa t ings on f i s s i u m pins h a s no s ign i f i can t effect on 
m e l t re f in ing y i e l d s . In ANL,-6Z31, page 49, a y ie ld of 97 .4 p e r c e n t on a 
2-kg s c a l e w a s r e p o r t e d . Th i s r e s u l t w a s c o n f i r m e d by a 96.5 p e r c e n t 
y ie ld in a dup l i ca t e run m a d e in the p a s t q u a r t e r . H o w e v e r , the n i t r i d a t i o n 
of p ins is p o s s i b l e t h r o u g h e x p o s u r e for v a r i o u s l e n g t h s of t i m e to the c e l l 
a t m o s p h e r e of the F u e l Cycle F a c i l i t y , which m a y con ta in up to five p e r ­
cen t n i t r o g e n . Mel t re f in ing y ie lds m a y be a f fec ted a d v e r s e l y by t h e s e 
n i t r i d e c o a t i n g s . O p e r a t i n g a c c i d e n t s , e q u i p m e n t f a i l u r e s , and o the r un ­
e x p e c t e d e v e n t s m a y a l s o r e s u l t in l o w e r e d y i e l d s . T h e r e f o r e , m e t h o d s 
a r e being t e s t e d in the hope tha t t hey wi l l enab le the a t t a i n m e n t of r e a s o n ­
ab ly s a t i s f a c t o r y y i e lds unde r a d v e r s e c i r c u m s t a n c e s . 

The m e t h o d s unde r c o n s i d e r a t i o n a r e l i m i t e d to r e l a t i v e l y 
s i m p l e t e c h n i q u e s or d e v i c e s which could be u t i l i z e d in r e m o t e o p e r a t i o n , 
e .g . , a p p l i c a t i o n of v a c u u m to induce f r a c t u r e of c r u s t s or coa t i ngs by r a p i d 
evolu t ion of d i s s o l v e d g a s e s , or a p p l i c a t i o n of s i m p l e m e c h a n i c a l d e v i c e s . 
The i n v e s t i g a t i o n s c o m p l e t e d with th i s ob jec t ive in m i n d a r e s u m m a r i z e d 
in Tab le 7. 
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T a b l e 7 

E F F E C T O F N I T R O G E N E X P O S U R E A N D V A R I O U S P O U R I N G T E C H N I Q U E S 
ON M E L T R E F I N I N G I N G O T Y I E L D 

E x p e r i m e n t a l C o n d i t i o n s 
C h a r g e m a t e r i a l : 5 p e r c e n t f i s s i u m w i t h c e r i u m a d d e d 
C h a r g e q u a n t i t y : ^"2 kg 
C o a t i n g m a t e r i a l : n o n e 
S t o r a g e a t m o s p h e r e : n i t r o g e n a t 40 m m p r e s s u r e 

S t o r a g e ^^. . , 
, . Y i e l d on 

C o n d i t i o n s T •.• •, 
I n i t i a l 

R u n C h a r g e T e n n p T i m e P o u r i n g ^ 
N o . S h a p e (C) ( h r ) (%) 

91.9 290 

277 

291 

289 

P i n s 

P i n s ^ 

P i n s 

M a s s i v e 
m e t a l 

300 

300"^ 

500 

1200 

47 

66 

46 

17 

70.0 

5.5 

D r o s s 

A p p e a r a n c e 

S e v e r a l p i n -
s h e l l s o n l y 

M a n y p i n -
s h e l l s 

N u m e r o u s 
p i n s h e l i s 

A d d i t i o n a l 
P o u r i n g 

T e c h n i q u e 

N o n e 

N o n e 

P i n s h e l l s 
m a s h e d 

T o t a l 
Y i e l d 
a f t e r 

A d d i t i o n a l 
P o u r i n g 

(%) 

9 1 . 9 

7 0 . 0 

4 8 . 2 

288 

292 

M a s s i v e 
m e t a l 

M a s s i v e 
m e t a l 

1200^ 

1200 

16 .5 

16 .5 

H e a v y c r u s t ( l ) V a c u u m V e r y s m a l l 
a p p l i e d ' ^ (< 5%) 

(2) P u n c t u r e d 72 

c r u s t a t 
c e n t e r 

H e a v y c r u s t V a c u u m 77 
a p p l i e d 

H e a v y c r u s t ( l ) V a c u u m 0 
a p p l i e d 

(2) P u n c t u r e d 4 7 . 5 
c r u s t a t 
p o u r i n g 
e d g e 

Y i e l d o b t a i n e d o n p o u r i n g u n d e r o n e a t m o s p h e r e of a r g o n . 

S o d i u m - c o a t e d . 

S t o r a g e a t m o s p h e r e for R u n 2 7 7 : 5 p e r c e n t n i t r o g e n - 9 5 p e r c e n t a r g o n . 

F i n a l v a c u u m : ' ^ 1 m m Hg . 

S t o r a g e a t m o s p h e r e : 6 p e r c e n t n i t r o g e n - 9 4 p e r c e n t a r g o n . 
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It should be pointed out that ex t reme conditions were chosen de l ibera te ly 
in order to produce pin coatings and c r u s t s on the m e l t s . Consequently, 
yield f igures indicate in a quali tat ive manne r only the extent of contarai-
nation and have no re la t ion to expected plant yields . The difference b e ­
tween the yield on init ial pouring and the total yield, given in Table 7, 
indicates the effectiveness of the supplemental pouring technique. The 
following prel inninary conclusions may be drawn from these r e s u l t s : 

(1) The reac t ion between ba re u ran ium and ni t rogen is slow at 
300 C under p rac t i ca l p r o c e s s conditions, but is a c c e l e r a t e d 
by an i nc r ea se in t e m p e r a t u r e . The react ion a l so appea r s to 
be acce l e r a t ed some-what by the p resence of sodium. 

(2) The application of vacuum to effect a pour in the case of heavy 
c r u s t formation is unre l iab le . The use of a "poker" to b reak 
through this c r u s t into the mol ten me ta l beneath appea r s to be 
effective. 

(3) The use of a mechan ica l " m a s h e r , " in this case a tanta lum 
c r o s s a t tached to a tanta lum rod, to break up pin shel l s and 
thereby allow drainage of mol ten me ta l from the inside, 
a p p e a r s promis ing . 

Future work will be under taken to es tab l i sh the effect of 
these devices under l e s s severe condit ions. 

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

Liquid me ta l p r o c e s s e s a r e being developed for the r e c o v e r y 
of f issionable m a t e r i a l contained in the me l t refining crucible skulls 
produced in the EBR-II fuel cycle and for the isolat ion of plutonium bred 
in blanket m a t e r i a l . At the completion of the mel t refining operat ion, 
approximate ly ten percent of the charge r e m a i n s behind in the z i rcon ia 
crucible in the form of a "skull" composed of me ta l and oxides. An auxi l ­
i a ry p r o c e s s is r equ i r ed to r ecove r par t i a l ly decontaminated uran ium from 
the skull and r e t u r n it to the mel t refining p r o c e s s . Although complete 
fission product r emova l is not n e c e s s a r y , a substant ia l amount of each 
fission product e lement mus t be r emoved in o rder to mainta in the proper 
f i ss ium composi t ion in the recyc led fuel. The objective of the blanket 
p r o c e s s is to upgrade the plutonium concentra t ion to a point sufficient for 
r e - e n r i c h m e n t of the EBR-II fuel m a t e r i a l (from 1 percent to about 50 p e r ­
cent plutonium in uranium). 

Work on the skull r ec l ama t ion p roces s has led to the r ev i sed 
p r o c e s s flowsheet given in F igure 8. This p r o c e s s differs from the one 
p resen ted in ANL-6183, page 41, in the following ways. A mol ten chloride 
salt flux is now being used in conjunction with a magnes ium-z inc reducing 
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so lven t . Since the m a g n e s i u m c o n c e n t r a t i o n in t h i s so lven t is r e l a t i v e l y 
low, the u r a n i u m a p p e a r s in so lu t ion on r e d u c t i o n by the m a g n e s i u m . The 
c h l o r i d e flux m a r k e d l y f a c i l i t a t e s the r e d u c t i o n of o x i d e s and a c t s a s a 
veh ic l e for the s u s p e n s i o n of and r e m o v a l of the m a g n e s i u m oxide r e a c t i o n 
p roduc t . Quan t i t a t i ve r e d u c t i o n s of sku l l oxide wi th in two h o u r s a r e r e ­
p o r t e d for s e v e r a l flux c o m p o s i t i o n s . Since the u r a n i u m is i n i t i a l l y in 
z inc so lu t ion , the u r a n i u m , for p u r i f i c a t i o n p u r p o s e s , i s p r e c i p i t a t e d f i r s t 
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 and s u b s e q u e n t l y a s u r a n i u m m e t a l f r o m 
a m a g n e s i u m - r i c h so lu t ion . T h i s o r d e r of p r e c i p i t a t i o n i s the r e v e r s e of 
the o r d e r r e p o r t e d in A N L - 6 1 8 3 . In add i t ion , the u s e of c h l o r i d e flux 
p e r i n i t s c o n s i d e r a t i o n of noble m e t a l r e m o v a l by z inc r e d u c t i o n and 
leach ing in a s t e p p r e c e d i n g r e d u c t i o n of u r a n i u m o x i d e s . P r e l i m i n a r y 
w o r k i n d i c a t e s such a s t e p to be e f fec t ive . 

F IGURE 8 

LIQUID M E T A L P R O C E S S FOR R E C L A M A T I O N O F 
M E L T REFINING S K U L L M A T E R I A L 

MELT REFINING 
CRUCIBLE _ 

CONTAINING 
SKULL MATERIAL 

OXIDATION IN 
DILUTE O2-

ARGON MIXTURE 
(-700 C) 

CHLORIDE 
FLUX 2 L -ZINC 

SEPARATION OF 
OXIDE PONDER 
FROM CRUCIBLE 

BY POURING 

OXIDE 

POWDER 
NOBLE METAL 

LEACHING 

ZIRCONIA CRUCIBLE WASTE 

Mg-RICH SUPERNATE 
PLUS FISSION PRODUCTS 

Mg-Zn 

CONDENSATE 

NOBLE METALS 
IN ZINC 

DILUTE Mg-Zn 

OXIDE-
BEARING 
FLUX 

p 

PHASE 

SEPARATION 

AT 525 C 

1 
ZINC SUPERNATE 

LUS FISSION PRODtl 

~ ^ 
INTERMETALLIC 

DECOMPOSITION 

WITH Mg 

CTS 

COOLING TO 525 C 

PPT. U-Zr, 

INTERMETALLIC 

PHASE 

SEPARATION AT 

- 5 2 5 C 

+ 

ALLOY 

PHASE 

SEPARATION 

1 
MgO IN 

CHLORIDE FLUX 

RETORTING 

( 6 0 0 TO 850 C) 

+ 

—^ 
OXIDE 

REDUCTION 
( 7 5 0 - 8 0 0 C) 

URANIUM 

METAL PRODUCT 

Work on the b l anke t p r o c e s s h a s i n c l u d e d s tudy of a p o t e n t i a l 
p r o c e s s s imp l i f i c a t i on involving the d i r e c t , l o w - t e m p e r a t u r e (~450 C) 
i n t e r a c t i o n of u r a n i u m and z inc to p r o d u c e 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 . 
The p lu ton ium p r e s e n t would be s u b s e q u e n t l y l i b e r a t e d and s e p a r a t e d 
f rom u r a n i u m by d e c o m p o s i t i o n of the i n t e r m e t a l l i c wi th m a g n e s i u m in 
which the p lu ton ium is so lub le and the u r a n i u m is i n s o l u b l e . The s t a b i l i ­
t i e s of v a r i o u s p lu ton ium so lu t ions in c o n s t r u c t i o n m a t e r i a l s of i n t e r e s t 
w e r e i n v e s t i g a t e d . 
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a. Oxidation of F i s s i u m Skulls 
(R. D. P i e r c e , R. C. Ca i rns , L. F . Dorsey, R. Nowak) 

Twenty-two crucible skulls containing c e r i u m - u r a n i u m -
f iss ium were oxidized to provide oxides for reduct ion s tudies . The 
oxidations were per formed without difficulties at about 750 C in an a t m o s ­
phere of 25 percent oxygen-argon at 800 m m total p r e s s u r e . The success 
of these oxidations lends further confidence to this s tep of the skull 
r ecove ry p r o c e s s . 

Equipment has been cons t ruc ted to study the behavior and 
methods of handling act ive vola t i les formed during the skull oxidation step 
in the EBR-II skull r ec lamat ion p r o c e s s . I r rad ia t ion of 450 g r a m s of 
u ran ium-f i s s ium alloy, containing cer ium, has been c a r r i e d out in 
Argonne ' s CP-5 r eac to r . 

b. Py rome ta l l u rg i ca l Reduction Studies 

(l) Reduction of Skull Oxides by Magnesium 
( T . R . Johnson, R. L. Chr is tensen) 

A poss ib le method of reducing skull oxides from the 
EBR-I I mel t refining p r o c e s s is to contact the oxides with undiluted liquid 
magnes ium. In previous expe r imen t s (ANL-6183, page 47), finely divided 
uran ium dioxide (less than 100-mesh) was read i ly reduced to the me ta l by 
magnes ium. The skull oxides, however, a r e expected to be considerably 
c o a r s e r than 100 m e s h and to have varying composi t ions . 

Severa l reduct ions of a typical skull oxide were con­
ducted in undiluted liquid magnes ium. The oxide was p r epa red by oxidizing 
a l a rge mel t refining cruc ib le skull in an oxygen-argon atnnosphere at 
800 C. A sc reen ana lys is of the product is indicated in Table 8. It is in t e r ­
esting to note the var ia t ion in composit ion of the var ious s c r e e n fract ions . 
The s tar t ing m a t e r i a l for the reduct ion studies was p r e p a r e d by r e c o m -
bining the sc reen fract ions and quar te r ing the m a t e r i a l into eight 3 5 - g r a m 
por t ions . Three of the port ions were sampled by quar te r ing and analyzed 
for uranium. The uranium contents of the th ree samples , 77.3, 76.6, and 
77.5 percent , were cons is tent within the p rec i s ion of the u ran ium ana lys i s . 

A 3 5 - g r a m port ion of the oxide was charged to a 
tanta lum crucible , along with about 100 g r a m s of magnes ium and one g r a m 
of sodium. The sodium was added to improve wetting of the cruc ib le by 
the liquid meta l . S t i r r ing was provided by a sma l l p rope l le r ro ta ted at 
1000 rpm, except in one run, where a l a rge flat paddle was used. In both 
cases baffles were employed to provide efficient mixing. The reduct ion 
was conducted at 800 C in an a rgon a tmosphe re . Upon complet ion of the 
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run , suff ic ient z inc and m a g n e s i u m w e r e a d d e d to p r o d u c e a f inal m e t a l 
a l l oy conta in ing 18 weight p e r c e n t m a g n e s i u m , 3 w^eight p e r c e n t u r a n i u m , 
and 79 weigh t p e r c e n t z i nc . The s y s t e m w a s then s t i r r e d a t 300 r p m a t 
700 C. 

T a b l e 8 

S K U L L O X I D E F R A C T I O N S U S E D IN M A G N E S I U M 
R E D U C T I O N S T U D I E S 

S i z e 

+ 14 
- 1 4 , +25 
- 2 5 , +45 
- 4 5 , +80 
- 8 0 , +170 

- 1 7 0 , +325 
- 3 2 5 

A v e r a g e 

U 

7 4 . 6 
72 .0 

7 5 . 6 
74 .0 
7 4 . 4 
74 .7 
7 4 . 1 

74 

A n a l y 

Ce 

0 .35 
1.18 
0 .94 
1.40 
1.42 
1.87 
2 .60 

1.56 

s i s ( w / o ) 

M o 

0 .97 
2 .00 

1.95 
1.71 
1.38 

0 .99 
0 .86 

1.47 

R u 

1.44 
1.35 
1.40 
1.37 
1.06 
0 .60 
0 .32 

1.02 

Z r 

2 
4 
2 

1 
1 
1 
1 

P e r c e n t 
in O r i g i n a l 
S k u l l O x i d e 

0 .6 
10 .5 

2 1 . 6 
18.7 
15.3 
14.6 
18 .6 

P e r ce i 
in C h a r 
M a t e r i a 

_ 

11 . 1 
3 2 . 6 

-

2 3 . 1 
14.6 
18.6 

P e r c e n t a g e of m e s h s i z e u s e d in r e c o m b i n a t i o n of s k u l l o x i d e . 

The e x t e n t of the r e a c t i o n canno t be d e t e r m i n e d f rom 
the u r a n i u m content of m a g n e s i u m s a m p l e s t aken d u r i n g the r e d u c t i o n , 
s i nce the a m o u n t of m e t a l l i c u r a n i u m tha t is p r e s e n t e x c e e d s i t s so lub i l i t y 
under t h e s e cond i t i ons . The add i t ion of suff ic ient z inc d i s s o l v e s the u r a n i u m 
and i t s c o n c e n t r a t i o n can then be d e t e r m i n e d by a n a l y z i n g l iquid m e t a l s a m ­
ples d r a w n into t a n t a l u m t u b e s f i t ted wi th No. 60 g r a p h i t e f i l t e r s . It is 
p o s s i b l e , h o w e v e r , tha t a p a r t of the r e d u c t i o n o c c u r s a f t e r the z inc has been 
added to the s y s t e m . 

In g e n e r a l , the r e d u c t i o n y i e l d s a c h i e v e d wi th und i lu ted 
m a g n e s i u m w e r e low, v a r y i n g f r o m 50 to 85 p e r c e n t , and the r e a c t i o n 
a p p e a r e d to be s e n s i t i v e to the cond i t ions of the e x p e r i m e n t . Gr ind ing the 
skul l oxide to a fine powder ( - 1 0 0 m e s h ) did not i m p r o v e r e s u l t s a p p r e c i a b l y -
The l a r g e flat a g i t a t o r b lade a p p e a r e d to p r o v i d e s l i gh t l y b e t t e r s t i r r i n g than 
the s m a l l t w i s t e d p r o p e l l e r . It h a s been conc luded tha t the r e d u c t i o n of sku l l 
ox ides by m a g n e s i u m r e p r e s e n t s a p o t e n t i a l a l t e r n a t i v e in the sku l l r e c o v e r y 
p r o c e s s , but tha t z i n c - l o w m a g n e s i u m a l l o y s a r e b e t t e r s u i t e d to the p u r p o s e . 

(2) The Use of F l u x e s in the R e d u c t i o n of U3O8 by Z i n c -
M a g n e s i u m Al loy 
(J. B. Knighton, J . W. Walsh) 

Both U3O8 and ox ides of u r a n i u m - f i s s i u m a l l oy have 
been r e d u c e d s u c c e s s f u l l y by m a g n e s i u m and by z i n c - m a g n e s i u m a l loy , 
wi th and wi thout the u s e of Dow-230 flux (ANL-623 1, page 56). The use of 
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a molten halide flux appears to be the mos t promis ing approach for r e d u c ­
tion of this type. Advantages provided by such fluxes a r e (l) the reduction 
r a t e s of uran ium oxides a r e marked ly i nc r ea sed by the proper choice of 
flux, (2) the magnes ium oxide produced as a byproduct of the react ion is 
effectively collected in the flux and separa ted from the resul t ing z inc-
magnes ium-u ran ium alloy, and (3) the reduct ions can, if des i red , be con­
ducted in an a i r a tmosphere , since the flux pro tec t s the alloy from 
oxidation. 

In this study, the init ial approach to the reduction 
problem consis ted of defining those flux sys t ems which cause the mos t 
rapid and quantitat ive reduct ion of U3O8 by z inc -magnes ium alloy. Fol low­
ing this survey, studies can be made with the opt imum flux composition to 
es tabl i sh the mos t favorable operating conditions for rapid, complete 
reduction. 

In the ini t ial survey, the va r iab le under study was the 
flux composit ion; a l l other va r i ab les were held constant. The chlor ides of 
l i thium, sodium, potass ium, magnes ium, calc ium, s t ront ium, and bar ium 
were employed as the major flux connponents. The bulk of the flux con­
s i s ted of equimolar concentra t ions (47.5 mole percen t each) of two chloride 
sa l ts of the above-ment ioned alkali and alkaline e a r t h m e t a l s . The cations 
in the different fluxes were p resen t in the same mola r propor t ions . Five 
mole percent magnes ium fluoride was added to a l l the fluxes to achieve a 
clean f lux-metal in ter face . 

All the exper iments were per formed in a i r a-tmosphere, 
using a t ape red -wa l l alundum crucible supported in a r e s i s t a n c e furnace. 
Mixing was accompl i shed by means of a quar tz p rope l l e r - type agi tator 
ro ta ted at 800 rpm. About 400 g r a m s of zinc-five weight percent magnes ium 
and 200 g r a m s of the se lec ted flux were used to provide approximate ly equal 
volumes of the two phases . The uranium oxide was added to the flux phase 
in a quantity sufficient to produce a u ran ium concentrat ion of 1.0 weight p e r ­
cent in the final ingot. Samples of the me ta l phase were withdrawn into 
Vycor tubes at var ious t ime in terva ls up to two hours and analyzed for 
uranium. Silicon and a luminum concentra t ions in the me ta l phase were 
l e s s than 20 ppm, indicating that nei ther the quar tz agi ta tor nor the alundum 
crucible was at tacked by the f lux-metal sys t em. 

The p r o c e s s va r i ab l e s , i .e . , mixing r a t e , t e m p e r a t u r e , 
final uranium concentrat ion in the zinc, magnes ium content of the zinc, 
uranium oxide source and par t ic le s ize, quantity of flux and alloy, and 
geomet ry of the sys tem, were a r b i t r a r i l y fixed and mainta ined constant 
throughout the s e r i e s of exper imen t s . The effect of flux composit ion was 
then evaluated on the bas i s of r a t e and extent of reduct ion a s a function of 
t ime . 
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The r e s u l t s of the s u r v e y s tudy a r e g iven in T a b l e 9-

Table 9 

SURVEY O F F L U X E S F O R UsOg R E D U C T I O N 

C o n d i t i o n s : T e m p e r a t u r e : 750 C 

M i x i n g : 800 r p m wi th q u a r t z s t i r r i n g r o d 
A t m o s p h e r e : A i r 
C r u c i b l e : A l u m i n a 
M e t a l C h a r g e : 400 g r a m s z i n c - 5 w / o m a g n e s i u m 
F l u x C h a r g e : 200 g r a m s of s e l e c t e d f lux 
U Cone : 1% u r a n i u m in m e t a l a t 100% r e d u c t i o n 

P e r c e n t R e d u c t i o n a t T i m e s of 
Run 
No. 

UR 31 
UR 43 
UR 44 

UR 32 
UR 45 
UR 46 

UR 33 
UR 48 
UR 36 

UR 3 5 
UR 64 
UR 49 

UR 39 
UR 40 
UR 50 

UR 37 
UR 41 
UR 42 

UR 51 
UR 52 

47 .5 m / o 

L i C l 
N a C l 
K C l 

L i C l 
N a C l 
K C l 

L i C l 
N a C l 
KCl 

L i C l 
N a C l 
K C l 

L i C l 
L i C l 
K C l 

CaCl2 
SrCIz 
BaCl2 

L i C l 
MgCl2 

i 

47 .5 m / o 

MgCl2 
MgCl2 
MgCl2 

CaCl2 
CaCl2 
CaCl2 

SrCl2 
SrCl2 
SrCl2 

BaCl2 
BaCl2 
BaClz 

N a C l 
KCl 
N a C l 

MgCl2 
MgCl2 
MgCl2 

L i C l 
MgCl2 

5 m / o 

M g F 2 
MgF2 
M g F 2 

M g F 2 
MgF2 
M g F 2 

M g F 2 
M g F 2 
M g F z 

M g F 2 
M g F 2 
M g F 2 

M g F 2 
MgF2 
M g F 2 

MgF2 
MgF2 
M g F 2 

L i F 
MgF2 

10 m i n 

99.9 + 
86 .0 
8 5 . 1 

26 .7 
2 3 . 6 
13.6 

2 5 . 4 
8.0 
2 .5 

12.5 
12.5 
4 .0 

5.7 
4 .0 
2. 1 

97 .0 
99 .0 
92 .0 

10.0 
9 7 . 5 

20 m i n 

99 .9 + 
9 9 . 4 
94 .8 

44 .0 
30 .8 
18.0 

42 .0 
13.0 

3.8 

21 .6 
19.9 

5.3 

9.0 
3.0 
3.0 

99 .+ 
99 .0 
99 .6 + 

11.0 

99.9 + 

30 m i n 

99 .9 + 
99 .4 
9 4 . 8 

56.0 
39 .4 
21 .4 

59 .4 
20 .8 

4.9 

26.0 
27 .3 
10.3 

8.8 
3.0 
3.0 

99 .+ 
99 .0 
99 .6 + 

12.0 

99 .9 + 

60 m i n 

99 .9 + 
9 9 . 4 
94 .8 

86 .0 
60.0 
31 .3 

95 .0 
40 .2 

8.0 

52 .0 
31 .3 
18.0 

13.3 
6.0 
6.0 

99 .+ 
99 .0 
99 .6+ 

17.0 
99 .9 + 

120 m i n 

99.9 + 
99 .4 
94 .8 

99 .8 
84 .0 
41 .0 

96 .0 
70.3 
10.0 

85.0 
44 .6 
19.0 

23 .4 
7.0 

12.8 

99.+ 
99 .0 
99 .6 + 

23 .1 
99 .9 + 

S e v e r a l p e r t i n e n t o b s e r v a t i o n s can be m a d e f r o m t h e s e da ta : 

( l ) C e r t a i n f luxes p e r m i t r a p i d and q u a n t i t a t i v e r e d u c t i o n of 
u r a n i u m ox ides by z i n c - f i v e we igh t p e r c e n t m a g n e s i u m in 
s i m p l e equ ipmen t , unde r an a i r a t m o s p h e r e . 

(2) T h e r e is a def ini te c o r r e l a t i o n b e t w e e n the r e d u c i b i l i t y of a 
s y s t e m and the a t o m i c w e i g h t s of the a l k a l i and a l k a l i n e e a r t h 
c a t i o n s p r e s e n t in the m o l t e n c h l o r i d e flux, the b e s t r e d u c t i o n s 
o c c u r r i n g with the l i g h t e r c a t i o n s . 
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(3) When combinations of the Group I cations (lithium, sodium, 
and potass ium) and Group II cations (magnesium, calcium, 
s t ront ium, and bar ium) a r e used, the r a t e and degree of com­
pletion of the reduction d e c r e a s e p rog re s s ive ly in the o rder 
l i thium, sodium, potass ium and in the o rder magnes ium, ca l ­
cium, s t ront ium, bar ium. For example, the following fluxes, 
each containing l i thium chlor ide , a r e l is ted in decreas ing 
o rde r of effectiveness: 

l i thium ch lo r ide -magnes ium ch lo r ide -magnes ium fluoride 

l i thium ch lo r ide -ca lc ium ch lo r ide -magnes ium fluoride 

l i thium ch lo r ide - s t ron t ium ch lo r ide -magnes ium fluoride 

l i thium ch lo r ide -ba r ium ch lo r ide -magnes ium fluoride 

A s imi l a r t rend is found for fluxes containing sodiunn chloride 
or po tass ium chloride in common. The only exception to the 
t r end was the po tass ium c h l o r i d e - b a r i u m ch lo r ide -magnes ium 
fluoride sys tem, which produced bet ter reduct ions than the 
po tass ium chloride-stront iuim chlor ide-magnes ium fluoride 
sys tem. 

Similar r e su l t s were obtained when a common Group II cation 
was used and the Group I cation was var ied . In al l the com­
binations tested, the l i thium chlor ide fluxes gave the best 
reduct ion and the po tass ium chlor ide fluxes gave the poores t . 

(4) Sys tems containing 95 mole pe rcen t or m o r e of Group I cations 
gave poor reduct ions . 

(5) Sys tems composed en t i re ly of Group II cat ions produced rapid 
and complete reduct ions . 

(6) Magnesium chloride, in pa r t i cu l a r , was p re sen t as a major 
component (47.5 mole pe rcen t or m o r e ) in a l l exper imen t s in 
w^hich complete reduct ion was achieved within 30 minu tes . Thus, 
magnes ium chloride is cons idered to be an e s sen t i a l ingredient 
of any flux chosen for effective reduct ion of u ran ium oxides. 

While the reduct ion of uranium oxides by z inc -
magnes ium al loy in the p re sence of f lux is being invest igated p r i m a r i l y as 
a potential s tep in the EBR-II mel t refining skull r e c o v e r y p r o c e s s , it has 
potential applicat ion in a much wider a r e a . For example, the v e r y low 
losses of u ran ium to the flux phase suggest i ts use for the d i rec t production 
of u ran ium m e t a l from the oxide. It a l so shows p romise for applicat ion in 
other py rometa l lu rg ica l fuel r e p r o c e s s i n g s chemes , such as the process ing 
of oxide or carb ide fuels. 
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(3) Reduc t ion of F i s s i u m Skull Oxides wi th M a g n e s i u m -
Zinc Solu t ions 
(R. D. P i e r c e , L. F . D o r s e y ) 

S tud ies , on a 2 0 0 - g r a m - u r a n i u m s c a l e , have been 
m a d e of the r e d u c t i o n of f i s s i u m sku l l ox ides a t 800 C wi th s o l u t i o n s of 
m a g n e s i u m in z inc , both in the p r e s e n c e and a b s e n c e of a m o l t e n c h l o r i d e 
sa l t flux. T h e s e r e d u c t i o n s w e r e c o n d u c t e d wi th suff ic ient z inc so lven t 
to d i s s o l v e a l l the r e d u c e d u r a n i u m . 

FIGURE 9 

REDUCTIONS OF FISSIUM SKULL OXIDE AT 8 0 0 C WITH 
MAGNESIUM-ZINC SOLUTIONS IN ABSENCE OF 

CHLORIDE FLUX 

—U Concentration at 100% reduction — 3 17% 

Run D-2B 

5% Mg-Zn 
5-in baffled Ta crucible 
3x 1-in Ta paddle at 400 rpm 

U Concentration at 100% reduction — 4 11% 

RunGR-ll-17-0 

8% Mg-Zn 
5-in baffled Ta crucible 
2 1/2 X 3/4-in Ta paddle at 400 rpm 

k o / ^ 7 8 8 89,92 9" « ' ? .« 
81 c ^ 

U Concentration at 100% reduction -- 140% 

Run SD-104 

10% Mg-Zn 
5-in baffled Ta crucible 
3 X 1-in Ta paddle at 400 rpm 

2 3 4 5 
TIME,hours 

oxide with f r e s h z inc , r e m o v a l of the 
c r u c i b l e a p p e a r s e x t r e m e l y diff icul t , 
s t u d i e s of t h i s type a r e p lanned . 

In the a b s e n c e of a c h l o ­
r i d e flux, r e d u c t i o n s of f i s s i u m 
sku l l ox ides w e r e r a p i d and 
n e a r l y quan t i t a t i ve when a t en 
p e r c e n t m a g n e s i u m c o n c e n t r a ­
t ion w a s used , but w e r e m u c h 
s l o w e r a t a five p e r c e n t m a g n e ­
s i u m c o n c e n t r a t i o n ( s ee F i g u r e 9)-
The r e d u c t i o n s wi thout flux do not 
a p p e a r a t t r a c t i v e for the sku l l 
r e c o v e r y p r o c e s s b e c a u s e of the 
b e h a v i o r of the m a g n e s i u m oxide 
tha t i s p r o d u c e d . T h i s oxide 
c l u m p s , p r i n c i p a l l y a t the l iquid 
s u r f a c e , and e n t r a p s s o m e un-
r e a c t e d sku l l ox ide . The m a g n e ­
s i u m oxide a l s o r e t a i n s l a r g e 
a m o u n t s of z inc so lu t ion d e s p i t e 
a t t e m p t s to t r a n s f e r a w a y th i s 
l iquid p h a s e by p o u r i n g , s iphoning , 
or f i l t e r i ng . Al though the u r a n i u m 
m i g h t be r e c o v e r e d f r o m r e t a i n e d 
z inc by •washing the m a g n e s i u m 

f inal w a s t e m a g n e s i u m oxide f r o m the 
C o n s e q u e n t l y , no f u r t h e r r e d u c t i o n 

The use of a s a l t flux in t h e s e r e d u c t i o n s h a s s u c c e s s ­
fully e l i m i n a t e d the p r o b l e m s c a u s e d by m a g n e s i u m oxide . Quan t i t a t i ve 
skul l oxide r e d u c t i o n s w e r e ob t a ined in the four r u n s tha t w e r e m a d e wi th 
5 to 10 p e r c e n t m a g n e s i u m in z inc ( see F i g u r e lO). T h e s e r e d u c t i o n s went 
to c o m p l e t i o n within two h o u r s . Run SD-108 is e s p e c i a l l y i n t e r e s t i n g b e c a u s e 
l a r g e " c l i n k e r s " (0.4 to 1.2 cm) of o x i d i z e d sku l l w e r e c h a r g e d and w e r e 
s u c c e s s f u l l y r e d u c e d within a t w o - h o u r p e r i o d . The o the r r u n s u s e d the full 
r a n g e of oxide p a r t i c l e s i z e s t h a t r e s u l t f r o m ox ida t ion of a sku l l ( s ee 
A N L - 6 2 3 1 , page 55). 
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The f luxes u s e d in R u n s SD-107 , - 1 0 8 , and -109 ( l i s t ed 
in F i g u r e lO) w e r e those which, in l a b o r a t o r y s t u d i e s , p r o v i d e d a s h a r p 
m e t a l - s a l t i n t e r f a c e and e n h a n c e d the r e d u c t i o n a s we l l . While d i s t r i b u t i o n 
of the m a g n e s i u m oxide was not d e t e r m i n e d , the good qua l i t y of the z inc 
ingot and the r e s u l t s of s t u d i e s on m a g n e s i u m oxide d i s t r i b u t i o n ( s e e 
page 65) i n d i c a t e tha t the m a g n e s i u m oxide i s in the s a l t p h a s e . 

(4) The R e d u c t i o n of P l u t o n i u m Dioxide by Z i n c -
M a g n e s i u m Al loy in the P r e s e n c e of F l u x 
(J . B. Knighton, I. O. Winsch , T. F . Cannon) 

The e f f e c t i v e n e s s of m o l t e n s a l t f luxes in p r o m o t i n g the 
r e d u c t i o n of u r a n i u m oxides s u g g e s t s the p o s s i b i l i t y of r e d u c i n g p l u t o n i u m 
dioxide in the s a m e m a n n e r . An e x p e r i m e n t was p e r f o r m e d in wh ich p l u t o ­
n i u m dioxide was r e d u c e d by a z i n c - f i v e we igh t p e r c e n t m a g n e s i u m a l l o y 
in the p r e s e n c e of a m o l t e n ha l i de flux. The c o m p o s i t i o n of the flux, e x ­
p r e s s e d in m o l e p e r c e n t , was c a l c i u m c h l o r i d e , 47 .5 ; m a g n e s i u m c h l o r i d e , 
47 .5 ; and m a g n e s i u m - f l u o r i d e , 5.0. The r e d u c t i o n was c o n d u c t e d to 750 C 
under a h e l i u m a t m o s p h e r e in a t a n t a l u m c r u c i b l e . The s y s t e m w a s a g i t a t e d 
with a t a n t a l u m paddle s t i r r e r . The d u r a t i o n of the run w a s two h o u r s , and 
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^ere t a k e n a t 3 0 - m i n u t e i n t e r v a l s . The 
s amp l ing t u b e s w e r e m a d e of t a n t a l u m and f i t ted wi th g r a p h i t e f i l t e r s . 
Sufficient p lu ton ium dioxide w a s a d d e d to y i e ld a z i n c - m a g n e s i u m a l l o y 
con ta in ing 0.54 weight p e r c e n t p l u t o n i u m a t c o m p l e t e r e d u c t i o n . 

When the r e d u c t i o n w a s c o m p l e t e d , the m e t a l and flux 
w e r e p o u r e d into a g r a p h i t e m o l d . Upon cool ing , the flux and m e t a l w e r e 
e a s i l y r e m o v e d f r o m the m o l d and s e p a r a t e d wi th a v e r y c l e a n i n t e r f a c e . 
The e n t i r e flux was s u b m i t t e d for p l u t o n i u m a n a l y s i s . 

The p r e l i m i n a r y r e s u l t s , g iven in Tab le 10, i n d i c a t e 
tha t the r e d u c t i o n was e s s e n t i a l l y q u a n t i t a t i v e by the t i m e the f i r s t 30 -
m i n u t e s a m p l e w a s t aken . 

T a b l e 10 

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

T e m p e r a t u r e : 750 C C o n t a i n e r : t a n t a l u m 
S t i r r i n g : t a n t a l u m p a d d l e , ~ 400 r p m A t m o s p h e r e : h e l i u m 

P l u t o n i u m C o n t e n t P l u t o n i u m C o n t e n t 
a a 

T i m e of M e t a l P h a s e T i m e of M e t a l P h a s e 
S a m p l e ( m m ) (we igh t p e r c e n t ) S a m p l e ( m m ) ( w e i g h t p e r c e n t ) 

1 30 0 .57 4 IZO 0 .53 
2 60 0 .52 f lux 120 0 0 0 8 4 
3 90 0 .52 

T h e o r e t i c a l v a l u e a t c o m p l e t e r e d u c t i o n : 0 . 5 4 p e r c e n t 
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Samples taken subsequently showed that the plutonium concentrat ion in the 
z inc -magnes ium alloy r ema ined constant within the analyt ica l uncer ta inty. 
The flux ana lys i s showed only 0.015 g r a m of plutonium in the ent i re flux at 
the end of the run. Based on the flux ana lys i s , the reduction was at l eas t 
99.8 percent complete. 

(5) Removal of Ruthenium from F i s s i u m Skull Oxide by 
Zinc Leaching 
(J. C. Hesson, K. R. Tobias) 

Although the solubili ty of ruthenium in liquid me ta l 
solutions of the skull r ec lamat ion p r o c e s s m a y be adequate for achieving 
the r equ i r ed separat ion, it became of i n t e r e s t to de te rmine whether r u th e ­
nium (as oxides or meta l ) could be reduced and leached from f iss ium skull 
oxide by mol ten zinc. Other noble m e t a l s would be expected to behave 
s imi la r ly . 

Two exper imen t s were made in which skull oxide 
(lOO g r a m s containing 1.5 percent ru thenium) was contacted with zinc at 
about 775 C under an argon a t m o s p h e r e . Zinc alone (578 g r a m s ) was used 
in one run, while in the other, both zinc (705 g r a m s ) and a Dow 230 chloride 
flux* (200 g r a m s ) were employed. F i l t e r e d me ta l sanaples indicated that 
in both exper imen t s essent ia l ly a l l the ruthenium t r a n s f e r r e d to the zinc 
phase. In the absence of flux, ru thenium r e s u l t s were somewhat e r r a t i c 
and some exceeded the theore t i ca l concentra t ion. Analyses of the samples 
for u ran ium indicated no inclusion of u ran ium oxide. When a flux was 
employed, complete ruthenium t rans fe r was effected in about nine hours 
(see F igure 11). 

When no flux was used, the skull oxide was not wetted 
by the zinc nor incorpora ted into it. Consequently, separa t ion of the zinc 
and oxide might be difficult. When flux was used, the skull oxide was in 
the flux phase . 

c. Demonst ra t ion of Skull Recovery P r o c e s s 
(R. D. P i e r c e , T. R. Johnson, J. F . Lenc, J . C. Hesson, 
L. F . Dorsey, K. R. Tobias , M. A. Bowden) 

Solidification of m a t e r i a l in the t r ans fe r tube caused con­
s iderab le exper imenta l difficulty in the previous runs of the skull r e c l a m a ­
tion p r o c e s s (ANL-6183, page 42). The exper imenta l equipment has been 
modified to avoid cold spots in the t r ans fe r tube. 

*Dow 230 chloride flux has the following composit ion, e x p r e s s e d in 
mole percen t : po tass ium chlor ide , 63; magnes ium chlor ide , 31; 
b a r i u m chlor ide , 3.7; and ca lc ium fluoride, 2.2. 
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FIGURE II 

LEACHING OF RUTHENIUM FROM FISSIUM SKULL OXIDE 
WITH ZINC IN PRESENCE OF DOW-230 FLUX 

CONDITIONS; 
SYSTEM AGITATED UNDER ARGON 
ATMOSPHERE AT 7750 IN PRESENCE 
OF DOW-230 FLUX; 

KCl - 63 mole % BaCl2 - 3.7 mole % 
MgClg- 31 mole % CoFg - 2 . 2 m o l e % 

0.30 

Theoretical ruthenium 
concentration based 
on skull oxide analysis 

6 8 10 
TIME, hours 

12 14 

The mod i f i ed e q u i p m e n t wil l be e m p l o y e d in a new s e r i e s of r u n s to 
d e m o n s t r a t e the r e v i s e d r e c o v e r y p r o c e s s shown in F i g u r e 8, page 49-
The noble m e t a l r e m o v a l s t ep p r o b a b l y wi l l not be i n c o r p o r a t e d un t i l 
l a b o r a t o r y s t u d i e s of th i s s t e p a r e f u r t h e r a d v a n c e d . 

The r e v i s e d e q u i p m e n t h a s o p e r a t e d s a t i s f a c t o r i l y in 
p r e l i m i n a r y t e s t s . Two s e p a r a t i o n s of s a l t and m e t a l p h a s e s have been 
m a d e without diff icul ty by s u c c e s s i v e p r e s s u r e - s i p h o n t r a n s f e r s . T h e s e 
s e p a r a t i o n s w e r e a c c o m p l i s h e d by fo rc ing out l iquid m e t a l by m e a n s of 
p r e s s u r e un t i l the i n t e r f a c e w a s g inch f r o m the b o t t o m of the t r a n s f e r 
tube in one run , and - inch in the o t h e r . By t i l t ing the f u r n a c e s l igh t ly , 
to b r i n g the bo t tom of the t r a n s f e r tube in to the sa l t p h a s e , a s i m i l a r 
t r a n s f e r of the s a l t p h a s e was ef fec ted . The r e c e i v e r b o m b w a s opened 
a f te r the m e t a l t r a n s f e r for i n s e r t i o n of a new r e c e i v e r into which the 
sa l t w a s t r a n s f e r r e d . 

S m a l l - s c a l e s t u d i e s of the u s e of f i l t r a t i o n a s the m e t h o d 
of s e p a r a t i n g p r e c i p i t a t e d u r a n i u m - z i n c i n t e r m e t a l l i c or u r a n i u m m e t a l 
p h a s e s have been m a d e . In the c o u r s e of th i s w^ork, a c o m p l e t e s m a l l -
s c a l e d e m o n s t r a t i o n run of the sku l l r e c l a m a t i o n p r o c e s s was m a d e 
employ ing f i l t r a t i o n a s the p h a s e - s e p a r a t i o n p r o c e d u r e . 

F i l t r a t i o n of P r e c i p i t a t e d M e t a l P h a s e s 

The f i l te r and r e c e i v e r c r u c i b l e a s s e m b l y shown in F i g ­
u r e 12 w a s e m p l o y e d to t e s t p r e s s u r e f i l t r a t i o n a s a m e t h o d of s e p a r a t i n g 
s u p e r n a t a n t l iqu id m e t a l s f roin p r e c i p i t a t e d u r a n i u m p h a s e s . 
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FIGURE 12 
GRAPHITE (CS) 

FILTER AND RECEIVER 
CRUCIBLE ASSEMBLY 

GRAPHITE UPPER 
CRUCIBLE -

ELECTRODE FOR 
DETERMINING 
LIQUID LEVEL — 

PIPE FOR CHANGING 
PRESSURE IN LOWER 
CHAMBER 

POROUS DISC 

GRAPHITE UDWER 
CRUCIBLE 

The p r e c i p i t a t i o n of u r a n i u m f r o m z inc s o l u ­
t ion by cool ing to 550 C and a s u b s e q u e n t 
p r e s s u r e f i l t r a t i o n to r e m o v e the s u p e r n a t a n t 
z inc p h a s e w e r e a c c o m p l i s h e d r e a d i l y in two 
r u n s . A n a l y s e s of the z inc f i l t r a t e s showed 
the c o n c e n t r a t i o n of u r a n i u m to be tha t of i t s 
so lub i l i t y in z inc at 550 C ( n a m e l y 0.05 p e r cen t ) . 

Subsequen t ly , the i n t e r m e t a l l i c c a k e s 
w e r e d e c o m p o s e d by adding m a g n e s i u m to a 
c o n c e n t r a t i o n of about 50 weigh t p e r c e n t in 
the a v a i l a b l e z i n c . F i l t r a t i o n of the m a g n e s i u m -
r i c h s u p e r n a t a n t l iquid m e t a l was a l s o r e a d i l y 
a c c o m p l i s h e d a t 700 C. S t i r r i n g w a s shown to 
be e s s e n t i a l , s i n c e , wi thout s t i r r i n g , a z i n c -
r i c h l a y e r having a r e l a t i v e l y h igh so lub i l i t y 
for u r a n i u m r e m a i n e d n e a r the b o t t o m of the 
f i l te r uni t . The f i l t r a t e f r o m an u n s t i r r e d 
m e l t c o n t a i n e d 2.2 p e r c e n t u r a n i u m a s c o n ­
t r a s t e d wi th only 0.03 p e r c e n t f r o m a s t i r r e d 
m e l t . In one r u n the u r a n i u m cake w a s 
r e t o r t e d to v a p o r i z e the so lven t m e t a l s and 
l a t e r c o a l e s c e d into a 1 0 - g r a m m e t a l but ton 
by a r c m e l t i n g . 

S m a l l - s c a l e D e m o n s t r a t i o n Run 

A s m a l l - s c a l e (20 g r a m s of sku l l oxide) d e m o n s t r a t i o n 
run of the sku l l r e c l a m a t i o n p r o c e s s w a s c a r r i e d out s t e p w i s e by m e a n s of 
the r e l a t i v e l y s i m p l e f i l t r a t i on e q u i p m e n t shown in F i g u r e 12. The r e d u c ­
t ion s t e p w a s c a r r i e d out in the p r e s e n c e of a c h l o r i d e flux (53 m o l e p e r c e n t 
s o d i u m c h l o r i d e , 41 m o l e p e r c e n t m a g n e s i u m c h l o r i d e , and 6 m o l e p e r c e n t 
m a g n e s i u m f luo r ide ) . S e p a r a t i o n of the flux p h a s e w a s a c c o m p l i s h e d a t 
800 C by fo rc ing the u r a n i u m - z i n c so lu t ion by m e a n s of p r e s s u r e t h r o u g h 
the f i l t e r un t i l a r - i n c h m e t a l h e e l p lus the flux r e m a i n e d . The u p p e r 
f i l te r c h a m b e r w a s c l e a n e d out and the p r o d u c t ingot r e c h a r g e d for p r e c i p i ­
ta t ion of 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 by r e - s o l u t i o n of the u r a n i u m a t 
800 C a n d coo l ing . After f i l t e r ing off the z inc , m a g n e s i u m w a s a d d e d to the 
i n t e r m e t a l l i c cake and s t i r r e d a t 700 C, t h e r e b y l i b e r a t i n g u r a n i u m m e t a l . 
The s u p e r n a t a n t m e t a l p h a s e w a s f o r c e d t h r o u g h the f i l t e r by m e a n s of 
p r e s s u r e , a n d the u r a n i u m c a k e w a s then r e t o r t e d in p l a c e , r e m o v e d , and 
a n a l y z e d . 

In s m a l l - s c a l e i n t e r m i t t e n t o p e r a t i o n s s u c h a s d e s c r i b e d 
above , l o s s e s , -which would not o c c u r in r e p e t i t i v e p lan t p r o c e s s i n g , a r e 
high, e .g . , m e t a l h e e l s and m e t a l a d h e r i n g to s t i r r e r , baf f les , and c r u c i b l e 
w a l l s . T h e r e f o r e , the y ie ld of m e t a l a s u r a n i u m p r o d u c t w a s only 
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55 percent (8.3 g r a m s out of 15 charged) . However, p r o c e s s l o s s e s , as 
r epresen ted by uran ium losses in the meta l f i l t ra tes and the fused salt 
flux were low, amounting to only 2.7 pe rcen t of the uran ium charged. The 
uranium ma te r i a l balance was 96 percen t . 

As compared to the init ial m a t e r i a l , f ission product con­
centrat ions in the product uran ium had been reduced by the following 
fac to r s : ce r ium, 20; molybdenum, 20; and z i rconium, 12. The bulk of the 
cer ium was removed, as expected, in the m a g n e s i u m - r i c h supernatant 
liquid resul t ing from decomposit ion of the u ran ium-z inc in t e rme ta l l i c . 
Most of the molybdenum was removed on the f i r s t f i l t rat ion of the u ran ium-
zinc product solution. Of the 0.2 g r a m of molybdenum initially p re sen t , 
0.06 g r a m was p resen t in the meta l heel f rom this f i l t ra t ion (as expected 
because of the low solubility of molybdenum in zinc), 0.03 g r a m adhered 
to the s t i r r e r and baffle, and 0.04 g r a m remained in the flux. The high 
molybdenum content of the salt flux is su rp r i s ing and will be fur ther 
investigated. The reasons for the good z i rconium removal a r e not a p p a r ­
ent. The level of ruthenium concentra t ions in this run was too low to be 
followed. 

This s m a l l - s c a l e run provides encouragement that adequate 
fission product removals can be achieved. Additional information on both 
uranium yield and fission product d is t r ibut ion will be provided by the for th­
coming demonst ra t ion runs upon a l a r g e r sca le . 

d. The Removal of Magnesium Oxide f rom Liquid Metals 

The objective of this work is the development of a p rac t i ca l 
method for the separa t ion of magnesiuin oxide, formed during the reduction 
of uranium oxides by liquid magnes ium or by liquid magnes ium-z inc a l loys , 
from the resul t ing uran ium meta l or u ran ium solution. This separa t ion is 
nece s sa ry to avoid the c a r r y o v e r of magnes ium oxide with the recyc led 
uranium to the mel t refining s tep, where it w^ould cause difficulty in c o a l e s ­
cence of the u ran ium with resul tan t low pouring y ie lds . 

(1) Separat ion and Identification of Magnesium Oxide 
(A. Schneider , G. Roger s , D. Knoebel*) 

The reduction of u ran ium oxide by magnes ium in liquid 
meta l was repor ted previously (ANL-61 83, page 50). In examining var ious 
possible methods for the remova l of the magnes ium oxide f rom the liquid 
meta l , it was deemed des i rab le to c h a r a c t e r i z e this oxide with r ega rd to its 
composit ion, pa r t i c le s ize , and specific gravi ty . The p r e s e n c e of magnes ium 
oxide and alpha uran ium in a res idue resul t ing f rom the re to r t ing of a r educ ­
tion ingot was demons t ra t ed by X - r a y diffraction techniques . However , the 

*Summer student employee. 



62 

separa t ion of this oxide, for cha rac t e r i za t ion pu rposes , f rom the assoc ia ted 
uranium product is difficult. There fore , pure magnes ium oxide resul t ing 
from an oxidat ion-reduct ion reac t ion in a liquid me ta l was m o r e conveniently 
p r e p a r e d by contacting zinc oxide powder with a m a g n e s i u m - c a d m i u m mel t , 
since al l components , except magnes ium oxide, in the reduct ion ingot (zinc, 
magnes ium, and cadmium) can be removed quantitatively by vacuum r e t o r t ­
ing. The comple teness of the reduction was a sce r t a ined by de termining the 
zinc content of f i l tered samples withdrawn from the mel t . The re to r t ing 
res idue was found to be pure magnes ium oxide, its X- ray diffraction pa t t e rn 
being in excel lent ag reemen t with that of Swanson and Tatge .° The pa r t i c l e s 
of the oxide ranged in s ize between 1 and 10 m i c r o n s . The specific gravi ty 
of this m a t e r i a l was about 3.5. 

(2) The Quantitative Determinat ion of Magnesium Oxide 
in Metal Ingots or Liquid Solutions 
(A. Schneider , G. Rogers) 

Before var ious separa t ion schemes could be tes ted , 
it was n e c e s s a r y to develop re l iable sampling and analyt ical methods for 
the de te rmina t ion of magnes ium oxide. The following p rocedu re s were 
used in this work: (l) the de te rmina t ion of the re la t ive magnes ium oxide 
concentra t ion in various locations of an ingot containing magnes ium, u r a ­
nium, and cadmium or z inc; and (2) the de te rmina t ion of the total amount 
of magnes ium oxide p r e s e n t in an ingot. 

The f i r s t p rocedu re is useful in de termining whether a 
separa t ion method based on differences in specific gravity between m a g n e ­
sium, oxide and the liquid meta l solution can be applied to a pa r t i cu l a r s y s ­
tem. The p rocedu re cons is t s of r e to r t ing fract ions of an ingot, taken f rom 
seve ra l loca t ions , to remove the volat i le components . The r e s idue , cons i s t ­
ing of magnes ium oxide, u ran ium, and u ran ium oxides , is d issolved in ni t r ic 
acid and the magnes ium content obtained by t i t ra t ion with ethylenediamine 
t e t r aace t i c acid. The re tor t ings w e r e c a r r i e d out in the s t i l l de sc r ibed in 
ANL-6183, page 47, The st i l l was fitted with a tanta lum l iner to p e r m i t the 
dis t i l la t ion of z inc. The re tor t ing efficiency was checked in s eve ra l blank 
runs ; the r e su l t s obtained a r e given in Table 11. It is evident that the 
weight of the res idue co r responded c losely with the amount of magnes ium 
oxide added. 

In the second p r o c e d u r e , which is n e c e s s a r y for the 
evaluation of the efficiency of a given sepa ra t ion scheme , the magnes ium 
oxide was f i r s t ex t rac ted f rom the liquid me ta l into a mol ten sal t m ix tu r e ; 
this was followed by a de te rmina t ion of the magnes ium oxide content in 
the sa l t . 

Swanson, H. E. , and Tatge, E . , S tandard X- r ay Diffraction P a t t e r n s , 
NBS C i r cu l a r 539 (1953). 
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Table 11 

RESULTS OF RETORTING EXPERIMENTS 

Charge (grams) 

Mg 

7.0483 

1.8074 
4.0839 
1.0983 

MgO 

0.1890 
0.1628 

Cd 

4.9221 

5,3689 

Zn U 

0.6072 

7,4186 

Res 

Weight 
(gram) 

0.0026 
0.0014 
0.1781 
0.7584 
0.0193 

lidue 

Deviation 
of Weight 

f rom 
Theore t ica l 

(percent) 

-t-0.03 
-F0,03 
-5.6 
-1.5 
+ 0,47 

0,0143 + 0,27 

(3) The Separat ion of Magnesium Oxide from Reduced 
Uranium 

Three methods have been cons idered for the sepa ra t ion 
of magnes ium oxide formed during the reduct ion of u ran ium oxide: 

a) f i l t rat ion of a solution containing all the u ran ium; 

b) l iquation of the mel t to induce the magnes ium oxide to r i s e 
to the surface of the me ta l solution, with subsequent wi thdrawal 
of the bulk of this solution f rom below the sur face ; and 

c) ext rac t ion of magnes ium oxide with a mol ten salt m ix tu re , 

(a) Separat ion of Magnesiuin Oxide by F i l t r a t ion 
(J. C. Hesson, K. R. Tobias) ~ 

Two runs w e r e pe r fo rmed to examine f i l t ra t ion as 
a means of separa t ing naagnesium oxide f rom liquid magnes ium-z inc solu­
t ions. Prev ious efforts to remove magnes ium oxide f rom cadmium-
magnes ium solutions by f i l t ra t ion had been somewhat d iscouraging because 
the f i l ters gradually became plugged (ANL-6068, page 61). In this e a r l i e r 
work, approximately 1-inch fi l ter f r i t s of graphi te or s tee l w e r e forced 
into fittings in the open end of a dip tube through which the me ta l solution 
was forced by p r e s s u r e . The sca le of opera t ion was 500 to 1000 g r a m s of 
meta l pe r square cen t imete r of f i l ter a r e a . 

In the two new runs , approximate ly 335 g r a m s of 
a zinc-10 percen t magnes ium ingot f rom a reduct ion run were mel ted in 
each of two graphi te c ruc ib les , the one having a grade 40 and the other a 
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grade 60 graphi te fi l ter (69 and 33 m i c r o n pore s i z e s , respect ive ly) in the 
bottom. F i l t ra t ion of 50 g rams of meta l p e r square cen t ime te r of f i l ter 
a r ea was readi ly achieved. Most of the res idue in the crucible r ema ined 
in the upper port ion as a spongy m a s s so that a re la t ively sma l l propor t ion 
of res idue was actually on the f i l ter . 

Table 12 p r e s e n t s the conditions and r e su l t s of 
these two exper imen t s . The efficiency of magnes ium oxide remova l 
appeared to be good in the s m a l l - s c a l e expe r imen t s . F i l t e r plugging was 
not a p rob lem with this smal l volume. 

Table 12 

FILTRATION OF MAGNESIUM OXIDE FROM ZINC-10 PERCENT 
MAGNESIUM SOLUTION 

F i l t e r s : Grade 40 graphi te in Run 137; 
grade 60 graphi te in Run 138 

Charge : 332 g r a m s in Run 137; 339 g r a m s in Run 138 

Run 

137 
138 

Conditi 

Temp 

(c) 

780 
830 

.ons of 

Time 
(min) 

7 
12 

Fi l t r a t ion 

P r e s s u r e 
(psi) 

1,5 
2,5 

Wt of 
F i l t e r 
Cake 

(g) 

68.4 
24.0 

Wt of 
Retor ted 

Cake 

(g) 

9.3 
1.25 

% Metal 
Vaporized 
f rom Cake 

86 
95^ 

Minimum 
Efficiency 

of MgO 
Removal^ 

99 
94 

^Based on re tor t ing about 20 pe rcen t of f i l t ra te and a t t r ibut ing the 
res idue w^eight to magnes ium oxide after deduction of u ran ium 
p r e s e n t in res idue as obtained by ana lys i s . 

"Retor ted cake contained 12 pe rcen t u ran ium. No analys is made in 
f i r s t run. 

Two points should be made with r e g a r d to f i l t r a ­
tion. One is the l a rge holdup of me ta l with the oxide res idue in the f i l ter 
c ruc ib le . In plant operat ion, this holdup of meta l would neces s i t a t e a meta l 
washing opera t ion to remove the contained uran ium. The second point is 
that a method of removal of m a g n e s i u m oxide f rom the cruc ib le m u s t yet be 
found. For these r e a s o n s , f i l t ra t ion of magnes ium oxide does not appear 
a t t r ac t i ve . 
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(b) S e p a r a t i o n of M a g n e s i u m Oxide by L iqua t ion and 
Liquid M e t a l R e m o v a l 
( A . S c h n e i d e r , G. R o g e r s ) 

The s e p a r a t i o n of m a g n e s i u m oxide by l iqua t ion 
and l iquid m e t a l r e m o v a l a p p e a r e d f e a s i b l e for m a g n e s i u m - z i n c and 
m a g n e s i u m - c a d m i u m s y s t e m s , wh ich a r e c o n s i d e r a b l y h e a v i e r than m a g ­
n e s i u m oxide , but w a s shown to be i m p r a c t i c a l for m a g n e s i u m m e l t s 
( A N L - 6 1 8 3 , page 50). S e v e r a l e x p e r i m e n t s w e r e p e r f o r m e d in w h i c h U3O8 
was r e d u c e d by a five p e r c e n t m a g n e s i u m - z i n c so lu t ion . The l o n g i t u d i n a l 
d i s t r i b u t i o n of m a g n e s i u m oxide in the so l id i f i ed ingot showed tha t m i g r a ­
t ion of m a g n e s i u m oxide in the m o l t e n m a t e r i a l p r o c e e d s s lowly. In one 
e x p e r i m e n t , ove r 40 p e r c e n t of the m a g n e s i u m oxide w a s c a r r i e d to the 
bo t tom of the ingot dur ing so l id i f i ca t ion , p r o b a b l y by e n t r a p m e n t in the 
i n t e r m e t a l l i c compounds f o r m e d on coo l ing . A s wi th f i l t r a t ion , it w a s a l s o 
found tha t an a p p r e c i a b l e quan t i t y of m e t a l r e m a i n e d a s s o c i a t e d wi th the 
m a g n e s i u m oxide a f t e r pour ing off the l iqu id m e t a l f r o m the c r u c i b l e . The 
r e m o v a l of the c r u c i b l e r e s i d u e could p r o v e to be qu i te diff icult . T h e s e 
o b s e r v a t i o n s i nd i ca t e tha t th i s m e t h o d i s no t p r o m i s i n g . It was a l s o found 
tha t s o m e u n r e d u c e d u r a n i u m oxide c o n c e n t r a t e d n e a r the s u r f a c e of the 
nnelt. 

(c) S e p a r a t i o n of M a g n e s i u m Oxide by F u s e d Sal t 
E x t r a c t i o n 
( A . S c h n e i d e r , G. R o g e r s ) 

The r e m o v a l of m a g n e s i u m oxide by fused sa l t 
e x t r a c t i o n w a s s tud ied a s a s e p a r a t e s t e p fol lowing the r e d u c t i o n of u r a ­
n i u m oxide or a s a s i m u l t a n e o u s p r o c e s s by c a r r y i n g the r e d u c t i o n out in 
the p r e s e n c e of the m o l t e n flux. The r e s u l t s a r e shown in Table 13. 

Table 13 

THE SEPARATION OF MAGNESIUM OXIDE FROM LIQUID METAL PHASES 

Flux 

Charge Reduction 
at 800 C 

MgO Extraction 
Phase 

Separation 

Flux ^ 

Metal 

Exp No 

10-19-0 

11-J-O 

11-17-0 

12-7-0t 

Charge, grams 

Zn 

4000 

577 

4008 

Mg 

350 

30 

354 

99 

U3O8 

220 

10 

220 

30 

Time 

hrs 

5 

7 

6 

4 

Reduction 
lw/o)3 

88 to 90 

92 

84 

100 

Flux, grams 

MgCl2 

15 

150 

28 

NaCl 

335 

72 

KCl 

426 

61 

610 

NaF 

38 

4 

CaF2 

4 

40 

Final Reduction 
(w;o)a 

100 

97 

MgO Partit ion, a/0 

Metal 

1 

0 

2 

8 

Flux 

93 ± 3 

95 ± 5 

100 

92 

^Reduction yield based on uranium contents of filtered metal samples, except in Exp 12-7-0, where yield was determined by hydriding method 
(see ANL-6183, p. 46) In Exp 10-19-0, lower yield obtained from decrease of magnesium content of melt. 

^Reduction carries out in presence of f lux at 728 C no separate extraction step. 
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The composit ion of the flux was governed by the des i r ed mel t ing range 
(general ly above that of the m e t a l phase) and its s tabi l i ty when contacted 
by a solution containing uran ium and magnes ium. The flux used in Expe r i ­
ment 10- 19-0 w^as found to be unstable in a blank run, as evidenced by the 
d e c r e a s e in uran ium and magnes ium contents of the mol ten me ta l , by the 
appearance of some magnes ium in the flux, and by the volat i l izat ion of 
sodiuna. 

F luxes containing magnes ium chloride w^ere 
found to be stable and were used in subsequent expe r imen t s . The r e su l t s 
in Table 13 show that a high (over 90 percent) r emova l of magnes ium oxide 
was accompl i shed by fused sa l t ext rac t ion . Since it has a l so been found 
that the p resence of suitable fluxes enhances the reduct ion r a t e of uranium 
oxides in liquid me ta l s , this is cons idered to be the p r e f e r r e d method for 
the r emova l of magnes ium oxide. 

For reduct ions in pure magnes ium (Exper i ­
ment 12-7-0), the solidified ingot cons is ted of two sepa ra t e m e t a l phases , 
located at the top and bottom of the ingot, and embedded in the flux phase. 
The bulk of the magnes ium was in the upper me ta l phase . The heavier 
m e t a l phase consis ted of the reduced uran ium wetted by a sma l l amount 
of magnes ium. The uran ium content of the flux was v e r y low .̂ The fact 
that the u ran ium meta l s epa ra t ed from the bulk of the magnes ium may 
provide a convenient method for the separa t ion of the u ran ium product 
from the magnes ium oxide. 

e. Retort ing of Uran ium Concentra tes 
( j . F . Lenc, M. A. Bowden) 

The objective of the re tor t ing s tep of the skull r ec l amat ion 
p r o c e s s is to isola te a u ran ium product in high yield from accompanying 
liquid m e t a l s . The uran ium product m u s t be in a form eas i ly removable 
from a suitable crucible in o rde r to pe rmi t r emote handling and mus t be 
sufficiently free of impur i t i e s (such a s oxide and carbide) to enable suitable 
incorpora t ion with other fuel m a t e r i a l on r ecyc le to the me l t refining p r o c e s s . 
In previous re to r t ing s tudies , u ran ium has been p re sen t ini t ia l ly as a p rec ip i ­
ta ted in t e rme ta l l i c comipound of u ran ium and zinc or u ran ium and cadmium. 
Upon re to r t ing , the uran ium product has re ta ined skeleton c h a r a c t e r i s t i c s of 
the or iginal in t e rme ta l l i c compound. Because the u ran ium prec ip i ta t ion 
s teps have been r e v e r s e d in the r e v i s e d flowsheet (see page 49 )> the uran ium 
before re to r t ing is p resen t as p rec ip i t a ted uran ium within a m a g n e s i u m - r i c h 
m a t r i x ins tead of as a u ran ium-z inc in t e rme ta l l i c compound. Therefore , 
t h ree re to r t ing runs were made during the past qua r t e r to a s c e r t a i n the 
cha rac t e r of the product which r e s u l t s from re tor t ing such s y s t e m s . 

The cha rges for these runs were p r e p a r e d by magnes ium 
decomposi t ion of u ran ium-z inc in te rmeta l l i c concen t ra tes formed by d i r ec t 
reac t ion of u ran ium and zinc a s de sc r ibed on page 69 in connection with 
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b lanke t p r o c e s s i n g s t u d i e s . Suff ic ient m a g n e s i u m w a s a d d e d to p r o d u c e a 
46 p e r c e n t m a g n e s i u m - z i n c a l loy . The f i r s t c h a r g e c o n s i s t e d of 2. 1 kg of 
the m a t e r i a l p r o d u c e d in Run 4 (Tab le 14, page 70 ) and 1450 g r a m s of 
m a g n e s i u m . The s e c o n d c h a r g e c o n s i s t e d of 2 .4 kg of m a t e r i a l f r o m the 
f i r s t t h r e e r u n s g iven in T a b l e 14 and 1850 g of m a g n e s i u m . T h e s e w e r e 
h e a t e d to 700 C in g r a p h i t e c r u c i b l e s c o n t a i n e d in a r e a c t i o n tube f u r n a c e 
and s t i r r e d m e c h a n i c a l l y for 4 to 5 h o u r s (400 r p m in Run 1 and 700 r p m 
in Run 2). In the f i r s t run , s t i r r i n g w a s c o n t i n u e d a s the t e m p e r a t u r e w a s 
s lowly r e d u c e d o v e r a s u b s e q u e n t 4 - h o u r p e r i o d to 380 C. In the s e c o n d 
run , s t i r r i n g w a s d i s c o n t i n u e d b e f o r e coo l i ng . 

E x a m i n a t i o n of the i n g o t s a f t e r cu t t ing and a c i d - e t c h i n g 
showed a s h a r p l ine of d e m a r c a t i o n b e t w e e n the u r a n i u m l a y e r , wh ich 
occup ied the b o t t o m q u a r t e r of the ingot , and the o v e r l a y i n g m a g n e s i u m -
r i c h a l l o y l a y e r . In the f i r s t r u n in w h i c h s t i r r i n g h a d been c o n t i n u e d 
du r ing coo l ing , the u r a n i u m w a s in the f o r m of t i n y g l o b u l e s ( m a x i m u m 
d i a m e t e r of - inch) wi th in the z i n c - m a g n e s i u m m a t r i x . An X - r a y d i f f r a c ­
t ion a n a l y s i s of one of the g l o b u l e s s h o w e d a l p h a u r a n i u m to be a m a j o r 
c o n s t i t u e n t a n d the m a g n e s i u m - z i n c e u t e c t i c a l l o y to be a m i n o r c o n s t i t u e n t . 
In the s e c o n d run , in wh ich s t i r r i n g w a s no t c o n t i n u e d du r ing coo l ing , the 
bulk of the u r a n i u m had a g g l o m e r a t e d in to r o u g h s p h e r i c a l m a s s e s r a n g i n g 
be tween -j inch and 1 i nch in d i a m e t e r . 

The tops of the i n g o t s w e r e cut a w a y f r o m the p r e c i p i t a t e d 
u r a n i u m p h a s e s and s u b j e c t e d to r e t o r t i n g in a t a n t a l u m c r u c i b l e to i s o l a t e 
the u r a n i u m . The cu t t ing of the ingo t s w^as s u b s t i t u t e d for the r e m o v a l of 
s u p e r n a t a n t l iqu id p h a s e s by p r e s s u r e s i p h o n i n g . The r e t o r t i n g c y c l e s 
w e r e a s fo l lows: 

M a t e r i a l 
f r o m 
Run 1 

M a t e r i a l 
f r o m 
Run 2 

Temp Range 
(C) 

500 to 560 
670 to 725 
825 to 840 

510 to 575 
690 to 730 
750 to 845 

T i m e 
(h r ) 

4 
5 
2 

4 
2.5 
5 

P r e s s u r e R a n g e 
( m m Hg) 

< 1.0 to 0.02 
0.03 to 0.01 

0.01 

0.12 to 0.02 
0.02 to 0.01 

0.01 

The p r o d u c t f r o m the f i r s t r u n w a s in the f o r m of a f lat , d e n s e s i n t e r c a k e , 
weighing 340 g r a m s , wh ich w a s r e a d i l y d u m p e d f r o m the c r u c i b l e . About 
20 g r a m s of u n r e a c t e d pin f r a g m e n t s w e r e found in the r e t o r t e d m a t e r i a l . 
The p r o d u c t f r o m the s e c o n d r u n w a s s t i l l l a r g e l y in the f o r m of the r o u g h l y 
s p h e r i c a l - s h a p e d m a s s e s p r e s e n t in the ingot b e f o r e r e t o r t i n g (See F i g ­
u r e 13). The r e m a i n d e r of the u r a n i u m w a s in a c o m p a c t l a y e r abou t g - i n c h 
th ick . The e n t i r e m a t e r i a l w a s a l s o r e a d i l y r e m o v e d f r o m the c r u c i b l e . 



68 

F I G U R E 13 

URANIUM ISOLATED F R O M MAGNESIUM-RICH 
SYSTEMS BY R E T O R T I N G 

Ano the r r u n w a s c a r r i e d out in a 3 g - i n c h d i a m e t e r , 
g r a d e CS g r a p h i t e c r u c i b l e (dens i ty of 1.89 g / c c ) . In t h i s run m a g n e s i u m 
(l kg) was a d d e d to a d i lu te u r a n i u m - z i n c so lu t ion ( l . 3 kg) to p r e c i p i t a t e 
the u r a n i u m f r o m so lu t ion . The so lu t ion was s t i r r e d (700 r p m ) a t 750 C 
for five h o u r s , a f t e r wh ich i t was so l id i f ied in the g r a p h i t e c r u c i b l e . The 
c r u c i b l e and c h a r g e w e r e then t r a n s f e r r e d to the r e t o r t i n g f u r n a c e . R e t o r t ­
ing cond i t ions w e r e about the s a m e a s for the two r u n s d e s c r i b e d p r e v i ­
ous ly . The m a j o r po r t i on of the p r o d u c t aga in had f o r m e d into a d e n s e ba l l 
(86 g r a m s ) . A r e m a i n i n g Zl g r a m s a d h e r e d f i r m l y to the c r u c i b l e bo t tom, 
and on r e m o v a l a l a y e r of g r a p h i t e c a m e a w a y wi th i t . Other m o r e d e n s e 
g r a d e s of g r a p h i t e wi l l be t e s t e d . 

The v a r i a t i o n in the c h a r a c t e r of the r e t o r t e d u r a n i u m 
p r o d u c t s is a t t r i b u t e d to the v a r i a t i o n s in a g i t a t i o n e m p l o y e d in d e c o m p o s i ­
t ion of the u r a n i u m - z i n c i n t e r m e t a l l i c . Quan t i t a t i ve f o r m a t i o n of r e l a t i v e l y 
l a r g e c o a l e s c e d m a s s e s of u r a n i u m could be v e r y d e s i r a b l e f r o m the 
s t andpo in t of p rov id ing a r e a d i l y hand l ed p r o d u c t . Th i s p o s s i b i l i t y wi l l be 
c a r e f u l l y p u r s u e d . . 

f. 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 E q u i p m e n t 
(P . A. Ne l son , R. C. C a i r n s , J . DeKany) " 

The i n s t a l l a t i o n of e q u i p m e n t for l a r g e - s c a l e d i s t i l l a t i o n 
of c a d m i u m is p r o c e e d i n g . In add i t ion to e x p e r i e n c e on l a r g e - s c a l e 
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d i s t i l l a t i on and r e t o r t i n g , t h i s a p p a r a t u s wi l l a f ford o p e r a t i n g e x p e r i e n c e 
on l iquid m e t a l t r a n s f e r , on l iquid l eve l , p r e s s u r e and t e m p e r a t u r e m e a s ­
u r e m e n t and c o n t r o l , and on o t h e r o p e r a t i o n s a s s o c i a t e d wi th l iqu id m e t a l 
p r o c e s s i n g . 

I n s t a l l a t i o n of the piping and i n s t r u m e n t a t i o n i s the only 
m a j o r w o r k r e m a i n i n g be fo re c o m p l e t i o n of the e q u i p m e n t . 

g. D e v e l o p m e n t of a P r o c e s s for R e c o v e r y of P l u t o n i u m 
f r o m E B R - I I B lanke t M a t e r i a l 
(I. O. Winsch , T. F . Cannon) 

The l iquid m e t a l b l a n k e t p r o c e s s e s unde r c o n s i d e r a t i o n 
for s e p a r a t i o n of p lu ton ium f r o m u r a n i u m a r e b a s e d on the r e l a t i v e l y h igh 
so lub i l i ty of p lu ton ium in m a g n e s i u m - r i c h z inc or c a d m i u m a l l o y s and the 

c o n t r a s t i n g low s o l u b i l i t i e s of u r a n i ­
u m in t h e s e a l l o y s . As shown in F i g ­
u r e 14, a m a g n e s i u m - r i c h so lu t ion 
m a y be a c h i e v e d by s e v e r a l m e t h o d s , 
fol lowing d i s s o l u t i o n of the f i s s i l e 
e l e m e n t s in a su i t ab l e l iqu id m e t a l . 
The c u r r e n t l y f avo red p r o c e d u r e i n ­
v o l v e s d i s s o l u t i o n in z i n c , p r e c i p i t a ­
t ion of 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 
compound , r e m o v a l of the s u p e r n a t a n t 
z inc , and d e c o m p o s i t i o n of the i n t e r ­
m e t a l l i c by the add i t ion of suf f ic ient 
m a g n e s i u m . After s e p a r a t i n g the 
n n a g n e s i u m - r i c h so lu t ion con ta in ing 
the p l u t o n i u m f r o m the p r e c i p i t a t e d 
u r a n i u m , the p lu ton ium m a y be 
r e c o v e r e d by v a p o r i z a t i o n of the 
m a g n e s i u m and z i n c . 

F IGURE 14 

LIQUID M E T A L P R O C E S S FOR 
URANIUM BLANKET M E T A L 

LIQUID METAL PROCESS FOR URANIUM BLANKET METAL 

U BLANKET METAL ~ I V . IN Pu 

DISSOLUTION 
IN Zn OR Cd 

URANIUM Ppt . BY 
PRODUCTION OF 

MgRICH SOLUTION 

METAL SOLUTION OF U AND Pu 

THREE METHODS 

1. DISTIIUTION OF U OR Zn III PDESEUCE OF Iq 
2. DUECT IPDITIOK OF 19 
3. Ppt OF ( I j Z n n - P u i Z n n tHD, FOLIODING SEHOVtl OF 

SUPERMUKT. DECOIIP. OF p p t s . BY lOOITIOK OF I g 

PHASE SEPARATION - » U METAL TO RETORTING AND RECYCLE 

MAGNESIUM 
DISTILLATION 

M9 SOLUTION OF Pu 

— » MAGNESIUM 

Pu METAL PRODUCT 

(1) D i r e c t F o r m a t i o n of U r a n i u m - Z i n c I n t e r m e t a l l i c 
Compound 

A p o s s i b l e s i m p l i f i c a t i o n of the above b l anke t p r o c e s s 
is the d i r e c t r e a c t i o n of b lanke t u r a n i u m m a t e r i a l wi th a quan t i t y of z inc 
which is only s l igh t ly in e x c e s s of the s t o i c h i o m e t r i c a m o u n t r e q u i r e d to 
fo rm the i n t e r m e t a l l i c compound U Z n j j ^ . As c o m p a r e d wi th the d i s s o l u ­
tion s tep , t h i s would r e d u c e s u b s t a n t i a l l y the a m o u n t of z inc r e q u i r e d and 
would e l i m i n a t e a p h a s e s e p a r a t i o n . E x p e r i m e n t a l w o r k by A. M a r t i n of 
th i s Div i s ion h a s i n d i c a t e d tha t , a t a t e m p e r a t u r e of a r o u n d 430 C, the 
r e a c t i o n be tween u r a n i u m and z inc to f o r m an i n t e r m e t a l l i c p r e s u m e d to 
be UZnji 5, us ing 0 . 2 5 - i n c h d i a m e t e r p i n s , w a s c o m p l e t e a f te r 20 h o u r s . 
Higher t e m p e r a t u r e s r e d u c e d the r e a c t i o n r a t e . It p o s t u l a t e d t h a t a t the 
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lower t e m p e r a t u r e fine c rys t a l s of the in te rmeta l l i c a r e formed and break 
away from the surface, allowing further react ion. At higher t e m p e r a t u r e s , 
the in te rmeta l l i c layer becomes m o r e dense and adherent , nnaking it diffi­
cult for the zinc to penet ra te to the u ran ium surface . 

Five exper imen t s were completed in the past qua r t e r in 
a t tempts to produce UZun 5 at 430 C. The conditions and r e s u l t s of these 
exper iments a r e shown in Table 14, The exper iments were c a r r i e d out in a 
graphi te crucible contained in a secondary s ta in less s tee l furnace in which an 
argon a tmosphe re was maintained. Uranium rods , having the same d imen­
sions as EBR-II inner blanket rods , 0.433 inch in d iameter , were cut into 
1.5-inch lengths and spaced in the cruc ib le to allow a max imum contact a r ea 
with the zinc. Agitation by a m o t o r - d r i v e n tantalum agi ta tor was a t tempted 
in the f i rs t th ree runs and was found to be imprac t i ca l because of the high 
v iscos i ty of the s l u r r y and the physical in te r ference of the uran ium rods . 
Agitation •was not a t tempted in the las t two runs . 

Table 14 

DIRECT REACTION OF URANIUM BLANKET RODS WITH ZINC 
TO FORM URANIUM-ZINC INTERMETALLIC 

Run 
No. 

1 
2A 
2B 
3A 
3B 

'^ 
6 

Total 
Time 
(hr) 

30 
24 
48 
28 
48 
27 
80 
81 

Temp 

(c) 
500 to 550 

430 
430 
430 

430 to 800 
435 to 445 
435 to 445 
438 to 440 

Uranium 

(g) 

1000 
965 
965 
481 
481 
477 
474 
477 

Charg 

Zinc 

(g) 

3500 
2525 
3725 
2000 
2000 
2000 
1500 
2000 

e 

Magnesium 

(g) 

5.2 
5 
5 

-
-
_ 
-
-

Uranium-
Zinc 

Ratio^ 

0.29 
0.38 
0.26 
0.24 
0,24 
0.24 
0.32 
0.24 

Uranium 
Reacted 

(% of 
Initial 

Charge) 

20 
50 
60 
50 
60 
50 
87 
98 

The s to ichiometr ic ra t io for formation of UZn^ 5 is 0.32. 

No agitat ion in these runs . In the f i r s t th ree runs mechan ica l agitation 
was employed during about the f i rs t 12 hours , after which it was dis­
continued because of the high v i scos i ty of the sys tem. 

The reac t ion t e m p e r a t u r e was 430 to 445 C in al l runs 
except the f i rs t (500 to 550 C) and the las t portion of the third, in which the 
t e m p e r a t u r e was cycled between 430 and 800 C, The reac t ion r a t e was low, as 
indicated by t imes exceeding 80 hours before the reac t ion approached comple­
tion. Cycling the t empera tu re between 430 and 800 C (Exper iment 3 B ) was not 
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helpful. As noted previously, mechan ica l agitation was t r i ed in the f i rs t 
three runs and found imprac t i ca l . However, Aeropro jec t s , Inc. has indi­
cated that react ion r a t e s naay be apprec iably a c c e l e r a t e d by u l t rasonic 
mixing. 

The d i rec t reac t ion of uran ium and zinc as a f i r s t s tep 
in a blanket p roces s has been demons t ra ted . Although r equ i r ed reac t ion 
t imes in a quiescent sys tem a r e long (at leas t 80 hours) , p rac t i ca l methods 
of reducing the react ion t ime, such as u l t rasonic naixing, may be found. 
However, a react ion t ime of 80 hours m a y not be judged excess ive in view^ 
of the p rocess simplification which is rea l ized . It should a l so be r ea l i zed 
that the p roces s does not depend on the succes s of th is step, since the 
sequence of a d i rec t dissolution of uran ium and a subsquent phase s e p a r a ­
tion of precipi ta ted in te rmeta l l i c c rys t a l s is a p r ac t i c a l operat ion and has 
been demonst ra ted many t imes . 

(2) Decomposit ion of Uraniuna-Zinc In termeta l l ic with 
Magnesium 

Two runs have been completed to demons t ra t e the 
decomposit ion of the u ran ium-z inc in te rmeta l l i c compound and subsequent 
precipi tat ion of uranium frona solution by addition of magnes ium to form 
the zinc-46 weight percent magnes ium eutect ic alloy. Inasmuch as this is 
a s tep in both the blanket and skull r ec lamat ion p r o c e s s (for plutonium 
separa t ion in the former and r a r e ea r th separa t ion in the la t te r ) , the p r e ­
cipitated uranium phase was r e to r t ed to demons t r a t e uran ium recovery . 
This work is d i scussed in the section on re tor t ing , page 66 . It is suffi­
cient to r e c o r d he re that the in t e rme ta l l i c decomposi t ion w^as eas i ly 
achieved. 

This work will continue w^ith c e r i u m - u r a n i u m al loys, 
ce r ium being used a s a s tand-in for plutonium, to demons t r a t e the expected 
l iberat ion of ce r ium on magnes ium decomposi t ion of the u ran ium-z inc 
in te rmeta l l ic compound. If no difficulties a r e encountered, plutonium-
uranium alloys will be employed la te r . 

(3) Plutonium Stability in Liquid Magnesium and Zinc 
Solutions 

A number of proposed flowsheets for p rocess ing 
r eac to r fuels and blanket m a t e r i a l s r e q u i r e the use of zinc and magnes ium 
in recover ing the final plutonium product . The fate of plutonium dissolved 
in magnes ium or magnes ium-z inc solutions contained in tantalum or graphi te 
c ruc ib les is important p rocess ing information, P lu ton ium-magnes ium solu­
tions in graphi te have previously been shown to be unstable (ANL-5820, 
page 121). Additional n e c e s s a r y pieces of information a r e the s tabi l i t ies of 
a p lu tonium-magnes ium solution in tanta lum and of a plutonium-zinc solution 

7 
Winchester, R., Aeroprojects, Inc. , private communication. 
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having a low magnes ium concentrat ion in graphi te . Three long- t e rm 
stabil i ty exper iments , each of two weeks durat ion, have been completed 
with magnes ium-plu tonium solutions in tantalum, and a z inc-plutonium 
solution in graphi te . 

Plutonium-(3 percent magnes ium-z inc ) solutions in 
graphi te appear to have good stability, as indicated by the expected and 
fair ly constant plutonium concentra t ions found throughout the run (Table 15). 

Table 15 

PLUTONIUM STABILITY IN A ZINC-MAGNESIUM SOLUTION 
CONTAINED IN A GRAPHITE CRUCIBLE AT 750 C 

Conditions 
Charge: 2.23 g plutonium; 1930 g zinc; 58.0 g magnes ium 
Crucible: graphi te 
Agitator: tanta lum 
Sampling Tube: tanta lum with graphi te frit 
Atmosphere : hel ium at 10 psig 

Sample 
No. 

1 
2 
3 
4 
5 

Time 
(hr) 

0 
2 
4 

46 
50 

P e r c e n t of 
Plutonium 

in solut ion^ '^ 

107 
100 

(134)^ 
103 
98 

Sample 
No. 

6 
7 
8 
9 

Time 
(hr) 

98 
190 
242 
334 

Percen t of 
Plutonium 

in solution ' 

no 
98 
98.5 

108 

Analyses by alpha counting. 

Based on 0.32 g zinc and magnes ium vo la t i l i zed /h r . 

Questionable value. 

The var ia t ion in concentra t ions is higher than des i r ab le and r e su l t s from 
the volat i l izat ion of zinc and magnes ium which o c c u r r e d throughout the run. 
The extent of this at any par t icu la r sampling t ime was unknown, except for 
the f i rs t sample , when it would have been negligible, and the las t sample , 
after which it was m e a s u r e d . Condensation took place on the crucible lid, 
and this condensate could occasional ly have dropped back into the mel t 
spontaneously or could have been dislodged during sampling. The m a t e r i a l 
found on the lid of the crucible at the end of the run was a s s u m e d to have 
been deposited at a uniform ra t e (0.32 g /h r ) throughout the run, and solution 
concentra t ions of the in te rmedia te samples in Table 15 were co r r ec t ed 
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a c c o r d i n g l y . Al though th i s s e r v e d to b r i n g the p l u t o n i u m c o n c e n t r a t i o n s 
into l ine , the a r b i t r a r i n e s s of the a s s u m p t i o n shou ld be r e a l i z e d . The 
g r e a t e s t weight should be g iven to the f i r s t and l a s t s a m p l e s , and f r o m 
t h e s e i t a p p e a r s tha t g r a p h i t e i s a s a t i s f a c t o r y c o n t a i n e r m a t e r i a l for z i n c -
p lu ton ium a l l o y s . 

E q u i p m e n t to d e t e r m i n e so lu t ion s t a b i l i t y i s now being 
d e s i g n e d so that c o n d e n s a t i o n wi l l o c c u r above the m e l t i n g point , t h e r e b y 
p r o m o t i n g r e t u r n of e s s e n t i a l l y a l l the c o n d e n s a t e to the m e l t . 

Two r u n s w e r e m a d e to i n v e s t i g a t e the s t a b i l i t y of 
p l u t o n i u m - m a g n e s i u m so lu t ions he ld a t 800 C in a t a n t a l u m c r u c i b l e . In 
the f i r s t of t h e s e , the d i s s o l u t i o n of the p l u t o n i u m in m a g n e s i u m and the 
s t a b i l i t y r u n which followed w e r e m a d e in the s a m e c r u c i b l e wi thout i n t e r ­
r u p t i o n in hea t ing . Cons tan t a g i t a t i o n w a s ef fec ted by m e a n s of a m o t o r -
d r i v e n t a n t a l u m a g i t a t o r . As i n d i c a t e d in Tab le 16, the t h e o r e t i c a l 
p lu ton ium c o n c e n t r a t i o n was no t r e a l i z e d , about 95 p e r c e n t a p p e a r i n g in 
so lu t ion . A p lu ton ium c o n c e n t r a t i o n of abou t 90 p e r c e n t p r e v a i l e d for the 
d u r a t i o n of the e x p e r i m e n t . It s e e m s f r o m t h e s e r e s u l t s tha t p l u t o n i u m -
m a g n e s i u m so lu t ions a r e s t a b l e , but t h e r e is the p o s s i b i l i t y , s i n c e not a l l 
of the p lu ton ium a p p e a r e d in so lu t ion , of an in i t i a l r e a c t i o n wi th so lu t ion 
i m p u r i t i e s or t a n t a l u m i m p u r i t i e s ( s u r f a c e oxide or c a r b i d e d e p o s i t s ) . 

Table 16 

PLUTONIUM STABILITY IN A MAGNESIUM SOLUTION CONTAINED 
IN A TANTALUM CRUCIBLE AT 800 C 

Condi t ions for Run Z 

Charge : 5. 17 g p lu tonium; 979 g m a g n e s i u m . 
Cruc ib le , ag i t a to r and sampl ing tube w e r e t a n t a l u m . No f i l ter fr i t 

was used m sampl ing tube . 
A t m o s p h e r e : h e l i u m at 10 ps ig . 

Condi t ions for Run 3 

F i n a l solut ion of Run 2 p o u r e d into new t a n t a l u m c r u c i b l e . Other 
condi t ions w e r e the s a m e a s m Run 2. 

R u n 

N o . 

2 
2 
2 
2 
2 
2 
2 
2 

Sample 
N o . 

1 
2 

3 
4 
5 
6 
7 
8^ 

Time 
(hr) 

23 
71 

99 
144 

191 
3 1 1 
341 
343 

P e r c e n t of 
P l u t o n i u m 
m Solution 

8 3 
94.5 
96.0 
84.0 
91.0 
90.9 
91 5 
89.0 

R u n 

N o . 

3 
3 
3 
3 
3 
3 
3 

Sample 
N o . 

1 
2 

3 
4 
5 

6 
7 

T i m e 
(hr) 

0.0 
5.5 

78 
121 

150 
2 5 4 
307.5 

P e r c e n t of 
P lu ton ium 
m Solution 

100 

67 
53.5 
51.5 
50.5 
55.0 
49.5 

R e m e l t of combined v a p o r i z e d m a g n e s i u m and m a g n e s i u m - p l u t o n i u m a l loy . 
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The m a g n e s i u m e m p l o y e d had a r e p o r t e d p u r i t y of g r e a t e r than 99 .95 p e r ­
cent . S p e c t r o g r a p h i c a n a l y s i s of the m a g n e s i u n n s h o w e d no d e t e c t a b l e 
i m p u r i t y . The s p e c i f i c a t i o n s for th i s m a t e r i a l g ive m a x i m u m i m p u r i t y 
c o n c e n t r a t i o n s of 5 p p m for l ead , s i l i con , t in , m a n g a n e s e , c o p p e r , and i r o n . 

Some ind ica t ion tha t the s o u r c e of i m p u r i t i e s i s no t 
the m a g n e s i u m w a s p r o v i d e d by a s e c o n d e x p e r i m e n t (Run No. 3) in wh ich 
the p l u t o n i u m - m a g n e s i u m so lu t ion f r o m the a b o v e r u n w a s p o u r e d in to a 
new t a n t a l u m c r u c i b l e . E x p e r i m e n t a l cond i t i ons w e r e the s a m e a s t h o s e in 
the p r e c e d i n g r u n (Run No. 2). Within 70 h o u r s , the p l u t o n i u m c o n c e n t r a ­
t ion d e c r e a s e d to abou t 50 p e r c e n t of the a m o u n t in so lu t ion a t the end of 
the f i r s t r u n and t h e r e a f t e r r e m a i n e d e s s e n t i a l l y c o n s t a n t . A n a l y s e s w e r e 
p e r f o r m e d by a lpha count ing and c o r r e c t i o n s w e r e m a d e for m a g n e s i u m 
v o l a t i l i z a t i o n . 

T h e s e e x p e r i m e n t s i n d i c a t e t ha t f u r t h e r w o r k i s r e q u i r e d 
on the s t a b i l i t y of p l u t o n i u m - m a g n e s i u m s o l u t i o n s to d e t e r m i n e the r e a s o n s 
for the i n i t i a l p l u t o n i u m l o s s in a t a n t a l u m c r u c i b l e . Since c a r b o n i s known 
to p r e c i p i t a t e p l u t o n i u m f r o m m a g n e s i u m so lu t ion , p a r t i c u l a r c a r e w^ill be 
t aken to e l i m i n a t e , and, if n e c e s s a r y , to ident i fy the s o u r c e of t h i s i m p u r i t y . 

h. M a t e r i a l s and E q u i p m e n t E v a l u a t i o n 
( p . Ne l son ) 

( l ) C o r r o s i o n S tud ies 
( p . Ne l son , M. Kyle , J . H e p p e r l y ) 

A p r o g r a m is u n d e r w a y to t e s t the c o r r o s i o n r e s i s t a n c e 
of r e f r a c t o r y m e t a l s , g r a p h i t e , and c e r a m i c s to m o l t e n m e t a l s , p a r t i c u l a r l y 
to z inc and z i n c - m a g n e s i u m s o l u t i o n s . In r e c e n t c o r r o s i o n t e s t s , coupons 
w e r e e n c l o s e d in a w e l d e d t a n t a l u m c a p s u l e ( l - i n c h d i a m e t e r by 2 i n c h e s 
long) wi th 20 to 30 g r a m s of the d e s i r e d c o r r o s i v e m e t a l , a s shown in F i g ­
u r e 15. The t a n t a l u m c a p s u l e s w e r e e n c l o s e d in w e l d e d s t a i n l e s s s t e e l 
c a p s u l e s to p r o t e c t t h e m f r o m a t m o s p h e r i c a t t a c k . The c a p s u l e s w e r e 

loaded in to a r o c k i n g fu rnace ( see F i g u r e 16) 
which w a s o p e r a t e d a t p o s i t i v e a r g o n p r e s ­
s u r e for f u r t h e r p r o t e c t i o n of the c a p s u l e s . 
The f u r n a c e r o t a t e d 180 d e g r e e s in a p p r o x i ­
m a t e l y one m i n u t e . 

FIGURE 15 

CORROSION CAPSULE 

304 SS CAN 

TANTALUM CORROSION 
CAPSULE 

SOLVENT METAL 

Runs w e r e m a d e us ing th i s p r o c e d u r e 
a t 850 C to d e t e r m i n e the c o r r o s i o n r e s i s t a n c e 
of v a r i o u s m a t e r i a l s to z inc and z i n c -
m a g n e s i u m a l l o y s . T h i s t e m p e r a t u r e i s 
s o m e w h a t h i g h e r than t hose p r e s e n t l y c o n t e m ­
p la t ed for the p r o c e s s e s unde r d e v e l o p m e n t ; 
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FIGURE 16 

ROCKING FURNACE FOR CORROSION TESTS 

-THERMOCOUPLE WELL 

-ARGON PRESSURE 

-TESTING VESSEL(304 SS) 

- FURNACE 

it was chosen to accelerate the possible 
effects and to provide a satisfactory mar­
gin in the choice of process temperatures. 
The results are tabulated in Table 17. 

7A These preliminary test results lead 
to the following conclusions concerning the 
corrosion resistance of some materials to 
molten zinc and magnesium-zinc alloys at 
850 C: 

1. The addition of magnesium to zinc 
reduces the corrosiveness of zinc 
to tantalum, tantalum-7.5 percent 

tungsten, and molybdenum. 

2. Tantalum-7.5 percent tungsten is more resistant to attack by 
zinc solutions than tantalum. 

3. Molybdenum produced by powder metallurgy is more seriously 
attacked by zinc than is tantalunn. 

4. Graphite shows promise as an excellent container material. 

Work is planned to obtain more complete information 
on the materials which have shown some promise as container materials 
for zinc and zinc-magnesium systems. At the present time, a program is 
planned to test various grades of tantalum obtained from commercial 
suppliers to determine if tantalum purity plays a significant role in cor­
rosion resistance. A total of eight samples from various manufacturers 
will be tested. 

Tantalum-tungsten alloys will also be tested in this 
program. These samples will be analyzed for impurities before tests 
begin. Welded (both electron beam and inert gas-arc welded) and unwelded 
coupons will be prepared for testing in zinc and zinc-magnesium alloys at 
800 C. High-purity zinc and magnesium will also be obtained to determine 
the effect of purity on corrosion rates. 

Work is in progress to determine the corrosion resist­
ance of various steels and tantalum to alloys of the ternary system 
magnesium-zinc-cadmium. Alloys of this general type may have future 
process significance. A molten salt corrosion testing program is also 
being initiated. The test procedures will be similar to those used for the 
corrosive metals. The effect of moisture content of the flux on corrosion 
is considered to be of prime importance. 
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T a b l e 17 

CORROSION T E S T S O F VARIOUS M A T E R I A L S IN ZINC A N D 
Z I N C - M A G N E S I U M A L L O Y S 

C o n d i t i o n s 
T e m p e r a t u r e : 850 C 
A g i t a t i o n : C a p s u l e r o t a t e d e n d o v e r end t h r o u g h 180° a r c a t 

30 c y c l e s p e r h o u r 
A r e a of t e s t coupon : A p p r o x i m a t e l y 3 sq i n c h e s 
Q u a n t i t y of c o r r o s i v e m e t a l : 20 to 30 g r a m s 

S a m p l e 

A - 1 

C-2 

C o n t a i n e r 
M a t e r i a l 

T a 

T a 

C o r r o s i v e 
S u b s t a n c e 

Zn 

Zn 

L e n g t h of 
Run 
(h r ) 

100 

300 

C o r r o s i o n 

A - 3 
E - 4 
E - 5 
E - 6 
A - 7 
A - 8 
E - 9 
D-24 
B - 1 0 

C-11 

A - I 2 

D-13 

D - 1 4 

D-15 

B - 1 9 
C - 2 0 
C-21 
E - 2 2 

D-23 
B - 1 6 

C - 1 7 

B - 1 8 

T a 
T a 
T a 
T a 
T a 
T a 
T a 
T a 

T a - 7 . 5 % W 
Al loy 

T a - 7 . 5 % W 
Al loy 

T a - 7 . 5 % W 
Al loy 

T a - 7 . 5 % W 
Al loy 

T a - 7 . 5 % W 
Al loy 

T a - 7 . 5 % W 
Al loy 

M o ^ 
M o ^ 
M o a 
M o ^ 

M o ^ 
P y r o l y t i c 
g r a p h i t e 
P y r o l y t i c 
g r a p h i t e 

AI2O3 

95% Z n - 5% Mg 
90% Z n - 1 0 % Mg 
85% Z n - 1 5 % Mg 
80% Z n - 2 0 % Mg 
70% Z n - 3 0 % Mg 
50% Z n - 5 0 % Mg 

Mg 
Mg 
Z n 

Zn 

Z n - 5 % Mg 

90% Z n - 1 0 % Mg 

75% Z n - 2 5 % Mg 

54% Z n - 4 6 % Mg 

Zn 
Zn 

95% Z n - 5% Mg 
90% Z n - 1 0 % Mg 

54% Z n - 4 6 % Mg 
Zn 

Zn 

Zn 

100 
300 
300 
300 
100 
100 
300 
300 
100 

300 

100 

300 

300 

300 

100 
300 
300 
100 

300 
100 

300 

100 

M o d e r a t e a t t a c k w i t h f o r m a t i o n of 
1 to 5 - m i l t h i c k l a y e r on t a n t a l u m 
s u r f a c e . 

M o d e r a t e a t t a c k w i t h f o r m a t i o n of 
l a y e r on s u r f a c e . 

S l ight a t t a c k ( l e s s t h a n 1 m i l ) 
S l ight a t t a c k ( l e s s t h a n 0.5 m i l ) 
None (did no t w e t c o n t a i n e r ) 
None (did not w e t c o n t a i n e r ) 
None (did no t w e t c o n t a i n e r ) 
None (did no t w e t c o n t a i n e r ) 
None (did no t w e t c o n t a i n e r ) 
None (did no t w e t c o n t a i n e r ) 
V e r y s l i gh t a t t a c k ( < 0 . 5 m i l ) w i t h 

f o r m a t i o n of u n d e t e r m i n e d c o a t i n g 
2 m i l s t h i c k 

V e r y s l i gh t a t t a c k ( < 0 . 5 m i l ) 

None 

None 

None 

None 

G r o s s i n t e r g r a n u l a r c o r r o s i o n 
C o m p l e t e d i s i n t e g r a t i o n of s a m p l e 
G r o s s i n t e r g r a n u l a r c o r r o s i o n 
I n t e r g r a n u l a r c o r r o s i o n to a d e p t h 

of a b o u t 3 m i l s 
S l ight i n t e r g r a n u l a r c o r r o s i o n 
None . S o m e f l ak ing of g r a p h i t e 

A p p r o x i m a t e l y 2% w e i g h t l o s s 
by f l ak ing 

None 

^The m o l y b d e n u m u s e d in t h e s e t e s t s w a s a s m a l l d r a w n c u p , - i n c h d i a m e t e r by 
1 i n c h h igh . The m a t e r i a l f r o m w h i c h it w a s d r a w n w a s p r e p a r e d by p o w d e r 
m e t a l l u r g y . 
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The mois tu re content will be va r i ed by utilizing var ious drying techniques 
from no drying of reagent grade anhydrous m a t e r i a l s to v e r y exacting drying 
and handling techniques which have been used by other i n v e s t i g a t o r s . " ' " 

(2) Solution Stability Expe r imen t s 
(J. Wolkoff, J . DeKany, J . Pavlik) 

Equipment is being a s s e m b l e d for exper iments to d e t e r ­
mine the stabili ty of uranium in var ious molten al loys and container m a t e r i a l 
s y s t e m s . These exper iments will be conducted in agi ta ted cruc ib les of 
approximate ly one- l i te r capacity. Samples will be taken a t in te rva l s over 
the total length of the runs , which will be 100 to 500 hours in length. A l is t 
of the crucible m a t e r i a l s which will be tes ted is given in Table 18. 

Table 18 

CONTAINER MATERIALS TO BE USED IN 
SOLUTION STABILITY TESTS 

1. Carbon and g raph i t e s 

Grade CS (medium grain) 
Grade ATJ^ (fine grain) 
Grade ZTA^ (dense fine grain) 
Two g rades of impregna ted graphi te 
High-puri ty graphi te 

2. Tungsten 

Unalloyed tungsten 
P l a s m a - g u m - d e p o s i t e d tungsten on graphi te 
Vapor deposi ted tungsten on graphi te 

3. Tantalum 

4. Tantalum-10 pe rcen t tungsten 

5. Vi t reous magnes ia 

a 
Grades shown a r e National Carbon Company 
designat ions . 

g 
Susskind, H, e t a l . . Combating Cor ros ion in Molten Ext rac t ion P r o c e s s e s , 
Chemical Engineering P r o g r e s s , 56(3), 57-63 (i960). 

9 
Ginell, W. S., Oxidative Ext rac t ion of Lanthanide Metals from Molten 
Bismuth by Fused Salts, Ind. and Eng. Chem., 51, 185-190 (l959). 
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The f i rs t sy s t ems to be tes ted a r e graphi te conta iners 
and z inc -magnes ium-u ran ium solutions at 800 to 850 C. The r e su l t s should 
provide experinaental evidence of the effect of the u ran ium act ivi ty (varied 
by var ia t ion of the magnes ium concentrat ion) on the stabi l i ty of uran ium in 
solution. 

B. Fuel P rocess ing Fac i l i t i es for EBR-II 
( j , H. Schraidt, M. Levenson) 

1. Design, Development, and Construction of Buildings and 
Equipment 

The Fuel Cycle Fac i l i ty and the Labora to ry and Service Building 
a r e descr ibed in previous qua r t e r l y r e p o r t s (ANL-5789 and ANL-5820). The 
former building will be used for the process ing of EBR-II fuel and the la t te r 
will provide rad iochemica l analyt ica l and r e l a t ed faci l i t ies for the en t i re 
Idaho Division of Argonne National Labora tory . 

Cont rac tors have completed instal la t ion of equipment in the 
Labora to ry and Service Building. Shakedown test ing of p r o c e s s equipment 
has s ta r ted . 

a. Status of Fue l Cycle Faci l i ty Building Design and 
Construct ion 
(E. J . Petkus , H, L. Ste thers) 

The construct ion of the Fuel Cycle Fac i l i ty continues. The 
Fac i l i ty was about 70 percen t completed as of December 6, I960, as com­
pared to 40 percent completion on September 6, 1960. The building has been 
enclosed so that work can continue throughout the winter . The Argon Cell 
l iner has been erec ted , and the heavy aggregate concre te has been poured 
around the l iner . The s tee l roof deck and mos t of the outside me ta l siding 
have been instal led. 

All the s t r u c t u r a l welds in the Argon Cell l iner have been 
made and tested. The cont rac tor has begun sandblast ing and zinc m e t a l ­
l iz ing* of the Argon Cell l iner plate . Miscel laneous work, such a s ins ta l l a ­
tion of b racke ts for lighting f ixtures and grinding of l iner w^elds, has been 
completed. In addition, mos t of the penetra t ion s leeves have been instal led. 

The pouring of heavy aggregate shielding concre te has 
been completed for both the Argon and Air Cel ls . The concre te basement 
s lab was completed in November . Since then, the cont rac tor has been 

*Metallizing is the application of a molten meta l , such as zinc, to a 
base plate, usual ly s tee l . 



79 

installing major equipment i t ems , such as the main exhaust fans and the 
Argon Cell gas re f r ige ra to r equipment. E lec t r i ca l , piping, and ventilating 
work is proceeding in the basement a r e a . The freight elevator was 
instal led and the contrac tor will t e s t it a s soon a s e l ec t r i ca l power is 
available. 

The concrete block for the outside of the building, and 
most of the meta l siding, have been placed. The s tee l roof deck has been 
erected, and the contrac tor is now laying the roof. The erec t ion of the 
stack was completed during October, and s tack e l ec t r i ca l work is now 
proceeding. 

b. Cranes and Manipulators 
( j . Graae , G. J. Bernste in) 

The combination lifting beam for r e m o t e remova l of ei ther 
a c rane t ro l ley or a manipulator c a r r i a g e has been completed and will be 
shipped to Idaho in the near future. 

Manipulator ref inements have been made . These include 
the addition of a remote ly removable fo rea rm a s s e m b l y and the modifica­
tion of an ar t icula ted Genera l Mills Model 300 a r m so that it may now be 
at tached by remote operation to the cel l manipula tor in place of a hook or 
hand fixture. In making the a t tachment , a l l the n e c e s s a r y mechanical and 
e lec t r i ca l connections a r e made automatical ly . The abil i ty to a t tach the 
a r m to the cell manipulator g rea t ly enhances i ts usefulness in emergency 
or nonroutine operat ions . 

The Argon Cell manipulator br idge power inlet, consisting 
of recep tac le , plug, and junction box, has been built and tes ted for mechan i ­
cal functioning only. Based on these t e s t s , efforts a r e being made to pur ­
chase the manipulator bridge power inlet. 

Twelve Model 8 manipu la tors for the Air Cell have been 
o rde red from Central R e s e a r c h Labo ra to r i e s . These manipula tors will 
be used for ass i s t ing in the d i s a s sembly of spent fuel subassembl ies 
rece ived from the Reactor Building. They will a l so be used for handling 
sealed fuel pins during pin inspection and r e a s s e m b l y of fuel subassembl ies . 

Control cabinets and switchboard for manipu la tors , c r a n e s , 
and b l i s te r have been completed, inspected, tes ted, and shipped to Idaho. 
The testing was done by means of checkout equipment plugged into the top 
of the cabinets . This checkout equipment contains vo l tme te r s , pilot l ights, 
phase-sequence indica tors , and switches . By means of a toggle switch 
control box (remote control ler ) in conjunction with the checkout equipment, 
the proper function of the var ious r e l ay c i rcu i t s and l imit switch c i rcu i t s 
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was checked and e r r o r s found and cor rec ted . The checkout equipment is 
contained in two sma l l boxes and will be sent to Idaho for init ial checkout 
and subsequent maintenance and trouble shooting in the Fue l Cycle Faci l i ty . 

c. P r o c e s s Cell Windows 
(T. W, Eckels ) 

In October it was r epor t ed from Idaho that mos t of the 
plexiglass oi l -expansion tanks for the Junior Cave shielding windows 
(installed in the Labora to ry and Service Building during June) were slowly 
seeping oil. Since these tanks a r e ident ical to those which were about to 
be del ivered for the Fuel Cycle Faci l i ty windows, co r r ec t ive m e a s u r e s 
were immedia te ly taken. The design of the end caps for the plexiglass 
cyl inders was modified. All the expansion tanks for the Fue l Cycle Faci l i ty 
windows have been reworked, and six addit ional tanks have been provided 
to rep lace those now ins ta l led on the Junior Cave windows. 

The final shipment of components for the Fuel Cycle 
Faci l i ty shielding windows, including the tanks ment ioned above, was r e ­
ceived at the Idaho site during the f irs t week of December . The work of 
install ing the windows should begin ea r ly in 1961. 

d. P r o c e s s Cell Lighting 
(T. W. Ecke ls ) '~ 

The 1000-watt f luorescent m e r c u r y vapor lamps which 
had been specified for use in the Argon and Air Cell lighting had sof t -g lass 
envelopes. Recently, the major lamp manufac tu re r s have changed from 
sof t -g lass to w e a t h e r - r e s i s t a n t (borosi l icate) g l a s s envelopes; these have 
been found to darken read i ly on exposure to gamma i r rad ia t ion . 

Late in 1958, t e s t s to de te rmine the possible g a m m a - r a y 
darkening of lamps were inst i tuted in the Gamma I r rad ia t ion Fac i l i ty a t 
Argonne. The t e s t s cons is ted of exposing operat ing lamps to i r rad ia t ion . 
After i r rad ia t ion , the light output of each lamp was r e p o r t e d as a percent 
of i ts output p r io r to i r rad ia t ion , but after a 50-hour ini t ia l s tabi l izat ion 
operating period. To get exposure r a t e s of 10^ to 10^ r a d / h r , the l amps 
i r r ad i a t ed had to be of a s ize to fit in the smal l i r r ad ia t ion urn in use at 
the facility. At the t ime of the t e s t s the 175-watt s ize H 2 2 K F / W * was 
avai lable with a soft (lime) g lass envelope only. It is a s m a l l - s c a l e v e r ­
sion of the 1000-watt type specified for use in the P r o c e s s Cel ls . This 
l amp gave r e s u l t s which were ve ry favorable for the proposed use . 
E a r l i e r this year the major manufac tu re r s announced the H37-5KC/W 
(250-watt), H39-22KC/W (l75-watt) , and H34-12GW/w (lOOO-watt) l amps , 
a l l with a w e a t h e r - r e s i s t a n t (borosi l icate) g lass envelope. Tes t s were 
re ins t i tu ted on the 175- and 250-watt types (they appear identical , both 
using a BT-28 size envelope). The r e s u l t s a r e given in Table 19. 

*American Standards Association type designation. 
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T a b l e 19 

COMPARISON O F L I G H T O U T P U T A T VARIOUS I N T E G R A T E D GAMMA 
E X P O S U R E S FOR SIX L A M P S 

Ligh t Output a f t e r I r r a d i a t i o n - P e r c e n t of O r i g i n a l I n t e n s i t y 

2 5 0 - w a t t L a m p G a m m a 
E x p o s u r e 

( r ad ) 

0 
1 X 10^ 
6 X 10^ 
1 X 10'' 
1 X 10* 
2 x 1 0 * 
4.5 X 10* 
5 X 10* 
6.6 X 10* 
8 X 10* 
1 X 10' 

175- •watt 

H - 2 2 K F / W ' 

100 
98 
-
98 
97 
97 
-
97 
-
85 
83 .5 

L a m p 

H39- - 2 2 K C / W ^ ' ^ 

100 
87 
50 
34 
29 .5 
27 
23 
18.5 
16^ 

-
-

H 3 7 - 5 K B ' ^ ' ^ H 3 7 - 5 K C / C ' ^ ' ^ H 3 7 - 5 K C / w ' ^ H 3 7 - 5 K C / W ' 

100 100 100 100 

51 35 64 35 

S o f t - g l a s s enve lope wi th whi te p h o s p h o r c o a t i n g ( A N L - 6 0 6 8 , page 3 l ) . 

H a r d - g l a s s enve lope wi th whi te p h o s p h o r c o a t i n g . 
c 

H a r d - g l a s s enve lope wi th no p h o s p h o r . 

H a r d - g l a s s enve lope wi th c o l o r - i m p r o v e m e n t p h o s p h o r . 
Q 

Manufacturer A. 

Manufacturer B. 
g 

Test terminated. Further i r radiat ion considered unnecessary. 

The s o m e w h a t b e t t e r p e r f o r m a n c e of the 2 5 0 - w a t t l a m p s , a s c o m p a r e d wi th the 
175-wat t l a m p w i t h the h a r d - g l a s s enve lope , can be a t t r i b u t e d to h ighe r e n v e ­
lope t e m p e r a t u r e s of the 2 5 0 - w a t t l a m p s . 

A s e p a r a t e s tudy of four d i f fe ren t t y p e s of l a m p s was m a d e 
to d e t e r m i n e the a p p l i c a b i l i t y of the l a m p s to the i l l u m i n a t i o n of E B R - I I p r o c ­
e s s c e l l s , w h e r e the i l l u m i n a t e d ob j ec t s wi l l be v i e w e d t h r o u g h sh ie ld ing w i n ­
dows. E a c h l a m p was o p e r a t e d for 100 h o u r s wi thout g a m m a i r r a d i a t i o n to 
fu rn i sh b a s e l i n e da ta be fo re the t e s t s w e r e begun. The r e s u l t s of the t e s t s 
a r e g iven in Tab le 20. W h e r e a s the t r a n s m i t t a n c e of the sh ie ld ing window to 
the l ight e m i t t e d by the v a r i o u s l a m p s was n e a r l y the s a m e (about 15 p e r c e n t ) , 
o the r p r o p e r t i e s d i f fe red suf f ic ien t ly to i nd i ca t e the a d v a n t a g e of the m e r c u r y 
v a p o r l a m p wi th the whi te p h o s p h o r coa t ing o v e r the o the r l a m p s t e s t e d , 
n a m e l y , two m e r c u r y v a p o r l a m p s , one with a c o l o r - i m p r o v e m e n t p h o s p h o r 
coa t ing and the o ther wi th a c l e a r e n v e l o p e . Color d i s c r i m i n a t i o n , b a s e d on 
o b s e r v a t i o n s m a d e by h u m a n s u b j e c t s , was e x c e l l e n t for the i n c a n d e s c e n t 
l a m p , good for the m e r c u r y v a p o r l a m p s with the whi te and c o l o r - i m p r o v e m e n t 
phosphor c o a t i n g s , and poor for the m e r c u r y v a p o r l a m p wi th the c l e a r e n v e ­
lope . Since co lo r coding m a y be u s e d within the p r o c e s s c e l l s , good co lo r 
d i s c r i m i n a t i o n is an i m p o r t a n t c o n s i d e r a t i o n in the cho ice of l a m p s for c e l l 
u s e . The ef f ic iency ( l u m e n s / w a t t ) of t he m e r c u r y v a p o r l a m p wi th the whi te 
phosphor coat ing (60 l u m e n s / w a t t ) w a s s o m e w h a t g r e a t e r than the e f f ic iency 
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of the l a m p wi th a c o l o r - i m p r o v e m e n t p h o s p h o r coa t i ng (51 l u m e n s / w a t t ) 
and the c l e a r m e r c u r y v a p o r l a m p (54 l u m e n s / w a t t ) , and w a s m u c h g r e a t e r 
t han the e f f i c i ency of the i n c a n d e s c e n t l a m p ('v>l6 l u m e n s / w a t t ) . B a s e d on 
the r e s u l t s of t h e s e t e s t s and the r e s u l t s o b t a i n e d f r o m the g a m m a -
i r r a d i a t i o n t e s t s , w h i c h s h o w e d tha t s o f t - g l a s s l a m p s w^ere m u c h naore 
r a d i a t i o n r e s i s t a n t t h a n h a r d - g l a s s l a m p s , lOOO-watt n n e r c u r y v a p o r l a m p s 
wi th whi te p h o s p h o r - c o a t e d , s o f t - g l a s s e n v e l o p e s h a v e b e e n c h o s e n for 
u s e in the p r o c e s s c e l l s . An a d e q u a t e supp ly of t h e s e l a m p s h a s b e e n 
o r d e r e d . 

T a b l e 20 

COMPARISON O F UNIRRADIATED L A M P S 

Ef f i c i ency 
( l u m e n s / w a t t ) 

T r a n s m i t t a n c e 
of Shie ld ing 
Window 
( p e r c e n t ) 

Co lo r 
Dis c r i m i n a t i o n 
t h r o u g h 
Shie ld ing 
Window 

1000-wa 

Whi te 
P h o s p h o r 
Coa t ing 

60 

14.9 

good 

itt M e r c u r y V a p o r L a m p s 

Color 
Phos 

- i m p r o v e m e n t 
iphor Coa t ing C l e a r 

51 54 

15.0 14.8 

good poo r 

1500-wa t t 
I n c a n d e s c e n t 

T -amp 

C l e a r 

~ 1 6 

14.9^ 

e x c e l l e n t 

M a n u f a c t u r e r s ' v a l u e s a f t e r 100 h o u r s of o p e r a t i o n . The l igh t output 
b e c a m e s t a b i l i z e d a f t e r t h i s p e r i o d of o p e r a t i o n . 

C a l c u l a t e d v a l u e s b a s e d on the s p e c t r a l e n e r g y d i s t r i b u t i o n of e a c h 
l a m p . 

T r a n s m i t t a n c e for I l l u m i n a n t A m e a s u r e d t h r o u g h a c o m p l e t e d window. 
The s p e c t r a l e n e r g y d i s t r i b u t i o n of t h e 1 5 0 0 - w a t t i n c a n d e s c e n t l a m p 
i s v e r y s i m i l a r to t h a t of I l l u m i n a n t A (2848 K c o l o r t e m p e r a t u r e ) . 

F o u r h u m a n s u b j e c t s v i e w e d v a r i o u s l y c o l o r e d o b j e c t s d i r e c t l y u n d e r 
i n c a n d e s c e n t l igh t ing a n d then t h r o u g h a p r o t o t y p e sh i e ld ing window 
wi th the o b j e c t s i l lunn ina ted by m e a n s of the s t a t e d l a m p . 
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e. Fuel Cycle Fac i l i ty Equipment 
(G . J. Bernste in , A. A. Chilenskas, L. F . Coleman, 
T. W. Eckels , R. H. Jahnke, M. A. Slawecki) 

Components for the mel t refining furnace off-gass sys tem 
have been tes ted during the past year in the Chemical Engineering Division 
mockup a rea . The r e su l t s , in genera l , have been sa t i s fac tory . P r o c u r e ­
ment of the mel t refining furnace off-gas sys t em of the Fuel Cycle Faci l i ty 
is being made, and instal lat ion ins t ruc t ions a r e being p repa red . These 
ins t ruct ions cover the instal la t ion of the piping, valves , ins t rumentat ion, 
and vacuum pump enc losures which a r e to be ins ta l led in the subcell of the 
Fuel Cycle Faci l i ty . The piping connects the vacuum pumps and argon 
supply to the mel t refining furnaces . Drawings covering the instal lat ion 
of piping and ins t rumentat ion have been p repa red . The vacuum pump 
enc losures have been designed and the drawings completed. P r o c u r e m e n t 
of m a t e r i a l s is underway. 

Instal lat ion drawings for the high-frequency power-
distr ibut ion sys tem have been completed. These detai l the in te rconnec­
tions between the induction g e n e r a t o r s , the capaci tor Avork s ta t ions , and 
those se rv ice s leeves which t r ans fe r the high-frequency cu r r en t to the 
two mel t refining furnaces and the two pin-cas t ing furnaces . 

P r e l i m i n a r y instal la t ion drawings have been p r epa red for 
the space radiat ion monitor ing sys tem. This sy s t em cons is t s of background 
radiat ion moni tors located in potential ly hazardous a r e a s in the Fuel Cycle 
Faci l i ty , A r e c o r d e r , located in the Operat ions Control Room, provides a 
r eco rd of the radiat ion level in each a r e a . An a l a r m is sounded in the 
Control Room and in the affected a r e a if the level exceeds a p r e - s e t value. 

Gas , vacuum, e l ec t r i ca l , and other s e rv i ce s for expe r i ­
menta l equipment in the Argon Cell enter the cel l through se rv ice plugs 
insta l led in se rv ice s leeves which a r e sealed in the cel l floor. The design 
pe rmi t s changing a plug without impair ing the h igh-pur i ty a tmosphe re in 
the cel l or re leas ing radioact ive contaminants . The s leeves a r e a l ready 
instal led. The design of the n e c e s s a r y types of plugs has been a coopera­
tive effort of three Divisions (Metallurgy, Remote Control Engineer ing, 
and Chemical Engineering) at the Labora tory ; final fabricat ion drawings 
a r e now being p repared . A. model of the top port ion of the e l e c t r i c a l -
thermocouple plug was made and tes ted in a mockup of the cel l using the 
prototype operating manipula tor . The fabricat ion and test ing indicated the 
need for s eve ra l minor design modif icat ions. These a r e now being 
incorpora ted in the final drawings . 

The degassing furnace shell will be fabr icated by Kyueger 
Fabr ica t ing Company, Inc. of Madison, Wisconsin. The complete furnace 
will be set up at ANL for pe r fo rmance test ing before shipment to Idaho. 
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AMF Atomics has completed fabricat ion of the mechan ica l 
and e l ec t r i ca l components of the t rans fe r cel l equipment. This equipment 
will be used in conjunction with the la rge t r ans fe r lock to t r anspo r t m a t e ­
r i a l between the Air Cell and the Argon Cell. It cons is t s bas ica l ly of a 
s tee l platform which can be sealed to the bottom of the t rans fe r lock. Hy­
draul ic r a m s located below the lock and below a floor opening in the Air 
Cell a r e used to r a i s e the platform into proper position. A. ca r t running on 
r a i l s c a r r i e s the platform and its load between the two r a m posi t ions. 

The specifications for the design and construct ion of 
coffins for interbuilding, s torage pit, and scrap-handl ing use, have been 
r e l e a s e d to the potential b idders . The bids a r e scheduled for r e t u r n by 
December 23, I960. The th ree coffins will be used to t r ans fe r highly 
radioact ive m a t e r i a l s between the Reactor Building and the Fuel Cycle 
Faci l i ty , and between the Fuel Cycle Fac i l i ty and the s torage or w^aste 
d isposal s i t e s . 

Redesign of the sma l l t r ans fe r lock is a lmos t completed. 
This design will use a port ion of the window shut ter dr ive mechan i sm. 
Redesign of the t r ack and c a r t s that a r e used in the locks is proceeding. 

A bid by the KoUmorgen Corporat ion to modify a five-
foot wall per i scope of thei r manufacture w^hich the Chennical Engineer ing 
Division a l r eady owns has been accepted. The shielding of this pe r i scope 
was designed for a low^er level of radiat ion. 

The modifications n e c e s s a r y (see F igu re s 17 and 18) to 
mee t cu r r en t specifications a r e the follow^ing: 

(1) provide for the instal la t ion of a h e m i s p h e r i c a l g lass pro tec t ive 
donne to avoid radioact ive contaminat ion of the per i scope ; 

(2) i nc r ea se the length of the hor izonta l leg fronn 60 to 61 inches 
to pe rmi t a t tachment of the dome to the cel l wall; 

(3) r ework the hor izonta l leg to incorpora te n e c e s s a r y annular 
in te rna l lead shielding; and 

(4) provide nea r the midpoint of wall th ickness a double offset 
in the hor izonta l optical path so that a 12-inch length of lead 
can be i n se r t ed to shield the cen t r a l axis of the hor izonta l 
tube of the pe r i scope . 

The conventional KoUmorgen wall pe r i scope with in te rna l 
lead shielding in the hor izonta l leg has a s t r a igh t - th rough optical path, of 
about 11- inch d iame te r , which r e m a i n s unshielded. An ex te rna l ly mounted 
solid lead cylinder is avai lable a s an a c c e s s o r y to backs top this path. 
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FIGURE 17 
WALL PERISCOPE WITH CONVENTIONAL INTERNAL SHIELDING 

-ERECTIN8 LENS 

FIGURE 18 
WALL PERISCOPE WITH INTERNAL SHIELDING AND DOUBLE 

OFFSET OPTICAL PATH 

An e x p e r i m e n t p e r f o r m e d by the R e a c t o r E n g i n e e r i n g Div i s ion in 1958 
d e m o n s t r a t e d tha t for the l e v e l of g a m m a a c t i v i t y for wh ich the Ai r Ce l l i s 
de s igned , the b a c k s t o p sh i e ld a lone would be i n a d e q u a t e . The i n a d e q u a c y 
w a s due to the s c a t t e r i n g of o t h e r w i s e u n a t t e n u a t e d g a m m a r a y s s t r e a m i n g 
down the s t r a i g h t - t h r o u g h o p t i c a l pa th . F r o m c a l c u l a t i o n s b a s e d on the 
e x p e r i m e n t , it was conc luded t h a t e x p o s u r e a t the e y e p i e c e of the p e r i s c o p e 
could be a s high a s 300 m r / h r , whi le a t the top of the v e r t i c a l leg ( that i s , 
a t the point w h e r e the v e r t i c a l leg i n t e r s e c t s the h o r i z o n t a l a x i s ) the r a t e 
could be a s high a s 5000 r / h r . This point is only s e v e n feet above the f loor 
and i s c o m p l e t e l y ou t s ide the sh i e ld ing wa l l . 

The mod i f i c a t i on d e s c r i b e d in I t e m 4 above wi l l r e d u c e the 
e x p o s u r e r a t e at the e y e p i e c e to l e s s than 0.1 m r / h r and should r e d u c e the 
r a t e to l e s s than 10 m r / h r a long the h o r i z o n t a l a x i s . The added i n t e r n a l 
sh ie ld ing wi l l i n c r e a s e the weigh t of the p e r i s c o p e by abou t 50 pounds , to 
m a k e the t o t a l weight of the p e r i s c o p e about 1400 pounds . An e a r l i e r m o d i ­
f ica t ion which had been c o n s i d e r e d r e q u i r e d a v e r y h e a v y e x t e r n a l l e ad 
sh i e ld to s u r r o u n d c o m p l e t e l y the j u n c t u r e of the v e r t i c a l and h o r i z o n t a l 
l egs of the p e r i s c o p e . H o w e v e r , d e s p i t e the g r e a t a d d e d we igh t (about 
1000 pounds) of the sh ie ld ing , t h i s d e s i g n would s t i l l a l l ow f rom 200 to 
300 m r / h r of s c a t t e r e d r a d i a t i o n to p a s s t h r o u g h the v e r t i c a l leg . Al though 
th i s r a d i a t i o n could be s topped by one or two i n c h e s of l e a d a t the bo t t om 
of the v e r t i c a l leg, no l e s s than 0.25 m r / h r e x p o s u r e would s t i l l be ob ta ined 
a t the e y e p i e c e . 

f. M a t e r i a l s T e s t i n g 
( G . J . B e r n s t e i n , L. F . C o l e m a n , J . G r a a e , M. S lawecki ) 

( l ) T e s t i n g of R a d i a t i o n - R e s i s t a n t G r e a s e s 

Tes t i ng of r a d i a t i o n - r e s i s t a n t g r e a s e s is con t inu ing . 
P a r t i c u l a r a t t en t ion is being g iven to a t a p e r e d r o l l e r b e a r i n g ( T i m k e n 
No. 432 cup - No. 438 cone) which wi l l be i n c o r p o r a t e d in the m a n i p u l a t o r 
b r i d g e s . T h e s e b r i d g e s a r e a t t a c h e d to the c e n t e r p ivot pos t in the A r g o n 
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Cell. Rol ler bear ings a r e used in the t ruck a s s e m b l i e s which support the 
br idges as they revolve around the cell . Since the br idges and t rucks cannot 
be removed for se rv ice , it is impera t ive that these bear ings be suitable for 
main tenance- f ree operat ion for s eve ra l y e a r s . It is ant ic ipated that the 
radiat ion level in the a r e a of the bear ings will be approximate ly 10 r a d / h r . 
Accordingly, lubr icants that a r e suitable for use after a total radia t ion of 
m o r e than lO' r a d a r e needed. 

E a r l y t e s t s (ANL-6145, page 28) showed that ch romium 
alloy coating and molybdenum disulfide coating were unsa t i s fac tory for the 
high roll ing s t r e s s e s developed in ro l l e r bea r ings . Three types of rad ia t ion-
r e s i s t an t g r e a s e s which have been r a t ed by the i r manufac ture r at 3 to 
5 x 1 0 r a d a r e cu r r en t ly being tes ted. These g r e a s e s a r e i r r a d i a t e d in bulk 
and then applied to clean new ro l l e r bea r ings . The bear ings a r e being tes ted 
in a heavy-duty d r i l l p r e s s under 800 lb axia l load at 40 rpm. The load 
approx imates the ac tua l load which will be applied to the bear ing in se rv ice . 
(The maximum operat ing speed of the bear ing in s e rv i ce will be about 
s ix rpm. However, 40 r p m was the lowest speed read i ly avai lable and for 
the purposes of these t e s t s was felt to be an adequate approximat ion of s e r ­
vice conditions.) Resul t s of these t e s t s to date a r e s u m m a r i z e d in Table 21. 

Table 21 

ROLLER BEARING TESTS WITH IRRADIATED GREASES 

Timken Bearing (No. 432 cup - No. 438 cone) 
800 lb axial load at 40 r p m 

I r rad ia -
G r e a s e tion 

Type (rad) 

NRRG-159 

NRRG-235 

3 X 10^ 

5 X 10' 

NRRG-33 5 5 x lO' 

Running 
Time 
(hr) 

300"= 

52 

250 

R e m a r k s 

Ran well. Run t e rmina t ed voluntar i ly . 

Fa i led due to breakdown of je l l and 
plating out of solid r e s idua l lubr ican t s . 

Tes t s t i l l continuing. Squeak developed 
after 176 hr . Bear ing not heating up. 
G r e a s e looks fluid. 

P roduc t s of Standard Oil Co. of California. 

I r r ad ia ted to m a n u f a c t u r e r ' s r a t ed l imit . 

Es t ima ted to be equivalent to four ye a r s of ac tua l operat ing t ime in 
the Fue l Cycle Faci l i ty . 
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Additional t e s t s a r e underway to de te rmine whether 
or not any of these g r e a s e s will fail due to loss of consis tency at radiat ion 
levels well below the ra ted l imit . 

(2) Testing of Rad ia t ion - re s i s t an t Insulation for E l e c t r i c a l 
Leads 

The year ly radiat ion dose at locations where e l ec t r i ca l 
leads will be used in the Air and Argon Cell will va ry from approximate ly 
10^ to 10^ rad. This will impose severe l imi ta t ions upon the types of insu­
lation used. Although MI cable* provides the mos t promis ing radia t ion-
r e s i s t an t insulation, it is hygroscopic and mus t be provided with end sea l s , 
and it is not sufficiently flexible for a l l connections. Two genera l types of 
end seals for MI cable have been invest igated and tw^o types of flexible 
insulated conductors have been tes ted. 

MI cable is used in a l l c a s e s where a r igid conductor 
is p rac t ica l . On al l permanent ins ta l la t ions , such a s cables through the 
shielding wall, and on al l ins ta l la t ions where r ep l acemen t would be ve ry 
difficult, the MI cable is he rme t i ca l ly sealed with a c e r a m i c end sea l (see 
ANL-6068, pages 25 and 26, and ANL-6101, page 23). This end sea l is v e r y 
r e s i s t an t to radiat ion damage, but is expensive and difficult to instal l . A 
substi tute has been sought for applicat ions for which rep lacement is compara ­
tively simple, as in the rep laceable se rv ice s leeve plugs used to provide 
se rv ices to the Argon Cell. 

An ideal end sea l would be complete ly mo i s tu r e r e s i s t ­
ant at a l l t imes and provide good e l ec t r i ca l insulat ion even after receiving 
a radiat ion dose of 10 rad. Such r e q u i r e m e n t s a r e not compatible with those 
of economy and simplici ty. It was decided that a sea l would be acceptable for 
rep laceable cables if (l) the p r e - i r r a d i a t i o n m o i s t u r e permeabi l i ty was suf­
ficiently low so that no apprec iable change in r e s i s t a n c e occurs , if (2) the 
e l ec t r i ca l insulation r e s i s t ance of a cable with such sea l s was g r e a t e r than 
one megohm after radiat ion doses of lO' rad, and if (3) the insulation r e s i s t ­
ance after i r rad ia t ion could be r e s t o r e d to approx imate ly 200 megohms by a 
shor t period of heating, preferably at 100 C or l e s s . 

Severa l types of end sea ls have been tes ted. The m o s t 
successful has been one using Tempore l l No, 7 4 1 * * a s a potting compound 
(see ANL-6231, page 30). Samples of end sea ls with this potting compound 

*Type MI Cable: One or naore e l ec t r i c a l conductors insula.ted with a 
highly compres sed r e f r ac to ry m i n e r a l insulat ion and enclosed in a 
l iquid-tight and gas - t igh t tube sheathing. Sheath and conductors a r e 
of e lec t rolyt ic copper and the m i n e r a l insulat ion is magnes ium oxide 
for the cable mentioned. 

**A product of Orel l , Inc. 
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have been i r r ad i a t ed to dosages of 6. 1 x 10 r ad over a per iod of ten months . 
They showed no insulation degradat ion during the f i r s t t h ree months, even 
after a dosage of 2.2 x 10 rad . Subsequently the insulat ion r e s i s t ance , which 
previously was g r e a t e r than 200 megohms ,* dropped as low as 3 megohms . 
Heating for six hours at 100 C r e s t o r e d the r e s i s t a n c e to i ts fornner value. 
An a t tempt was made to i n c r e a s e the r e s i s t a n c e of the sea l to m o i s t u r e by 
coating the sea l with an insulating varn ish ; this showed no beneficial effect. 
The tes t s indicate that a sea l with this potting compound will be sa t i s fac tory 
for the proposed use . 

Some connections r e q u i r e a lead that is quite flexible 
during the init ial instal lat ion, but which will r ema in fixed thereaf te r . Leads 
individually insulated with ce r amic bead insulation a r e used for such c a s e s , 
with overlapping f i sh-sp ines being the p r e f e r r e d type of bead. Connections 
to the ends of MI cable a r e a typical case (see ANL-6068, pages 25 and 26), 

Other connections r equ i r e a lead which is frequently 
flexed after instal la t ion. Asbes tos - insu la ted wire has been invest igated for 
such a lead. Wires of this type a r e no rma l ly used in const ruct ion where 
r e s i s t ance to high t e m p e r a t u r e s or flameproofing is des i r ed . It is avai lable 
with single or mul t i l ayer insulation and with or without m o i s t u r e - r e s i s t a n t 
impregnat ing agents . The use of mult iple l aye r s and impregnat ing agents 
i n c r e a s e s the r e s i s t a n c e to ab ras ion and reduces che loss of insulating 
m a t e r i a l due to powdering. 

Samples of copper wire with Al, AIA, and AA insula­
tion** have been tes ted . A sample of a wire of h e a t - r e s i s t a n t alloy covered 
with a sbes tos insulation s imi la r to type AA has a l so been tes ted. After 
doses of 2.3 x 10 r a d the samples with type Al and type AIA became e x c e s ­
sively br i t t le (see ANL-6183, page 28). Samples with type AA insulat ion 
have rece ived a dose of 5.7 x lO' rad, and samples of the al loy wire with an 
insulat ion s imi l a r to type AA have r ece ived a dose of 1.4 x 10 rad . Both 
these unimpregnated types of insulation s t i l l appear se rv iceab le . Insulation 
r e s i s t a n c e has dropped as lov/ as 2 megohms , but slight heating r e s t o r e d 
it to a value g r e a t e r than 200 megohms . 

*Insulat ion t e s t s were made with an ins t rument that i m p r e s s e d 500 volts 
DC upon the insulat ion. Readings were taken after a one-minute e l e c ­
tr if icat ion period. The max imum value which could be r ead on the 
ins t rument was 200 megohms . 

**Types Al, AIA, and AA-insula ted w i r e s : Type Al insulat ion is a felted 
asbes tos insulat ion sa tu ra t ed with f lame- , hea t - , and m o i s t u r e - r e s i s t a n t 
compounds. Type AIA is ident ical to type Al with the addition of a 
sa tu ra ted a sbes to s b ra id outer covering. Type AA is ident ical to type 
AIA except for the absence of m o i s t u r e - r e s i s t a n t compounds. 
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In a number of insulation t e s t s , d e c r e a s e s in the insu­
lation r e s i s t ance m e a s u r e d after an i r rad ia t ion per iod has been a t t r ibuted 
to mo i s tu re sorption if the ini t ial r e s i s t a n c e could be r e s t o r e d by heating. 
Since radiat ion damage effects can a l so often be removed by heating, t e s t s 
were undertaken to de te rmine w^hether mo i s tu r e was the ac tual cause of 
the dec rease in r e s i s t ance . A sample of the a s b e s t o s - c o v e r e d alloy wire held 
in a closed vial containing a des iccant w^as i r r ad ia ted . This sample had 
previously rece ived a dosage of 1.35 x 10 r a d and had on six occas ions 
shown the insulation degradat ion effect. After addit ional i r r ad ia t ion for 
one month (an incrementa l dose of 4 x 10 rad) in the vial the insulation 
was g rea t e r than 200 megohms. This t e s t will be repeated . 

Resul ts obtained thus far indicate that leads insulated 
with type AA or s imi la r a sbes tos insulat ion will be sa t i s fac tory for in -ce l l 
use . Since some powdering of the insulat ion occur red , the need for mu l t i ­
layer insulation is indicated. 

(3) Testing of Aluminum Paints 

I r radia t ion of a luminum paint samples is continuing; 
the i r rad ia t ion doses vary from 0.7 to 1.4 x 10 rad. All paints a r e cover ­
ing and only slight discolorat ion is seen. Some pitting and peeling has 
occur red . 

2. EBR-II Fuel P roces s ing Mockup 

a. Manipulator and Manipulator Removal Bl is ter 
(D. C. Hampson, J. Graae) 

The manipulator r emova l b l i s te r was removed from the 
mockup a r ea . The roof plug was leak tes ted and the faulty weld s eams 
were chipped out and rewelded. The equipment was carefully cleaned, 
painted, crated, and shipped to Idaho. 

The pivot tower and power inlet for the Argon Cell was 
shipped to Idaho. 

b. Melt Refining F u r n a c e s 

(D, C. Hampson, W. E. Mil ler , W. Holcomb) 

(1) Equipment Pe r fo rmance 

(a) Crucibles 

Crucible behavior during mel t refining runs has 
been repor ted previously (see ANL-6183, pages 29 to 32 and ANL-6231, 
page 34). Since the vendor changed methods of crucible manufacture 
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FIGURE 19 
VARIATION OF DENSITY WITH HEIGHT OF NORTON CRUCIBLES 

38 40 42 
DENSITY, g /cc 

( A N L - 6 1 8 3 , p a g e s 29 to 32) a n d 
s i n c e a s e t of s t a n d a r d s h a s been 
e s t a b l i s h e d a s a gu ide to c r u c i b l e 
a c c e p t a n c e , no s e r i o u s c r a c k i n g 
of c r u c i b l e s h a s o c c u r r e d . The 
a c c e p t a n c e s t a n d a r d s a r e b a s e d 
on c r u c i b l e d i m e n s i o n s , a p p e a r ­
a n c e , weight , and i n i t i a l c r a c k s . 
About 10 p e r c e n t of the c r u c i b l e s 
r e c e i v e d f r o m the m a n u f a c t u r e r 
do not m e e t s p e c i f i c a t i o n s and a r e 
r e j e c t e d . 

A m e a s u r a b l e d i f f e r e n c e 
b e t w e e n c r u c i b l e s m a n u f a c t u r e d 
by the old and n e w m e t h o d s o c c u r s 
in the d e n s i t y p r o f i l e s of the c r u ­
c i b l e s . F i g u r e 19 shows the a v e r ­
a g e d e n s i t y p r o f i l e s of four o l d - t y p e 
c r u c i b l e s and the d e n s i t y p r o f i l e s 

of two n e w - t y p e c r u c i b l e s . The po in t s for the c u r v e s w e r e ob t a ined f r o m 
d e n s i t i e s of c r o s s s e c t i o n s cut f r o m the c r u c i b l e w a l l s and b o t t o m . C r u ­
c i b l e s m a d e by the old m e t h o d c o n s i s t e n t l y d e v e l o p e d c r a c k s du r ing the 
fu rnace h e a t c y c l e , whi le the n e w - t y p e c r u c i b l e s do not . 

(b) F u m e - t r a p H o l d e r 

A h o l d e r for the m o l d e d F i b e r f r a x * fume t r a p h a s 
been des igned , bui l t , and t e s t e d . The t r a p h o l d e r a c c o m m o d a t e s t r a p s 
whose d i a m e t e r s v a r y be tween 9j and 10 i n c h e s . The a l l o w a n c e for v a r i a ­
t ion in d i a m e t e r s of the t r a p s is n e c e s s a r y b e c a u s e of the n a t u r e of t r a p 
m a n u f a c t u r e . A s ing le die is u s e d to f o r m a l l t r a p s , but t h e y c o m e f r o m 
the die in a wet , p l a s t i c condi t ion . L a t e r s t e p s in the m a n u f a c t u r i n g 
p r o c e s s ( i m p r e g n a t i o n and d ry ing ) r e s u l t in d i s t o r t i o n . Spec i f i ca t i ons of 
d i a m e t e r l i m i t s have not been a p p l i e d s t r i n g e n t l y in the pas t , ye t m o s t of 
the t r a p s r e c e i v e d w e r e a c c e p t a b l e . Spec i f i c a t i ons wi l l gu ide i n s p e c t i o n 
of t r a p s r e c e i v e d in the fu tu re . 

F i g u r e 20 shows the t r a p h o l d e r and t r a p in p o s i ­
t ion on the f u r n a c e when the fu rnace i s t i l t ed . E x p e r i m e n t s have shown tha t 
a t ight s e a l be tween the furnace top and t h e t r a p i s not r e q u i r e d . 

*A p r o d u c t of the C a r b o r u n d u m C o r p o r a t i o n . The s t a t e d c o m p o s i t i o n 
of the f i b e r s is a l u m i n u m oxide , 51.2 p e r c e n t ; s i l i con d iox ide , 
47 .4 p e r c e n t ; b o r o n oxide , 0.7 p e r c e n t ; and s o d i u m oxide , 0.7 p e r c e n t . 
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F i g u r e 20 

F U M E T R A P WITH F U R N A C E IN T I L T E D POSITION 

Sodium p ickup by the t r a p s w a s c o n s i s t e n t l y 95 p e r c e n t or g r e a t e r wi th 
s o d i u m c h a r g e s of 80 g r a m s or l e s s , r e g a r d l e s s of the condi t ion of the 
s e a l . The w a l l s of the t r a p a r e about g - i n c h th ick . E v i d e n t l y th i s wa l l 
t h i c k n e s s p r o v i d e s suff ic ient r e a c t i v e s u r f a c e a t the junc t ion of the fu r ­
n a c e top and t r a p to enab le vapo r flowing t h r o u g h c r a c k s to r e a c t p r i o r 
to e s c a p i n g into the be l l j a r . 

The s o r p t i o n ef f ic iency of m o l d e d F i b e r f r a x 
t r a p s for s o d i u m was i n v e s t i g a t e d a s a function of the a m o u n t of s o d i u m 
c h a r g e d . It w a s found tha t the t r a p s a b s o r b 98 to 100 p e r c e n t of the s o d i u m 
c h a r g e d , up to a s o d i u m c h a r g e weight of 80 g r a m s . Above th i s va lue 
s o r p t i o n e f f ic iency m a y be e x p r e s s e d by the e m p i r i c a l equa t ion 

„ „ g r a m s c h a r g e d - 80 
E = 100 - ^ ^ 

It is e s t i m a t e d tha t a 10-kg ba t ch of p ins wi l l con ta in abou t 40 g r a m s of 
s o d i u m . About 40 g r a m s of c o n d e n s a b l e f i s s ion p r o d u c t s wi l l a l s o be 
evo lved f rom 10 kg of Z p e r c e n t b u r n u p fuel. One run wi th a 1 4 5 - g r a m 
s o d i u m c h a r g e was m a d e in which the hea t ing r a t e was r e d u c e d to 50 
p e r c e n t of n o r m a l to d e t e r m i n e if r a t e of hea tup was a f ac to r . The r e s u l t 
of th i s run a g r e e d with the p r e v i o u s r u n s m a d e a t the n o r m a l hea t ing 
r a t e of 10 C / m i n ; t h e r e f o r e , for the cond i t ions of t h e s e e x p e r i m e n t s the 
r a t e of hea t ing does not a p p e a r to be a f ac to r . The r e l a t i o n s h i p be tween 
the a m o u n t of s o d i u m c h a r g e d and the s o r p t i o n eff ic iency, E, is shown 
in F i g u r e Zl . 
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FIGURE 21 

VARIATION OF FUME TRAP EFFICIENCY WITH GRAMS OF SODIUM CHARGED 
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(c) M a r k VI F u r n a c e 

The co inponent p a r t s and the a s s e m b l e d M a r k VI 
F u r n a c e a r e shown in F i g u r e s ZZ, Z3, Z4 and Z5. The p a r t s w e r e m a d e by 
R o c k I s l and A r s e n a l f r o m A r g o n n e b l u e p r i n t s . The d e s i g n e n c o m p a s s e s a l l 
the c h a n g e s which w e r e m a d e in p r e v i o u s m o d e l s of the fu rnace and is the 
f inal d e s i g n for the Idaho p lant . The componen t p a r t s w e r e a s s e m b l e d into 
the c o m p l e t e unit . The unit was then p l a c e d in i t s s u p p o r t s on the fu rnace 
b a s e p la te by us ing the o p e r a t i n g m a n i p u l a t o r c o n t r o l l e d f rom behind the 
sh ie ld ing window. The f u r n a c e s u p p o r t b e a r i n g s , the guide , and the pinion 
g e a r a l l engaged p r o p e r l y . The fu rnace was then put into o p e r a t i o n and 
it h a s p e r f o r m e d s a t i s f a c t o r i l y . 

F I G U R E ZZ 

M - 6 F U R N A C E C O M P O N E N T P A R T S 
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FIGURE Z3 

M - 6 F U R N A C E C O M P O N E N T P A R T S 

FIBERFRAX GRAIN RETAINER 
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HOLD DOWN RING 

F I G U R E Z4 

A S S E M B L E D M - 6 F U R N A C E 
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FIGURE Z5 

I N V E R T E D VIEW O F THE A S S E M B L E D M - 6 F U R N A C E 

mm^ / 

F i g u r e Z6 shows the fu rnace t h e r m o c o u p l e . It 
c an a l s o be s e e n in F i g u r e s ZZ and Z5. The c h r o m e l and a l u m e l c y l i n d e r s 
m a k e con t ac t wi th c l ips on the fu rnace b a s e p la te when the fu rnace is in 
the run pos i t i on . 

FIGURE 26 
FURNACE THERMOCOUPLE 

(Z) E B R - I I F u e l Al loy P r o d u c t i o n 

Twen ty - fou r t e n - k i l o g r a m b a t c h e s of e n r i c h e d 
u r a n i u m pin s c r a p , g e n e r a t e d du r ing the m a n u f a c t u r e of fuel p ins for 
E B R - I I , w e r e r e c e i v e d f r o m M e t a l l u r g y . Th i s s c r a p w a s m e l t e d down 
and p o u r e d into ingots us ing m e l t re f in ing e q u i p m e n t . F o r the Z4 r u n s 
the a v e r a g e y ie ld was 9Z.3 p e r c e n t , wi th the high y ie ld being 95.4 and the 
low y ie ld be ing 87.9 p e r c e n t . T h i r t y - e i g h t b a t c h e s of pin s c r a p have 
been r e c e i v e d and r e c a s t into t e n - k i l o g r a m ingots to da te . 
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C. Pyrometa l lu rg ica l Resea rch 
(H. M. Feder) 

1 . Chemis t ry of Liquid Metal Solvents 
(l. Johnson) 

The chemis t ry of liquid meta l sys t ems is being invest igated to 
provide bas ic concepts and data for the logical design of pyrometa l lu rg ica l 
separa t ions p r o c e s s e s . The separa t ions p r o c e s s under considera t ion con­
s i s t s of the dissolution of the spent r eac to r fuel in an appropr ia te volati le 
liquid, separat ion of the f ission products and other ext raneous e lements by 
rec rys ta l l i za t ions and /o r ex t rac t ions with immisc ib le l iquids (either fused 
sal ts or other liquid me ta l s ) , and, finally, r e cove ry of the f iss i le metal (s) 
by evaporat ion of the solvent. 

a. Solubilities in Liquid Metals 

The solubil i t ies of the e lements whose separa t ions a r e b e ­
ing at tempted a re of p r ime impor tance in the design of fuel r e p r o c e s s i n g 
s c h e m e s . The dependence of solubil i t ies on t e m p e r a t u r e and solvent compo­
sition needs to be known. The identi ty of the solid phase in equi l ibr ium with 
the sa tura ted solutions is useful when solubili ty t r ends a r e being invest igated. 

Solubility of Europium in Cadmium 
(l. Johnson, K. E. Anderson and R. Claypool*) 

The solubility of europium in liquid cadmium has been 
m e a s u r e d by means of the s tandard method d i scussed in ANL-6068, page 66. 
Two exper iments were pe r fo rmed . In the f i r s t exper imen t , 16.2 g r a m s of 
europium meta l (99+ percen t , Lindsey Chemical Company) and 440 g r a m s 
of cadmium (99-99 percen t , A m e r i c a n Smelting and Refining Company) were 
heated together at 565 C in a h igh-pur i ty a lumina crucible for 16 h o u r s . A 
porcela in thermocouple well and tan ta lum s t i r r e r were used . Samples were 
taken w îth magnes ium oxide-coated quar tz sampling tubes fitted with grade 
60 graphite f i l t e r s . No evidence of reac t ion between samples and sampling 
tubes was observed at the t e m p e r a t u r e of these e x p e r i m e n t s . In the second 
exper iment , 26.5 g r a m s of europium meta l (99+ pe rcen t , Michigan Chemical 
Company) and 404 g r a m s of cadmium were used; the p rocedure was o the r ­
wise identical with that of the f i rs t exper iment . The r e su l t s of the two ex­
per imen t s a r e given in Table 22 and shown graphica l ly in F igure 27. 

* Student Aide, Summer I960, 
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Tab le 22 

SOLUBILITY O F E U R O P I U M IN CADMIUM 

T e m p 

(c) 

502 
478 
462 
422 
421 
403 
389 

E u r o p i u m 
(a tom %) 

4.25 
2.57 
2.18 
1.095 
0.995 
0.677 
0.542 

T e m p 

(c) 

367 
361 
353 
345 
328 
328 

E u r o p i u m 
(a tom %) 

0.287 
0.251 
0.203 
0.192 
0.107 
0.105 

FIGURE 27 
SOLUBILITY OF EUROPIUM, GADOLINIUM, DYSPROSIUM, 

AND ERBIUM IN LIQUID CADMIUM 
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T h e s e da t a m a y be r e p r e s e n t e d by the e m p i r i c a l equa t i on 

e u r o p i u m : log (a tom p e r c e n t ) = 6.0627 - 4210.2T~^ 

to wi thin t8 p e r c e n t o v e r the t e m p e r a t u r e r a n g e f r o m 330 to 500 C. The 
so l id p h a s e in e q u i l i b r i u m with the s a t u r a t e d so lu t ion w a s i s o l a t e d f r o m 
the ingot by the e l e c t r o l y t i c e tch ing m e t h o d d e s c r i b e d by M a r t i n (see 
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page 103), X - r a y examination gave a pattern^O which was s imi la r to that 
which was repor ted for the te t ragonal BaCdji in te rmeta l l i c compound. 11 
No europium-cadmium in te rmeta l l ic phases have been repor t ed in the l i t e r ­
a tu re . Chemical analysis and de te rmina t ions of the density of the compound 
a r e being made. 

Solubility of Gadolinium in Cadmium 
(l. Johnson, R. Claypool* and K. E, Anderson) 

The solubility of gadolinium in liquid cadmium was m e a s ­
ured by means of the same procedure as previously desc r ibed for europium, 
A sample of 8.4 g r a m s of gadolinium m e t a l (99+ percent , Michigan Chemical 
Company) and 410 g r a m s of cadmium (99.99 percent , Amer ican Smelting and 
Refining Company) were held together at 510 C for 15 hours pr ior to s a m ­
pling. During this heating per iod the mix tu re was s t i r r e d for seven hours . 
Samples were taken from 501 to 325 C. 

The r e su l t s a r e given in Table 23 and shown graphica l ly in 
Figure 27. These data may be r e p r e s e n t e d by the empi r i ca l equation 

gadolinium: log (atom percent ) = 3.2172 - 2379.3 T 

to within t 3 . 5 percent . 

Table 23 

OLUBIl 

Temp 

(c) 

480 
460 
439 
420 
401 
381 

J T Y OF GADOLINIUM IN CADMIUM 

Gadolinium 
(atom %) 

1.13 
0.917 
0.749 
0.652 
0.486 
0.391 

Temp 

(c) 

360 
351 
343 
330 
325 
324 

Gadolinium 
(atom %) 

0.269 
0.256 
0,225 
0.183 
0.174 
0.177 

The equi l ibr ium solid phase was isola ted from the ingot by 
the e lec t ro ly t ic etching method (see page 103), The X - r a y diffraction pat­
te rn 10 obtained was s imi lar to that r e p o r t e d by F. H. El l inger^^ for the 

••^OSchablaske, R., pr ivate communicat ion. 

l lSander son , M. J. and Baenziger , N. C , Acta Cryst . 6, 627-631 (1953). 

*Student Aide, Summer I960. 

l^El l inger , F . H., J . Phys . Chem. 64, 144 (i960). 
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c e r i u m - c a d m i u m in te rmeta l l i c phase CeCdg. The X-ray pa t te rn of the 
cadmium-r i ch y t t r i um-cadmium in t e rme ta l l i c phase previously r epor t ed 
(ANL-6231, page 72) i s a lso s imi l a r to the pa t te rn obtained for CeCd^. 

Solubility of Dyspros ium in Cadmium 
(l. Johnson and K. E. Anderson) 

The solubility of dysp ros ium in liquid cadmium was m e a s ­
ured using the same procedure as desc r ibed previously for europium. A 
sample of 16.1 g r a m s of dysprosiuna meta l (99-5 percent , Michigan Chemical 
Company) and 437 g r a m s of cadmium (99.99 percen t , Amer ican Smelting and 
Refining Company) were held together at 630 C for 22 hours p r io r to s a m ­
pling. During the 22-hour heating per iod the mix ture was s t i r r e d for 
14 hou r s . Sainples were taken from 634 to 325 C. 

The r e s u l t s a r e given in Table 24 and shown graphica l ly in 
Figure 27. These data may be r e p r e s e n t e d by the empi r i ca l equation 

dysp ros ium: log (atom percent ) = 3.3351 - 2446.6 T ^ 

to within+3 pe rcen t . 

Table 24 

SOLUBILITY OF DYSPROSIUM IN CADMIUM 

Temp 
(c) 

542 
501 
463 
423 
382 

Dyspros ium 
(atom %) 

2.25 
1.47 
0.980 
0.641 
0.395 

Temp 
(c) 

348 
342 
333 
325 

Dyspros ium 
(atom %) 

0.247 
0.225 
0.197 
0.181 

The equi l ibr ium solid phase was i so la ted f rom the ingot by 
the e lec t ro ly t ic etching method (see page 103). The X- ray diffraction pat ­
t e rn obtained was s imi la r to that found for the gadol in ium-cadmium i n t e r ­
meta l l i c phase and hence the equi l ibr ium solid phase is p r e sumab ly the 
in t e rme ta l l i c compound DyCdf,. 

Solubility of E rb ium in Cadmium 
(l. Johnson and K. E. Anderson) 

The solubility of e rb ium in liquid cadmium was m e a s u r e d 
using the same p rocedure as desc r ibed prev ious ly for europ ium. A 3 0 - g r a m 
sample of e rb ium meta l (99+ pe rcen t , Michigan Chemical Company) and 
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451 g rams of cadmium meta l (99-99 percen t , Amer i can Smelting and Refin­
ing Company) were held together at 630 C for 22 hours pr ior to sampling. 
The mixture was s t i r r e d for four hours during the heating per iod. Samples 
were taken from 628 to 327 C. 

The resu l t s a r e given in Table 25 and shown graphical ly in 
Figure 27. These data may be r ep re sen t ed by the empi r i ca l equation 

e rb ium: log (atom percent) = 6.3093 - 6644.0 T"^ + 1 .4847 x 10^ T"^ 

to within i'2.6 percent . 

Table 25 

SOLUBILITY OF ERBIUM IN CADMIUM 

Temp 
(c) 

589 
551 
508 
467 
425 

Erb ium 
(atom %) 

4.01 
2.70 
1.74 
1.09 
0.676 

Temp 
(c) 

386 
346 
345 
336 
327 

Erbium 
(atom %) 

0.604 
0.298 
0.277 
0.252 
0.223 

The equi l ibr ium solid phase was i so la ted from the ingot by 
the e lect rolyt ic etching method (see page 103). The X- ray diffraction pat­
t e rn was s imi la r to that found for the gadol in ium-cadmium in te rme ta l l i c 
phase and hence the equi l ibr ium solid phase is p re sumab ly the compound 
ErCdfi. 

Manganese-Cadmium System 
( M . G . Chasanov and P . D. Hunt) 

P r e l i m i n a r y r e su l t s for the solubili ty of manganese in 
liquid cadmium were r e p o r t e d i n ANL-6145, page 72. The r e su l t s of a m o r e 
comprehensive solubility determinat ion using the same method a re shown 
in Figure 28. The solubility data over the t e m p e r a t u r e range from 327 to 
653 C may be r ep resen ted by the empi r i ca l equation 

manganese: log (atom percent ) = 3.263 - 3054 T"^ + 0.4476 x 10^ T"^ 

The s tandard deviation, a , was found to be 3.0 percen t . 

X- ray examination of compacts p r e p a r e d from manganese 
and cadmium and annealed at 450 C gave no evidence of i n t e rme ta l l i c fo rma­
tion; the rmal analysis of charges containing 10, 20, and 30 weight percen t of 
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manganese gave a r r e s t s only at the freezing point of cadmium and at t e m ­
p e r a t u r e s corresponding to the a,-^/3 t rans i t ion of manganese . Similar ly , 
Zwicker l3 has repor ted finding no al loys, even on heating manganese and 
cadmium to 1200 C. 

FIGURE 28 
SOLUBILITY OF MANGANESE IN LIQUID CADMIUM 
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Nickel-Cadmium System 
( M . G . Chasanov and P . D. Hunt) 

The solubility of nickel in liquid cadmium was de termined 
over the t empera tu re range from 330 to 652 C by the same method used for the 
p re l imina ry exper iment repor ted in ANL-6145, page 73. Results a r e given 
in Figure 29. The upper line (from 509 to 650 C) may be r ep resen ted by 
the empi r ica l equation 

nickel: log (atom percent) = 1.954 - 740.8 T"^ 

The s tandard deviation, a , was found to be 1.8 percen t . 

^ Zwicker, U., Z., Metallkunde 41 , 399 (1950). 
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FIGURE 29 
SOLUBILITY OF NICKEL IN LIQUID CADMIUM 

10-11— 

8 

6 

o 2 _ 

— 

• ^ ^ 

I 
-

-

-

-

7 0 0 
1 

0 

^"^vP 

NvO 

A HEATING 

V COOLING 

O SWARTZ AND PHILLIPS 

TEMPERATURE, C 
6 0 0 500 

1 1 
1 1 

12 14 

\ 

4 0 0 

1 

\ ^ 

\ 

1 
1 6 

\ 

O 

IOOO/T,K 

The l o w e r c u r v e ( f rom 330 to 509 C) m a y be r e p r e s e n t e d 
by the e m p i r i c a l equa t ion 

n i c k e l : log (a tom p e r c e n t ) = 6.722 - 5628 T"^ + 0.9045 x 10^ T"^ . 

The s t a n d a r d dev ia t ion w a s found to be 1 .6 p e r c e n t . 

The r e s u l t s of S w a r t z and P h i l l i p s , - ' ^ o b t a i n e d by t h e r m a l 
a n a l y s i s , a r e a l s o i n d i c a t e d in F i g u r e 29; t h e i r v a l u e s a r e in s u b s t a n t i a l 
a g r e e m e n t with our d e t e r m i n a t i o n s . 

The i n t e r s e c t i o n of the c u r v e s in F i g u r e 29 i n d i c a t e s a 
p e r i t e c t i c at 509.3 C; V o s s ^ r e p o r t e d a p e r i t e c t i c a t 502 C, w h e r e a s 
Swar t z and P h i l l i p s found i t a t 490 C. Al l t h r e e v a l u e s a r e in r e a s o n a b l e 

^^ S w a r t z , C. E . and P h i l l i p s , A. J . , T r a n s . AIME \U_, 333 (1934). 

^^ V o s s , G., Z . a n o r g . C h e m . 57, 69 (1908). 
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agreement , consider ing the uncer ta in ty of per i t ec t ic de te rmina t ions by 
t he rma l analys is or meta l lographic examinat ion. 

Z inc-Uran ium System 
(A. E. Mar t in and C. Wach) 

Chiotti, Klepfer and Gill-^° found only one in te rmedia te 
phase in the z inc -u ran ium sys t em. This phase was or iginal ly identified 
as UZng but was l a t e r shown by the c rys t a l s t ruc tu re work of Makarov and 
Vinogradov-^ ^ to co r respond to the formula UzZuiy. In conformance with 
normal nomencla ture of u ran ium binary s y s t e m s , this phase will be r e f e r r e d 
to hereaf te r as the delta phase . It was found to have a congruent mel t ing 
point in a condensed sys t em at about 1050 C.-*" 

Considerable evidence has been obtained in recen t months 
at this l abora to ry for the exis tence of a second in te rmed ia te phase , r e f e r r e d 
to as the epsilon phase . The epsilon phase is r i che r in zinc than the delta 
phase and decomposes per i t ec t i ca l ly at about 840 C to fo rm the delta phase 
and a u r a n i u m - s a t u r a t e d zinc inel t . The evidence for the exis tence of the 
epsilon phase , i ts composit ion, pe r i t ec t i c decomposi t ion t e m p e r a t u r e , and 
other p rope r t i e s is based on a wide va r ie ty of expe r imen t s , namely , effusion 
s tudies , t he rma l ana lys i s , and diffusion t e s t s , supported by X- r ay and m e t a l ­
lographic examinat ions and chemical ana lyses of p roduc t s . 

The effusion evidence was given in ANL-6183, pages 72 and 
75, and is repor ted in m o r e detail e l sewhere in this r e p o r t . Several exp lor ­
a to ry the rma l analys is exper iments on z inc-uran iu in al loys containing about 
20 percent u ran ium disc losed a pe r i t ec t i c t h e r m a l a r r e s t at about 840 C. A 
m o r e p rec i se m e a s u r e m e n t of the a r r e s t t e m p e r a t u r e was then made with a 
charge containing 22 percen t u ran ium. The u ran ium was added as 20-mesh 
s p h e r e s . As a p r e l i m i n a r y t r ea tmen t the charge was held for 24 hours at 
465 C. This p rocedure was known from previous exper ience to produce a 
bed of finely divided i n t e rme ta l l i c p a r t i c l e s . The charge was then heated to 
800 C, and from this t e m p e r a t u r e the charge was heated to 900 C at the uni ­
form ra te of 0.8 C per minute . The pe r i t ec t i c t e m p e r a t u r e was es tabl i shed 
as 844 C by a substant ia l t h e r m a l a r r e s t at this t e m p e r a t u r e . 

The diffusion t e s t s were c a r r i e d out as follows. Uranium 
rods of Y^-inch d iamete r were heated in molten zinc in tanta lum cruc ib les 
under hel ium a t m o s p h e r e s for var ious lengths of t ime at t e m p e r a t u r e s from 
435 to 875 C. The me l t s were quenched to room t e m p e r a t u r e , the ingots 
were sectioned, and the in te r faces between the u r an ium rods and the ?;inc 
were examined meta l lograph ica l ly . 

16 Chiotti, P . , Klepfer , H. H., and Gill , K. F . , J . Meta l s , T r a n s . 9, 
51-57 (1957). 

1^ Makarov, E. S., and Vinogradov, S. I. , Kr i s ta l lograf ia }_, 634-643 (1956) 
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In t e s t s made at 610, 710, 750, 800, and 875 C, well-defined 
annular r ings of in te rmeta l l i c were observed at the in terfaces between the 
uranium and zinc. A single in t e rme ta l l i c l ayer had formed at 875 C, and 
it was identified by X- ray diffraction examination as the delta phase . A por ­
tion of this layer was separa ted mechanica l ly and analyzed chemical ly . The 
resu l t s a r e given in Table 26. Two contiguous in t e rme ta l l i c l a y e r s were 
found from samples at 610, 710, 750, and 800 C. An X- ray diffraction exam­
ination of a sample of the outer l ayer obtained in the tes t at 710 C showed 
that it was the epsilon phase . Metal lographic examination of all of these 
specimens indicated that the in te r io r layer was the same as the single layer 
which had formed in the tes t at 875 C. 

Table 26 

ANALYSES OF ZINC-URANIUM INTERMETALLIC PHASES 

Uranium 
(weight 

percent) 

28.3 

23.7 

Zinc 
(weight 

percent ) 

72.0 

75.7 

Zinc: 
Uranium 

(atom 
rat io) 

9.26 

11.63 

Sample 

Delta layer formed on U rod 
at 875 C 

Epsilon c r y s t a l s , ^ Ingot No. 1 ,t) 
+60 mesh 

Epsilon c r y s t a l s , Ingot No. 1, 
-60 +100 mesh 24.3 75.7 11.34 

Epsilon c r y s t a l s . Ingot No. 1, 
-100 mesh 23.9 75.8 11.55 

Epsilon c r y s t a l s . Ingot No. 2,'-
+60 mesh 24.6 75.5 11.18 

^ R e c o v e r e d from ingots by e lec t ro ly t ic etching using an e lec t ro ly te 
of 200 g Cr03, 1.5 g Na2S04 and 1000 ml wa te r . A cu r ren t densi ty 
of about 100 m a / s q cm and an emf of about 1 .0 to 1 .5 volts were 
used . 

"Ingot No. 1 was p repa red f rom a z inc-1 .5 weight percen t u ran ium 
mel t by cooling from 725 C at a r a t e of 0.5 to 2 C /minu te . 

c Ingot No. 2 was p r epa red f rom a zinc-1 .9 weight percen t u r a n i u m -
0.16 weight percent magnes ium mel t by cooling f rom 730 C at a 
r a t e of 0.3 to 0.8 c / m i n u t e . 
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The in te rmeta l l i c l a y e r s were not as well defined in the 
specimens made at 435, 460, 500, and 550 C, especia l ly at the f i r s t two 
t e m p e r a t u r e s , at which the reac t ion proceeded at a fas ter ra te than at any 
higher t e m p e r a t u r e , with the format ion of c rys t a l s of 1 m i c r o n d iame te r 
and s m a l l e r . 

It did not prove feasible to separa te a sample of the epsilon 
phase which had been formed in some of the diffusion e x p e r i m e n t s . However 
since this was obviously the phase in equi l ibr ium with liquid zinc at t e m p e r ­
a tu re s below the per i t ec t ic t e m p e r a t u r e , c ry s t a l s of this phase were readi ly 
formed by cooling a zinc mel t s a tu ra t ed with u ran ium. The c ry s t a l s were 
separa ted from the zinc m a t r i x by se lect ive dissolution of the zinc by e l e c ­
t ro ly t ic etching. The analyses of samples r ecove red in this way from two 
different ingots a r e given in Table 26. In one case t h r ee different s ize f r ac ­
tions of c rys t a l s were analyzed to de te rmine whether a t r end exis ted in the 
z inc -u ran ium ra t io with par t ic le s i ze . No t r end was obse rved . Had the re 
been one, it would have suggested that the e lec t ro ly t ic etching p rocedure 
was removing some zinc from the i n t e rme ta l l i c c r y s t a l s . 

Additional evidence of the composit ion of the in t e rmed ia t e 
phases was obtained in two annealing exper iments in which charges of 26.0 
and 28.5 weight percent u ran ium (10.3 6 and 9.14 z inc :uranium atom r a t i o s , 
respect ive ly) were sealed in tanta lum conta iners and, after an ini t ial t r e a t ­
ment at 455 C to form uniform beds of fine in t e rme ta l l i c p a r t i c l e s , were 
held at 750 C for 27 days and quenched to room t e m p e r a t u r e . The only in­
t e r m e t a l l i c phases found in these samples by X- ray diffraction examinat ion 
were epsilon in the f i rs t sample and delta in the second. 

The epsilon and delta phases were found to have different 
chemical and e lec t ro ly t ic etching r a t e s . This faci l i tated the meta l lographic 
identification of these phases in samples which contained both p h a s e s , for 
example , samples from mos t of the diffusion t e s t s and in all samples cooled 
slowly from above the pe r i t ec t i c t e m p e r a t u r e . In the l a t t e r s a m p l e s , the 
epsilon phase was p resen t as pe r i t ec t i c r i m s on the de l t a -phase p a r t i c l e s . 

Cadmium-Uran ium System 
(A. E. Mart in and C. Wach) 

The effect of cadmium on the a lpha-beta t r ans fo rma t ion 
t e m p e r a t u r e of u ran ium was de te rmined by t h e r m a l a n a l y s i s . A cadmium-
uran ium charge containing 25 weight percen t u ran ium in the form of 
100-mesh sphe re s was f i r s t held for 18 hou r s at about 680 C to e n s u r e 
sa tura t ion of the u ran ium pa r t i c l e s with cadmium. The charge was cooled 
at 1 c / m i n u t e and an a r r e s t was obtained at 644 C After holding for 
28 hours at about 630 C, the charge was heated at 1 C/minute and an a r r e s t 
was obtained at 669 C. These t r ans fo rma t ion t e m p e r a t u r e s a r e , within 
exper imenta l e r r o r , the same as those of pure u ran ium. Consequently, 
these data do not indicate an apprec iab le solubili ty of cadmium in u ran ium. 
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The effect of u ran ium on the la t t ice p a r a m e t e r s of cadmium 
at 310 C was determined. A cadnnium mel t containing 2 percent uranium 
was frozen and held at 310 C for 23 hours and quenched to room t e m p e r a ­
ture . The lat t ice p a r a m e t e r s of the cadnnium phase in the ingot were 
determined as ao = 2.9790A and CQ = 5.6181 A. Since these a r e , within ex­
per imenta l e r r o r , the same as those of pure cadmium, no appreciable 
solubility of uranium in cadmium at 310 C is indicated by these data. 

The eutectic t empera tu re was r e d e t e r m i n e d by t h e r m a l 
analys is . A sample of the melt , which contained 0.13 weight percent u r a ­
nium, was withdrawn just before the de terminat ion to verify that the com­
position was optimum, namely, somewhat g r e a t e r than the eutectic 
composition. (The la t ter was known to be about 0.06 weight percent 
uranium from solubility m e a s u r e m e n t s . ) The eutect ic t empera tu re was 
determined at a cooling ra te of 1 C/minute a s 0.26 C below^ the freezing 
point of cadmium. If the freezing point of cadmium is taken as 320.9, the 
eutectic t empera tu re is 320,6 C. 



b . C o p r e c i p i t a t i o n S tud ies 

The d e g r e e of s e p a r a t i o n which m a y be a c h i e v e d by r e c r y s -
t a l l i z a t i o n f r o m m e t a l l i c s o l v e n t s i s often l i m i t e d , not by the l a c k of suff i ­
c ien t d i f f e r ence in s o l u b i l i t y , but r a t h e r by the ex ten t of c o p r e c i p i t a t i o n . 
T h u s , even though the so lub i l i t y of an i m p u r i t y i s not e x c e e d e d when the 
t e m p e r a t u r e i s l o w e r e d , a l a r g e f r a c t i o n of the i m p u r i t y p r e s e n t m a y c r y s ­
t a l l i z e wi th the f i s s i l e m e t a l . F o r e x a m p l e , when the u r a n i u n n - z i n c i n t e r ­
m e t a l l i c compound i s c r y s t a l l i z e d f r o m l iqu id z inc in the p r e s e n c e of s m a l l 
a m o u n t s of p lu ton ium, it i s found t h a t the s a m e f r a c t i o n of p l u t o n i u m and 
u r a n i u m a r e c a r r i e d f r o m the so lu t ion , and h e n c e no s e p a r a t i o n i s a c h i e v e d . 
On the o the r hand , if suff ic ient m a g n e s i u m i s added to the so lu t ion to c a u s e 
p u r e u r a n i u m m e t a l to s e p a r a t e a s the c r y s t a l l i z i n g p h a s e , t h e n the p lu ton ium 
r e m a i n s c o m p l e t e l y in so lu t ion and c o m p l e t e s e p a r a t i o n i s t h e o r e t i c a l l y 
p o s s i b l e . 
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Coprecipitat ion by CeCdu from Cadmium Solutions 
( j . Moriar ty*) 

A fundamental study of the factors w^hich de te rmine the co­
precipi tat ion behavior of var ious meta l l i c solutes by in t e rme ta l l i c compounds 
has been s ta r ted . This is a continuation of previous work.-^° 

Coprecipi tat ion from meta l l i c solutions is completely ana l ­
ogous to that found in aqueous solut ions . The logar i thmic dis t r ibut ion law 
of Doerner and Hoskins,-^9 which may be e x p r e s s e d by the equation 

/ t r a c e r in solution \ , , / c a r r i e r in solut ion\ 
log ; = X log -; : 

\ total t r a c e r / y total c a r r i e r J 

is general ly applicable (see ANL-5820, page 100). This re la t ion may be 
a sc r ibed to the exis tence of a dynamic equi l ibr ium between the t r a c e r in 
solution and each success ive layer deposited on the c rys t a l s of the p r e c i p ­
itating c a r r i e r . Diffusion within the solid host c rys t a l is not able to equalize 
the t r a c e r concentrat ion during c rys ta l l i za t ion . The coprecipi ta t ion coef­
ficient, X , is a quantitative m e a s u r e of the ca r ry ing c h a r a c t e r i s t i c s of a 
specific t r a c e r by a c a r r i e r . 

Systematic m e a s u r e m e n t s of the ca r ry ing c h a r a c t e r i s t i c s 
of the c e r i u m - c a d m i u m in te rme ta l l i c connpound CeCdu (cubic, BaHg^ type) 
a r e being made . Studies of the coprecipi ta t ion behavior of the following t r a c e r 
e lements a r e planned: ces ium, rubidium, po ta s s ium, sodium, l i th ium, 
bar ium, s t ront ium, magnes ium, calcium, scandium, y t t r ium, lanthanum, 
samar ium, europium, gadolinium, z i rconium, u ran ium and thor ium. These 
meta l s allow the influence of a tomic s ize , me ta l l i c va lence , and e lec t ron ic 
configuration on coprecipi tat ion behavior to be inves t igated . 

The genera l exper imenta l p rocedure has been descr ibed in 
ANL-5820, page 100. In the p resen t exper iments the sys tem is allowed to 
reach equi l ibr ium with r e spec t to the c rys ta l l i zed CeCdi^ at each t e m p e r a ­
ture before sampling the liquid phase . The s tandard sampling p rocedure 
descr ibed by Martin"^^ is used . F i l t e red samples a r e taken at 30 C i n t e r ­
vals from 550 to 350 C. The s tar t ing alloy composit ion for a typical ex­
per iment was 1.0 percent ce r ium, 0.01 to 0.1 percen t t r a c e r , with the 
remainder cadmium. 

* Post Doctorate Fellow, 

•'° Fede r , H. M., and Tei te l , R. J . , P r o c . Second Internat ional Confer­
ence on the Peaceful Uses of Atomic Energy , Geneva, Switzerland, 
(1958) Vol. 17, pp. 391-392. 

19 Doerner , H. and Hoskins, W., J. Am. Chem. Soc. 47, 662 (1925). 

^° Mart in, A. E . , Knighton, J. B. , and F e d e r , H. M., J. Chem. and 
Eng, Data, to be published. 
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Values of c o p r e c i p i t a t i o n coef f ic ien t , X , w e r e c o m p u t e d by 
f i t t ing a l o g a r i t h m i c equa t ion to the da ta u s ing the l e a s t s q u a r e s m e t h o d . 
R e s u l t s to date a r e r e p o r t e d in T a b l e 27 . D o e r n e r - H o s k i n s g r a p h s of the 
da ta a r e shown in F i g u r e 31 . 

T a b l e 27 

C O P R E C I P I T A T I O N BY C e C d u F R O M LIQUID CADMIUM 

T r a c e r E l e m e n t 
C o p r e c i p i t a t i o n 

Coeff ic ient X T r a c e r E l e m e n t 

Sod ium 
L i t h i u m 
P o t a s s i u m 
Y t t r i u m 
L a n t h a n u m 1.49 

0 
0 
0 
0 

+ 0 11 

U r a n i u m 
S t r o n t i u m 
E u r o p i u m 
Z i r c o n i u m 

Copr e c ip i t a t ion 
Coeff ic ient X 

0.13 + 0.04 
0.10 + 0.02 

0.099 + 0.009 
0 . 0 4 + 0 .01 

FIGURE 31 

COPRECIPITATION BY CeCd,, FROM LIQUID CADMIUM SOLUTION 

,No,Li,K,Y—X = 0 
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30 40 50 60 7080 100 

CERIUM IN SOLUTION, percent 
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c. Liquid-Liquid Par t i t ion Studies 
( F . Cafasso, R. Uhle and J. Vincenzi) 

Par t i t ion of Pal ladium, Uranium, Cer ium and Strontium 
between Bismuth and Zinc 

The immisc ib le liquid pa i r s l ead-z inc and b ismuth-z inc 
a re being examined as potential solvent sys tems for the separa t ion of fissile 
elements from fission product e lements by part i t ion methods . Distribution 
coefficients for palladium, uranium, ce r ium, and s t ront ium between lead 
and zinc were measured at approximately 730 C and were repor ted in 
ANL-6231, page 74. Similar ly, the part i t ion coefficients of these same four 
elements between bismuth and zinc have been m e a s u r e d in the range 547 to 
549 C and are repor ted below. 

The procedures which were used in the lead-z inc sys tem 
were found to be applicable to the b ismuth-z inc sys t em. Bismuth, zinc, and 
the appropr ia te solute metal were placed in an alumina crucible and heated 
to approximately 550 C. The two-phase melt which resu l ted was s t i r r e d 
with a tantalum paddle for one hour and allowed to set t le for two hou r s . 
Samples of both l ayers were then taken with magnes ium oxide-coated quartz 
tubes fitted with graphite f i l t e r s . Four samples of both l aye r s of the melt 
were taken. In every case , it was found that equi l ibr ium was es tabl ished 
after the first hour of s t i r r ing . 

Values of the dis t r ibut ion coefficient K, defined as the rat io 
of the weight percent (average) of the solute in the zinc layer to its weight 
percent (average) in the bismuth layer , a r e recorded in Table 28. 

Table 28 

COMPILATION O F DISTRIBUTION DATA FOR THE 
BISMUTH-ZINC SYSTEM 

T e m p e r a t u r e : 548 i 1 C 

Solute 

P d 

U 

C e 

S r 

Zinc L a y e r ^ 
(w/o , avg) 

1.5 

1 X 10-^ 

3 X 10"^ 

3 X i C 

Bi Lsmuth L a y e r ° 
(w/o , avg) 

4.5 X 10-^ 

6.5 X 10"^ 

5.7 X 1 0 - ' 

3.9 

Dis t r i bu t ion 
Coefficient , 

K (avg) = 
w / o in Zinc L a y e r 

w /o in B i s m u t h L a y e r 

33.3 

0.17 

0.05 

7.7 X 10-* 

^ The solubil i ty of b i s m u t h in z inc was found to be 12.6 w / o 
when u r a n i u m was the so lu t e . 

" T h e solubi l i ty of z inc in b i s m u t h was found to be 37.0 w / o 
when u r a n i u m was the so lu te . 
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Only palladium concentra tes preferent ia l ly in the zinc l aye r . A factor of 
about 64 separa tes the coefficients of s t ront ium and ceriunn, whereas a 
factor of only 3.4 sepa ra t e s the coefficients of ce r ium and uran ium. 

The mutual solubili t ies of bismuth and zinc were m e a s ­
ured only in the uran ium sys tem. At 549 C, the solubility of bismuth in 
zinc (containing 1 x 1 0 " weight percent uranium) is 12.6 weight percent , 
whereas that of zinc in bismuth (containing 6 x 10"^ weight percent uranium) 
was 37.0 weight percen t . These values a re in reasonable agreement with 
the measu remen t s made by Kleppa,^-^ who r epo r t s values of 1 5 weight p e r ­
cent for the solubility of bismuth in zinc and 3 8.0 weight percent for the 
solubility of zinc in bismuth. 

Tempera tu re Dependence of the Uranium Distribution 
Coefficient in the Bismuth-Zinc System 

In evaluating the utility of dis tr ibut ion methods in s e pa ra ­
t ions, th ree factors must be considered, namely, the solubili t ies of the 
solutes , their dis tr ibut ion coefficients, and the mutual solubil i t ies of the 
solvents. All three factors a re t empera tu re dependent. Measurements of 
the distr ibution coefficient of uranium in the b i smuth -z inc -u ran ium sys tem 
were made at th ree t e m p e r a t u r e s : 447, 494, and 552 C. The distr ibution 
coefficient, defined as in the previous section, had values of 0.078 at 447 C, 
0.10 at 494 C, and 0.168 at 552 C. These data a r e shown as a function of 
t empera tu re in Figure 32. 

FIGURE 32 
EFFECT OF TEMPERATURE ON THE DISTRIBUTION OF URANIUM 

BETWEEN BISMUTH AND ZINC 

14 13 12 
1000/T,K 

Kleppa, O. J . , J. Am. Chem. S o c , 74, 6052 (1952). 
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The value at 500 C is l a r g e r than that previously m e a s u r e d by other i nves ­
t iga tors .^^ Taking samples after the equi l ibr ium melt had been quenched. 
Miles obtained a value of 0.04 for the dis t r ibut ion coefficient of u ran ium 
at 500 C. The value at 500 C obtained in the p resen t study by sampling 
liquid phases , which is considered to be the preferable sampling method, 
was 0.12. As the t empera tu re is r a i s ed , the par t i t ion favors the zinc l aye r . 
For a 100 degree i n c r e a s e , the par t i t ion coefficient i n c r e a s e s by a factor of 
two. This effect is much sma l l e r than in the l e a d - z i n c - u r a n i u m sys t em 
(ANL-6231, page 75), in which it was found that an 80 degree r i s e caused a 
ninefold change of the coefficient in favor of the lead l aye r . 

Comparison of Distr ibution in the Bismuth-Zinc and Lead-
Zinc Systems 

The dis t r ibut ion data for pal ladium, u ran ium, ce r ium, and 
s t ront ium in both the lead-z inc sys tem (ANL-6231, page 74) and the bismuth-
zinc sys tem have been compiled in Table 29 to allow a compar i son . This 
comparison is made at two different t e m p e r a t u r e s , about 730 C for the lead 
sys tem and about 550 C for the b ismuth sys t em. Each t e m p e r a t u r e is about 
50 C below the consolute t empe ra tu r e of the respec t ive sy s t em. Uranium, 
ce r ium, and palladium all favor the zinc phase in the l ead-z inc sys t em, 
whereas only palladium favors zinc in the b i smuth-z inc sy s t em. In the lead-
zinc sys tem, the distr ibution coefficient of pal ladium is g r e a t e r than that of 
uran ium by a factor of six. Uranium, in tu rn , has a coefficient l a r g e r than 
cer ium by a factor of six. 

Table 29 

COMPARISON OF DISTRIBUTION DATA FOR THE LEAD-ZINC AND 
BISMUTH-ZINC SYSTEMS 

Distribution Coefficient,^ Distr ibution Coefficient," 
K = K = 

w/o solute in Zinc Layer w/o solute in Zinc Layer 
Solute w/o solute in Lead Layer w/o solute in Bismuth Layer 

Pal ladium 150.0 
Uranium 30.8 
Cer ium 3.7 
Strontium 0.14 7, 

3 3 . 3 
0 , 1 7 
0 . 0 5 

.7 X 10-- 4 

^ Tempera tu re '^ 730 C ( repor ted in ANL-6231 , page 74). 

^ Tempera tu re = 550 C. 

Miles , F . T., P r o g r e s s Le t t e r , BNL-2689 (December 1955). 
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In the b i smuth-z inc sys tem, a factor of 200 separa tes the coefficients of 
palladium and uran ium. A factor of 3.4 sepa ra t e s the coefficients of u r a ­
nium and ce r ium. Strontium appears to dis t r ibute in favor of the heavier 
phase in both s y s t e m s , in lead in the lead-z inc systenn and in bismuth in 
the b ismuth-z inc sys tem. 

Mutual Solubilities of Aluminum and Cadmium 

The mutual solubil i t ies of liquid aluminum and cadmium 
were m e a s u r e d as a function of t empera tu re in the range 680 to 720 C and 
a re shown in Figure 33. The solubility data may be r ep resen ted by the 
empir ica l equations 

cadmium: log (atom percent) 3.479 - 2944 T"^ for cadmium in 
aluminum 

and 

aluminum: log (atom percent) 3.702 - 2815 T 
cadmium. 

- 1 for aluminum in 

FIGURE 33 
MUTUAL SOLUBILITIES OF ALUMINUM AND CADMIUM 

A SOLUBILITIES OF ALUMINUM IN CADMIUM 
O SOLUBILITIES OF CADMIUM IN ALUMINUM 

TEMPERATURE, C 
700 690 680 

-1 "T 
I 03 I 04 

I000/T ,K 

Extrapolat ion of the solubility curve of cadmium in a lumi ­
num to the monotectic t empera tu re (649 C) gives a value of 1 .7 a tom p e r ­
cent. This value agrees well both with Hardy ' s value of 1 .6 a tom percent 
which he es t imated from the maximum solid solubility at the monotect ic 
t e m p e r a t u r e , and the value of 1 .8 atom percent measu red by Hansen and 
Blumenthal.^^ 

At 686 C, the solubility of cadmium in an a luminum solu­
tion containing 4.8 weight percent uran ium was found to be 8.0 weight 
percent (see ANL-6183, page 70). The solubility of aluminum in cadmium 
containing roughly 1 x 1 0 " weight percent uran ium was 1.5 weight percent 

23Hardy, H. K., J. Inst. Metals , 80, 431 (1951-1952). 

2"̂  Hansen, M. and Blumenthal, B. , Metallwirtschaft , 10, 925 ( l93 l ) . 
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at this same t e m p e r a t u r e . In a so lu te- f ree sys tem, the mutual solubil i t ies 
m e a s u r e d at 686 C were 9-2 weight percen t cadmium in a luminum and 
1 .4 weight percent a luminum in cadmium. Apparently, the p resence of 
roughly 5 weight percent u ran ium in a luminum lowered the solubility of 
cadmium in this solvent by 1 .3 pe rcen t . The p re sence of t r a c e amounts of 
u ran ium (l x 10"^ weight percent ) in cadmium had no effect on the solu­
bility of aluminum in this solvent, as expected. 

d. Thermodynamic Studies 

Thermodynamic functions for key e lements in liquid meta l 
solvents and for the impor tant solid in t e rme ta l l i c phases a r e being m e a s ­
ured . Two methods a r e being used . Galvanic cells have proved to be 
especia l ly useful for determining act ivi t ies in liquid solutions and for 
measur ing the free energy of formation of the equi l ibr ium solid phase in 
two-phase s y s t e m s . On the other hand, for sys t ems containing seve ra l 
well-defined in te rmeta l l i c phases , m e a s u r e m e n t of the decomposi t ion p r e s ­
sure by the effusion method is proving to be most useful . The two nnethods 
supplement each other . 

Thermodynannics of the Uran ium-Zinc System 
( E . Veleckis and N. Goetzinger) 

A p re l imina ry r epor t on the phase re la t ionsh ips and t h e r m o ­
dynamic p roper t i e s of the uraniunn-zinc sys tem (determined by m e a s u r e m e n t 
of the vapor p r e s s u r e by the effusion method) was p resen ted in ANL-6183, 
pages 72 to 75. Additional data have been obtained which pe rmi t a m o r e 
p rec i s e computation of the the rmodynamic p r o p e r t i e s . The phase re la t ion­
ships in this sys tem a re d i scussed e l sewhere in this r e po r t (see page 102). 

The appara tus used in these s tudies was desc r ibed by 
C. L. Rosen in ANL-5959, page 125. Modification of the nul l-point detection, 
weighing, and recording pa r t s of the appara tus have been made which signif­
icantly improve the re l iabi l i ty of the a p p a r a t u s . The furnace which was used 
to heat the effusion cell has been rep laced by a molten salt bath. This allows 
m o r e accura t e control and m e a s u r e m e n t of the t e m p e r a t u r e . 

For binary sy s t ems containing a single volat i le component, 
the vapor p r e s s u r e of the volati le spec ies i s r e l a t ed to composit ion of alloy 
by the Knudsen equation,^^ which may be wri t ten as 

W2 VTMi dr 
P ^ =-17.1435 , , .^^ "77 , m m M2 KA dt 

^^Knudsen, M., Ann. Physik, 28, 75 (1909); 28, 999 (1909); 29, 179 (1909). 
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where P m m ^^ ^̂ ® p r e s s u r e of the gas in the cell in m m Hg; W2 the weight 
of nonvolatile species in the sample in g r a m s , Mj and M2 the molecu la r 
weights of volatile and nonvolatile spec ies , respec t ive ly , T the absolute 
t e m p e r a t u r e , K the Clausing short channel cor rec t ion factor , A the a r e a 
of the orifice in sq cm, r the a tomic ra t io ni/n2, and t the effusion t ime in 
seconds . 

The Knudsen cells which were used for vapor p r e s s u r e 
m e a s u r e m e n t s were made of tanta lum. Two holes were dr i l led opposite to 
each other in the cell wal l . This p lacement of the holes prevented the l a t e r a l 
displacement of the cell during the exper iment . The cel ls were ca l ibra ted 
with pure zinc, because re l iable vapor p r e s s u r e data a r e available for zinc 
and because it const i tutes the volati le component in the sys tem under study. 
A further advanage l i es in the fact that , with zinc, the ca l ibra t ion t e m p e r a ­
tu res a r e close to those of the actual r uns , thus making the orif ice expan­
sion cor rec t ions u n n e c e s s a r y . The so-ca l l ed effective orifice a r e a , i . e . , 
the product of the actual a r e a A and Clausing cor rec t ion factor K, for 
Cells B and C were found to be 1 .71 8 x 1 0"^ sq cm and 5.1 73 x 1 0"'' sq cm, 
respec t ive ly . 

In a typical exper iment , approximate ly 300 mg of finely 
powdered u ran ium-z inc alloy was weighed and placed in the effusion ce l l . 
The cell was then suspended from the r ight -hand side of the balance beam. 
After evacuating the en t i re sys t em, purified he l ium gas was int roduced into 
the sys tem to a p r e s s u r e of about 300 mnn Hg. The sa l t -ba th , p rehea ted to 
the des i red t e m p e r a t u r e , was then r a i s ed around the tube in which the effu­
sion cell was suspended. The hel ium in the sys t em insured rapid heat 
t r ans fe r between the salt bath and the effusion cel l , and prevented effusion 
during the heatup per iod . After t he rma l equi l ibr ium was reached , the effu­
sion was ini t iated by a rapid evacuation of the he l ium. Effusion was con­
tinued until t he re was no further change in weight, i . e . , xmtil all the zinc 
was evapora ted . The cell was then cooled in a he l ium a tmosphe re and the 
u ran ium res idue was weighed. Depending on t e m p e r a t u r e and cell orif ice 
s ize , the exper iments l as ted from 5 to 36 h o u r s . The vacuunn mainta ined 
in the sys tem during the exper iment was 1 x 1 0 " m m Hg or be t t e r . 

Thi r teen runs have been made in the t e m p e r a t u r e range 
from 420.8 to 504.0 C. The original data were obtained in the fo rm of i s o ­
the rma l weight loss v e r s u s t ime c u r v e s . As shown previous ly (see 
ANL-6183, page 73), such curves exhibit t h ree dis t inct s egmen t s ; these 
were in te rp re ted at that t ime as r ep resen t ing two-phase fields in the phase 
d iagram. 

Clausing, P . , Ann. Physik, 12, 961 (1932); Z. Physik , 66 ,̂ 471 (1930). 
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A m o r e s a t i s f a c t o r y m e t h o d of r e p r e s e n t i n g the effusion 
da ta i s p r o v i d e d by i s o t h e r m a l z inc v a p o r p r e s s u r e v e r s u s a l l oy c o m p o s i ­
t ion c u r v e s tha t a r e ob t a ined f r o m the o r i g i n a l p lo t s by a g r a p h i c a l dif­

f e r e n t i a t i o n . T h r e e t y p i c a l i s o t h e r m s 
a r e shown in F i g u r e 34. Inc luded in t h i s 
f igure i s a g r a p h i c a l r e p r e s e n t a t i o n of 
the p r o p o s e d p h a s e d i a g r a m in the e x ­
p e r i m e n t a l t e m p e r a t u r e r a n g e . 

FIGURE 34 

VARIATION OF VAPOR PRESSURE OF ZING WITH 

COMPOSITION OF THE ALLOY IN URANIUM - ZING SYSTEM 
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The s h a r p p r e s s u r e dec l i ne at e " 
and at 6 i s a c l e a r i n d i c a t i o n of p h a s e 
b o u n d a r i e s e x i s t i n g at t h e s e c o m p o s i t i o n s . 
The p r e s s u r e d e s c e n t a t 6 i s fol lowed by 
a w e l l - d e v e l o p e d p r e s s u r e p l a t e a u which 
i s i n d i c a t i v e of f o r m a t i o n of an i n t e r ­
m e t a l l i c p h a s e ( d e s i g n a t e d by 5) of a v e r y 
n a r r o w h o m o g e n e i t y r a n g e at tha t c o m p o ­
s i t i o n . B e t w e e n e" and e ' t he v a p o r p r e s ­
s u r e of z inc d e c r e a s e s l i n e a r l y with 
c o m p o s i t i o n , s u g g e s t i n g the e x i s t e n c e of 
a p h a s e ( d e s i g n a t e d by e ) wi th a wide 
h o m o g e n e i t y r a n g e b e t w e e n the b o u n d a r i e s 
e " and e ' . E x t e n s i v e round ing-o f f in 
(Zn + e") and (e ' + 6) f i e lds i s due to 
s u r f a c e dep l e t i on of the s a m p l e a s the 
c o n c e n t r a t i o n of the z i n c - p r o d u c i n g 
p h a s e i s r a p i d l y fa l l ing off, t h e r e b y c a u s ­
ing a p r e m a t u r e p r e s s u r e d r o p wi th in the 
effusion c e l l . S i m i l a r dep l e t i on effects 
a r e o b s e r v e d in the u r a n i u m - r i c h s ide 
of the ( 6 + U) f ie ld . In c a l c u l a t i n g t h e r m o ­
d y n a m i c p r o p e r t i e s , the r e g i o n s (e ' + 6) 
and (6 + U) w e r e r e g a r d e d a s p r e s s u r e 
p l a t e a u s . The a v e r a g e c o m p o s i t i o n s of 
the p h a s e b o u n d a r i e s w e r e found to be a s 
fo l lows : e " = 8 . 1 7 a / o u r a n i u m , e ' ^ 
9.65 a / o u r a n i u m , and 6= 10.63 a / o 
u ran iunn . 

The l o g a r i t h m of the v a p o r p r e s s u r e of z inc at e" and in 
the (e:' + 5 ) and (6 + U) r e g i o n s , a s we l l a s t ha t for p u r e z i n c , 2 7 a r e shown 
a s funct ions of the r e c i p r o c a l a b s o l u t e t e m p e r a t u r e in F i g u r e 3 5 . 

2^ B a r r o w , R. F . , D o d s w o r t h , P . G., Downie , A. R., J e f f r i e s , E . A. , 
Pugh , A. C , Smi th , F . I . , Swins t ead , J . M. , T r a n s . F a r a d a y S o c , 
5 1 , 1354 (1955). 
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FIGURE 35 
VAPOR PRESSURE OF ZINC OVER S AND € 

PHASES IN URANIUM-ZINC SYSTEM 

135 
IOOO/T,K 

The straight l ines shown may be rep resen ted by the empi r ica l equations 

log ^mm = 8.329 - 6626 T"^ 

log P 

log P 
m m 

m m 

= 8.391 - 6766 T" ' 

= 9.290 - 7724 T"^ 

(e' +6) field 

(6 + U) field. 

Combining these resu l t s with the express ion for pure liquid zinc given by 
Barrow et a l . , the s tandard free energies of formation of e-phase at the 
e" and e ' boundaries and of the 6 phase may be r ep resen ted by the follow­
ing analytical express ions (see ANL-6183, page 73): 

A F | M = -174.3 + 65.53 T log T - 40,850 

AF^, = -139.2 + 54.57 T log T - 40,690 

A F ^ = -122.8 + 49.56 T log T - 40,730. 

As determined by effusion exper iments , the average com­
position of the 6-phase boundary cor responds to the empi r ica l formula 
UZn8.4i. In view of the s t ruc tura l evidence cited e lsewhere in this r epor t 
(see page 102), it s eems plausible to a s sume that the 6-phase composition 
is U2Zni7. This la t te r composition value was , there fore , used in calculat ­
ing AF^ . 

A s u m m a r y of exper imenta l data and s tandard free energies 
of formation a r e tabulated in Table 30. Except for the values of AFg , the 
free energies of formation were de termined by d i rec t in tegrat ion of vapor 
p r e s s u r e v e r s u s connposition curves . 
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T a b l e 30 

E X P E R I M E N T A L DATA AND STANDARD F R E E E N E R G I E S F O R 
THE S Y S T E M U R A N I U M - Z I N C 

P r e s s u r e ( m m ) A F ° ( k c a l / g a t o m U) 

Run 

V50 
V49 
V48 
V51 
V67 
V61C 
V52 
V66 
V53 
V62 
V63 
V64 
V65 

Cel l 

& 
C 

c 
c 
B 
B 
C 
B 
C 
B 
B. 
B 
B 

T e m p e r a t u r e 

(c) 

420 .8 
431 .6 
438 .8 
450 .5 
452.0 
460 .5 
460 .8 
462 .0 
470 .6 
471 .2 
482.0 
492 .8 
504.0 

e" 

_ 

-
-
-

0.157 
-
-

0.205 
-

0.270 
0 .358 
0 .467 
0 .647 

e' + 6 

^ 

-
-
-

0.115 
-
-

0.152 
-

0.204 
0.272 
0.351 
0.491 

6 + U 

0.0144 
0 .0214 
0 .0272 
0 .0406 
0 .0459 
0 .0608 
0.0561 
0 .0632 
0 .0752 
0 .0818 
0 .1192 
0.1586 
0 .2262 

e" 

_ 

-
-
-

- 3 0 . 5 3 
-
-

-30 .51 
-

- 3 0 . 3 8 
- 2 9 . 6 7 
- 3 0 . 2 4 
- 2 7 . 9 2 

e' 

_ 

-
-
-

- 2 7 . 6 6 
-
-

- 2 7 . 5 0 
-

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

5 ^ 

- 2 8 . 2 6 
- 2 7 . 8 2 
-27 .75 
- 2 7 . 3 3 
- 2 6 . 3 7 
-26 .02 
- 2 7 . 1 8 
- 2 6 . 1 3 
-27 .10 
- 2 6 . 2 3 
- 2 5 . 3 7 
-25 .50 
-24 .75 

^ The v a l u e s of AF° w e r e c a l c u l a t e d a s s u m i n g r = 8.50 for t h e 6 - p h a s e 
b o u n d a r y . 

" T h e ef fec t ive o r i f i c e a r e a s ( K A ) for C e l l s C a n d B w e r e 
5.173 x 10"' ' sq c m and 1.718 x 10"^ sq c m , r e s p e c t i v e l y . 

'̂  Inconnple te r u n . 

R e c e n t l y , Chio t t i and K i l p ^ " m a d e v a p o r p r e s s u r e m e a s ­
u r e m e n t s o v e r t h e 6 p h a s e in t h e t e m p e r a t u r e r a n g e f r o m 650 to 940 C a n d 
o b t a i n e d the fol lowing e q u a t i o n : 

l ° g ^ m m = 9.21 - 7713 T ' ^ . 

T h i s equa t i on c o m p a r e s f a v o r a b l y wi th the e q u a t i o n o b t a i n e d in the p r e s e n t 
s t udy : 

l ° g ^ m m = 9.290 - 7724 T ' ^ , 

o v e r the t e m p e r a t u r e r a n g e f r o m 420 to 504 C. The a g r e e m e n t of the two 
e q u a t i o n s i s n o t e w o r t h y in view^ of the l a r g e t e m p e r a t u r e d i f f e r e n c e b e t w e e n 
the two s t u d i e s . 

Ch io t t i , P . and K i lp , G. R. , T r a n s . A . I . M . E . , 218 , 41 ( i 9 6 0 ) . 
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Magnetic Studies 
( F . Cafasso and D. Gruen*) 

CeCdii 

The magnet ic suscept ib i l i t ies of a number of i n t e rme ta l l i c 
compounds of the type A B ^ where A may be some r a r e ea r th meta l (e.g. , 
ce r ium, praseodynnium, neodymium, samariunn) or some actinide e lement 
(e.g., u ran ium) a r e being studied in a joint effort of the Chemical Engineer ­
ing Division and the Chemis t ry Division. 

Susceptibil i ty m e a s u r e m e n t s were made by the Fa raday 
method on roughly lOO-mg powdered samples of the a l loys , over the range 
from 4.2 K to room t e m p e r a t u r e . The a s sembly , consist ing of a magnet , 
c ryos ta t , ba lance , and sample suspension sys t em, has been descr ibed in 
ANL-6145, page 81 . 

CeCdji was the f i rs t sys t em studied. E a r l i e r nneasure-
ments made at room t e m p e r a t u r e (295.3 K ) and at the no rma l boiling points 
of ni t rogen (77.33 K) and helium (4.2 K) were r epor t ed in ANL-6145, page 83. 
Measurements at the ni t rogen boiling point were repea ted , and additional 
m e a s u r e m e n t s at the boiling point of hydrogen (20.30 K), at the t r ip le point 
of ni t rogen (63.15 K), at 67.88 K (nitrogen under a fixed p r e s s u r e of 
210 m m Hg), and the boiling point of ethane (184.5 K ) have been made . 
Values of the molar suscept ibi l i ty of the compound CeCdn at each t e m p e r ­
a ture a r e r ecorded in Table 31 . 

Table 31 

MOLAR SUSCEPTIBILITY OF CeCdu 

Temp 
(K) 

4 . 1 , 

20.3o 

63.15 

67.88 

77.2i 

77.33 

184.80 

295.3o 

M X C e C d u ^ ^0 ' 

127.73 

35.969 

12.169 

11.261 

IO.IO4 

10.045 

4 . I I3 

2.368 

MXce^lO ' 

127.96 

36.192 

12.392 

11 .484 

10.327 

10.268 

4.336 

2.59i 

[M^ Ce] '^ X 

0.079 

0.28 

0.81 

0.87 

0.97 

0.97 

2.31 

3.861 

* Cooperating Chemis t , Chemis t ry Division. 
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The m o l a r s u s c e p t i b i l i t y of c e r i u m a t o m s in the a l l oy [M-^Cel ' c a l c u l a t e d 
by c o r r e c t i n g for the d i a m a g n e t i c c o n t r i b u t i o n of the c a d m i u m a t o m s p e r 
m o l e of a l loy , i s a l s o t a b u l a t e d in t h i s t a b l e . The r e c i p r o c a l of the m o l a r 
s u s c e p t i b i l i t y of c e r i u m , [MXCe]"'^ ' i s p lo t t ed a g a i n s t t e m p e r a t u r e in 
F i g u r e 36. A s t r a i g h t l ine w a s d r a w n t h r o u g h al l the po in t s o b t a i n e d be low 

r o o m t e m p e r a t u r e . The s y s t e m a p p e a r s 
to obey a l aw of the C u r i e - W e i s s type 

C 
X 

FIGURE 36 

VARIATION OF Y WITH TEMPERATURE 
M Ce 

with a v a l u e for A of -2 K. 

100 2 0 0 
TEMPERATURE, K 

(T-A)_ 
A l e a s t - s q u a r e s t r e a t m e n t of the da ta 
y i e l d e d the fol lowing s u s c e p t i b i l i t y -
t e m p e r a t u r e r e l a t i o n s h i p : 

C 
M X Ce T + 2 ' 

w h e r e C = 0 . 8 1 . The ef fec t ive n u m b e r 
of Bohr m a g n e t o n s (Mgff) for t h i s s y s ­
t e m can be c a l c u l a t e d f r o m the r e l a t i o n ­
sh ip Meff = 2.84 y C - The c o n s t a n t C 
m a y be ob ta ined f r o m the s lope of the 
l ine shown in F i g u r e 36 . A va lue of 
2.55 i s c a l c u l a t e d for the e x p e r i m e n t a l 
Mg££ in t h i s way . T h i s va lue i s in good 
a g r e e m e n t wi th the va lue of 2 .56 ,^9 ĵ̂ g 
t h e o r e t i c a l va lue of the e f fec t ive Bohr 
m a g n e t o n n u m b e r for a f r e e g a s e o u s 
c e r i u m ion in a ^F^/^ g r o u n d s t a t e . 

The r o o n n - t e m p e r a t u r e s u s c e p t i b i l i t y va lue i s the only 
point which does not l ie on the l i n e . T h i s can be a t t r i b u t e d to the fac t tha t 
the f o r c e e x p e r i e n c e d by the s a m p l e at t h i s t e m p e r a t u r e i s so s m a l l tha t 
the c o r r e c t i o n s for the d i a m a g n e t i s m of the c o n t a i n e r n n a t e r i a l s and for 
the c a d m i u m a t o m s in the i n t e r m e t a l l i c (which c o n s t i t u t e 90 p e r c e n t of the 
s a m p l e ) b e c o m e s ign i f i can t . The l a t t e r va lue i s not known with any d e g r e e 
of a c c u r a c y , so tha t the r o o m t e m p e r a t u r e s u s c e p t i b i l i t y v a l u e m a y be 
e x p e c t e d to be the l e a s t r e l i a b l e . It i s a l s o p o s s i b l e tha t a t r o o m t e m p e r ­
a t u r e the exc i t ed s t a t e of c e r i u m F7/2 i s b e c o m i n g p o p u l a t e d . If t h i s i s so , 
s o m e c u r v a t u r e would be i n t r o d u c e d in a plot of [M'^'-Ce]"^ v e r s u s T . 

9 Van Vleck , J . H., The T h e o r y of E l e c t r i c and M a g n e t i c Suscep t ib i l i ­
t i e s , Oxford U n i v e r s i t y P r e s s , London (1932), p . 243 . 
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2. Ca lo r ime t ry 
(W. N. Hubbard) 

Thermodynamic data a r e lacking for many compounds of i n t e r ­
est in h i g h - t e m p e r a t u r e chemis t ry because of the exper imenta l difficulties 
involved 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 r o g r a m has been 
undertaken to help fill this gap. 

P a r t of the p r o g r a m cons is t s of de terminat ions of hea t s of for­
mation at 25 C by oxygen bomb c a l o r i m e t r y . Because some of the compounds 
of in te res t a r e difficult to burn in oxygen and, consequently, cannot be studied 
by oxygen bomb ca lo r ime t ry , the new technique of fluorine bomb c a l o r i m e t r y 
has been developed for their study. The accumulat ion of bas ic heat of for­
mation data for f luorides is a n e c e s s a r y p r e l i m i n a r y adjunct to fluorine 
boinb calorinnetry and is a valuable p r o g r a m on i ts own m e r i t . 

The hea ts of fornnation at 25 C from oxygen or fluorine combus­
tion ca lo r ime t ry will be combined with the changes in enthalpy m e a s u r e d by 
a h i g h - t e m p e r a t u r e enthalpy ca lo r ime te r to de te rmine the rmodynamic p rop ­
e r t i e s at high t e m p e r a t u r e s . A c a l o r i m e t r i c systenn for m e a s u r e m e n t s up 
to 1500 C has been designed and is now being fabr ica ted. Design concepts 
for an e lec t ron beam furnace to opera te up to 2500 C a r e being tes ted in the 
l abora to ry . 

Some of the compounds of i n t e r e s t a r e bo r ide s , a lumin ides , 
ca rb ides , s i l i c ides , n i t r i de s , sulf ides, and se lenides of me ta l s such as u r a ­
nium, z i rconium, molybdenum, and tungsten. Some of the compounds a r e 
being p r e p a r e d for the p r o g r a m by Stanford Resea rch Inst i tu te . Two com­
pounds (the disulfides of molybdenum and tungsten) have been p r e p a r e d h e r e . 

a. Combustion of Tungsten and Sulfur in Oxygen 
( R . L . Nuttall and D. R. F red r i ckson) 

In a previous r epo r t (ANL-6183, page 117) r e su l t s of m e a s ­
u r e m e n t s of the heat of combustion of tungsten disxilfide in oxygen were 
r epor t ed . To der ive the heat of formation of tungsten disulfide from these 
data, the hea t s of formation of other r eac tan t s and products of the combus ­
tion mus t be known. To reduce the effects of uncer ta in t i es a s soc ia t ed with 
Sonne of these va lues , compara t ive expe r imen t s were m a d e . In these e x p e r i ­
men t s , tungsten and sulfur, in the mole ra t io of 1 to 2 co r respond to tungsten 
disulfide, were burned under conditions which we re , as nea r ly as p rac t i cab le , 
the same as those prevai l ing for the txingsten disulfide combus t ions . A p r e ­
l imina ry value, -2226.70 + 0.88 cal per g r a m of tungsten and sulfur, was 
found for the energy change in the reac t ion 

W(c) + 2S(c)-t-9/2 02(g)+4 NaOH(aq) -^W03(c ) + 2 NagS04(aq)+2 H2O (aq) . 

(1) 
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The combustions were c a r r i e d out in a p la t inum-l ined 
bomb, P t - 1 , in a rotat ing bomb ca lo r ime te r , A N L - R l , under the following 
conditions: (l) the gas phase in the bomb consis ted of 29 a tmospheres ox­
ygen and 1 a tmosphere a i r ; (2) tungsten and sulfur powders were contained 
in separa te one-inch d iameter quar tz d i shes ; (3) a cotton th read fuse 
at tached to a platinum ignition wire was used to ignite the sample ; and 
(4) 10 ml of sodium hydroxide (4 N) was added to the bomb to dissolve the 
sulfur oxides formed. 

The m e a s u r e d heat evolved has been co r r ec t ed for (l) a 
smal l res idue of tungsten and tungsten dioxide resul t ing f rom incomplete 
combustion, (2) incomplete oxidation of a very smal l amount of sulfur to 
sulfite, (3) the excess sulfur above the n e c e s s a r y s to ich iomet r ic quantity, 
(4) some dissolution of tungsten t r ioxide in the sodium hydroxide, and 
(5) the var ious energies added by rotat ion of the bomb, heating the ignition 
wi re , and combustion of the cotton fuse. 

Table 32 is a sunnmary of the tungsten-sulfur combust ions . 
The numbers in column (2) a r e the sum of the m a s s of tungsten burned and 
a corresponding m a s s of sulfur to give a nnole ra t io of one to two. The m a s s 
of tungsten burned was de te rmined by subtract ing the smal l m a s s of unburned 
meta l found in the combustion products from the m a s s introduced before the 
combustion. 

Column (3) l i s t s the co r rec t ions applied to account for the 
incomplete combustion of a smal l pa r t of the tungsten to the dioxide. 

Column (4) l i s t s the cor rec t ion applied to account for the 
incomplete combustion of a smedl pa r t of the sulfur to form sulfite in the 
final bomb solution. 

Because the bomb was or iginal ly charged with a mole ra t io 
of tungsten and sulfur slightly different from the exact ra t io of 1 :2, a co r ­
rect ion was made for the excess sulfur. This co r rec t ion appea r s in col­
umn (5). 

Column (6) is a summation of minor co r r ec t ions to the 
nneasured energy, which include heat effects due to dilution, vapor izat ion, 
and compress ion . 

The cor rec t ion for the heat evolved by burning the cotton 
fuse appears in column (7). 

Column (8) gives the m e a s u r e d energy evolved in each com­
bustion for the i so the rmal bomb p r o c e s s . This value contains co r rec t ions 
for the heat capacity of the contents of the bomb, ignition energy, rotat ional 
energy, and heat of solution of tungsten t r ioxide in sodium hydroxide . 



IV 
tSJ 

T a b l e 3 2 

(1) 

S T A N D A R D H E A T O F C O M B U S T I O N O F T U N G S T E N A N D S U L F U R IN O X Y G E N 

(2) (3) (4) (5) (6) (7) (8) (9) (lO) (11) 

Run 

1 
2 
3 
4 
6 
7 
8 

9 
10 

C o r r e c t e d 
M a s s of 

T u n g s t e n 
a n d 

Sul fur 
B u r n e d 

(g) 

1 .98735 
1.99572 
1.98601 
1.96735 
1.96184 
1.95425 
1.97281 
1.97072 
1.98110 

WO2 
C o r r e c ­

t i o n s 
(ca l ) 

_ 

-
-

- 1 5 . 3 2 
- 1 2 . 9 3 
- 1 0 . 1 8 

- 4 . 9 4 
- 8 . 9 4 
- 5 . 9 4 

Sul f i te 
C o r r e c ­

t i o n s 
(ca l ) 

- 8 . 9 9 
- 4 . 3 3 
- 5 . 3 3 
- 5 . 0 
- 5 . 0 
- 5 . 0 
- 5 . 0 
- 5 . 0 
- 5 . 0 

E x c e s s 
Sulfur 

C o r r e c ­
t i o n s 
(ca l ) 

-h25.87 
-H4.17 
+31.31 
-H46.47 
-H61.96 
+73.33 
+37.90 
+50.76 
+32 .63 

O t h e r 
C o r r e c ­

t i o n s 
(ca l ) 

- 4 . 1 4 
- 4 . 0 8 
- 4 . 1 3 
- 4 . 1 2 
- 4 . 1 6 
- 4 . 1 2 
- 4 . 1 0 
- 4 . 1 2 
- 4 . 1 4 

F u s e 
C o r r e c ­

t i o n s 
(ca l ) 

+10.98 
+11.10 
+12.61 
+11.64 
+11.17 
+11.21 

+11.29 
+10.98 
+12 .18 

T o t a l 
E n e r g y 

( A E i B p ) ^ 
(ca l ) 

- 4 4 5 6 . 9 3 
- 4 4 6 2 . 6 7 
- 4 4 6 3 . 5 5 
- 4 4 0 7 . 7 9 
- 4 4 1 9 . 0 7 
- 4 4 1 2 . 8 5 
- 4 4 2 1 . 7 1 
- 4 4 3 0 . 7 0 
- 4 4 4 2 . 9 2 

A v e r a 

Std De 

n A E c 
(ca l ) 

- 4 4 3 3 . 2 1 
- 4 4 4 5 . 8 1 
- 4 4 2 9 . 0 9 
- 4 3 7 4 . 1 2 
- 4 3 6 8 . 0 3 
- 4 3 4 7 . 6 1 
- 4 3 8 6 . 5 5 
- 4 3 8 7 . 0 3 

- 4 4 1 3 . 1 9 

ge 

V of M e a n 

A E C / M 

( c a l / g ) 

- 2 2 3 0 . 7 1 
- 2 2 2 7 . 6 7 
- 2 2 3 0 . 1 4 
- 2 2 2 3 . 3 6 
- 2 2 2 6 . 5 0 
- 2 2 2 4 . 6 9 
- 2 2 2 3 . 5 0 
- 2 2 2 6 . 1 1 
- 2 2 2 7 . 6 5 

- 2 2 2 6 . 7 0 

0 .88 

A E e 
( k c a l / m o l e ) 

- 5 5 3 . 2 0 
- 5 5 2 . 4 4 
- 5 5 3 . 0 6 
- 5 5 1 . 3 8 
- 5 5 2 . 1 5 
- 5 5 1 . 7 1 
- 5 5 1 . 4 1 
- 5 5 2 . 0 6 
- 5 5 2 . 4 4 

- 5 5 2 . 2 1 

0.22 

o r 0 .04% 

A E I 3 P = e n e r g y e v o l v e d in e a c h c o m b u s t i o n for t he i s o t h e r m a l b o m b p r o c e s s . 
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A summation of columns (3), (4), (5), (6), (7), and (8) gives the s tandard 
change in in ternal energy due to combustion of the sample according to 
equation ( l ) . Values of this quantity, nAEc, for each combustion a r e given 
in column (9). 

Columns (lO) and (l 1) give the energy change for one g r a m 
of the tungsten-sulfur mix tu re , and for one mole of tungsten plus two moles 
of sulfur, respec t ive ly . 

The ca lo r ime t r i c sys t em A N L - R l - P t - 1 was r eca l i b r a t ed 
for this work with combustions of benzoic acid, and a value of 
35 77.03 ca l /deg was obtained for the energy equivalent of the s y s t e m . 

b . Combustions of Uranium Mononitride in Oxygen 
( E . Rudzit is , D. R. F r e d r i c k s o n , R. L. Nuttall) 

Exper iments a r e being made to de te rmine the heat of com­
bustion of a sample of u ran ium mononi t r ide p r e p a r e d by Stanford Resea rch 
Inst i tute . Conditions for ca r ry ing out the reac t ion 

6 UN(c) + 8 O2 (g) — 2 U3O8 (c ,a ) + 3 N2 (g) (2) 

in the bomb have been worked out, and c a l o r i m e t r i c m e a s u r e m e n t s of the 
heat evolved a re being made . The reac t ion is eas i ly ini t iated with an e l e c ­
t r ica l ly heated platinum w i r e . 

The p r i m a r y p rob lem encountered in the development of t ech ­
niques for the m e a s u r e m e n t s was that of d i rect ing the course of the reac t ion 
to U3O8. At f i rs t , an oxygen deficient product UsOfg-x) was usual ly obtained. 
The evidence for this was ga thered f rom careful observat ion of the weight 
change caused by the bomb reac t ion and by subsequent ignition of the r e a c ­
tion product in a i r at 900 C, as well as f rom X - r a y diffraction s tudies of the 
oxygen-deficient product . 

It was found that oxygen deficiency in the product was r e ­
lated to the react ion t e m p e r a t u r e . By spreading the sample over a r e l a ­
t ively l a r g e a r e a (~1 sq in.) on a p la t inum suppor t plate and using only 
5 a tm oxygen p r e s s u r e , a lowering of the t e m p e r a t u r e and, consequently, 
a smooth quantitative react ion to the d e s i r e d end product , U3O8, were 
obtained. 

To verify that the n i t rogen product of the reac t ion was 
gaseous ni t rogen r a the r than oxides of n i t rogen, the product gases of the 
react ion were subjected to in f ra red a n a l y s i s . No oxides of n i t rogen were 
detected. The solution of these var ious p rob lems has led to the development 
of a suitable technique for the combust ion of u ran ium mononi t r ide , and 
ca lo r ime t r i c combustions of this compound a r e now being c a r r i e d out. 
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c. Tr ia l Combustions of Zi rconium Dihydride in Oxygen 
( E . Rudzitis) 

In the previous r epo r t (ANL-6231, page 81) some of the 
p rob lems encountered in a t tempts to burn quantitatively z i r con ium dihy­
dride in oxygen were d i scussed . The p rob lems were mainly those of obtain­
ing a sa t i s fac tory m a t e r i a l ba lance . Fur the r exper imenta t ion showed that 
the z i rconium dihydride sample was contaminated with z i rcon ium dioxide, 
which was undoubtedly formed when the sample was ground in the p resence 
of a i r . It was a lso shown that significant amounts of z i rconium dioxide 
powder were c a r r i e d away from the support dish as a fine dust . Cons ider ­
ation of this new information has reso lved the m a t e r i a l balance d i sc repanc ies 

No further exp lora tory work is planned. When c a l o r i m e t r i c 
m e a s u r e m e n t s a re made , the same l o w - t e m p e r a t u r e heat capaci ty ca lo r i ­
m e t r i c sample , which was p r e p a r e d by the Chemis t ry Division, w^ill be used; 
but it will be ground in an iner t a tmosphe re to avoid oxygen contaminat ion. 
Mater ia l balance studies will be c a r r i e d out on the actual c a l o r i m e t r i c r u n s . 

d. Combustion of Boron in Fluor ine 
(S. Wise) 

The exper imenta l work on the combustion of boron in fluo­
rine has been completed. An abs t r ac t of a paper enti t led "The Heat of F o r ­
mat ion of Boron Trif luoride by Fluor ine Bomb Ca lo r ime t ry" has been 
submit ted for presenta t ion at the March , 1961 Amer i can Chemical Society 
Meeting. 

Table 33 is a s u m m a r y of the r e su l t s of the acceptable conn-
bustion expe r imen t s . The data a r e e x p r e s s e d in t e r m s of the defined calorie 
equal to 4.1840 absolute jou les . The m a s s of the boron was de te rmined by 
subtract ing the m a s s of the r ecove red boron from the m a s s of the or iginal 
s ample . The quantity A E i g p is the ac tual energy r e l e a s e d during a combus­
tion c o r r e c t e d for deviation from i s o t h e r m a l conditions and for the ignition 
energy . The only significant contribution to the energy co r r ec t i on to s tand­
a rd s tate was from the hypothetical compress ion and expansion of the bomb 

g a s e s . The coefficient ( -N ) n e c e s s a r y for this co r rec t ion was es t ima ted 

from the in t e rmolecu la r force constants of the gases (fluorine, argon, and 
boron t r i f luor ide) . Impuri ty co r r ec t ions were made on the assumpt ions 
that the meta l impur i t i e s (such as si l icon, manganese , magnes ium, and iron) 
and hydrogen were p resen t as the e le inents , and that carbon and oxygen 
exis ted in the sample as B4C and B2O3, respec t ive ly . Cor rec t ion for the 
loss in weight of nickel f rom the bomb and in ternal fittings was made on 
the bas i s of a loss of 1 .3 mg nickel per rxin. It was a s s u m e d that nickel flu­
or ide was formed during the boron combustion and was subsequent ly washed 
from the bomb surfaces after each run. The bomb was weighed before and 
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a f t e r a s e r i e s of fifteen r u n s and was o b s e r v e d to h a v e l o s t an a v e r a g e of 
1 .0 m g p e r r u n . A cons t an t weight check was kept on the we igh t s of the 
i n t e r n a l f i t t i n g s . T h e s e l o s t 0.3 m g n i cke l p e r r u n . In the l a s t c o l u m n of 
T a b l e 3 3 , t he c o r r e c t e d e n e r g y c h a n g e s a t 25 C p e r g r a m of b o r o n a r e 
t a b u l a t e d for the r e a c t i o n 

B(c) + 3 /2 F2(g) = BF3 (g). (3) 

Table 33 

HEAT OF COMBUSTION OF BORON IN FLUORINE 

( I ) 

R u n 

21 

22 

23 

25 

26 

27 

28 

29 

(2) 

M a s s 
of 

s a m p l e 

(g) 

0.17030 

0.17205 

0.16335 

0.16094 

0.16230 

0.16097 

0.16370 

0.16187 

(3) 

To ta l 
E n e r g y 

(AEiBP)^ 
(cal) 

-4244 .03 

-4287 .28 

-4069.82 

-4018.82 

-4042 .18 

-4017.02 

-4074.66 

-4027.26 

(4) 

- ^ c o r r to 
s td s t a t e 

(cal) 

0.15 

0.14 

0.14 

0.12 

0.13 

0.13 

0.14 

0.13 

(5) 

AEeor r fo: 
fuse 
(cal) 

17.06 

12.43 

10.65 

13.28 

7.72 

13.59 

10.65 

9.19 

r AE 

(6) 

c o r r l o s s 
of Ni 
(cal) 

3 .5 

3 .5 

3 .5 

3 .5 

3 .5 

3 .5 

3 .5 

3 .5 

A v e r a g e A E C / M 

Std Di ev of Mean 

(7) 

A E c o r r for 
i m p u r i t i e s 

(cal) 

9.7 

9 .8 

9 .3 

9 .2 

9 .3 

9 .2 

9 .3 

9 .2 

(8) 

AE° /M 
(kca l /g ) 

-24.8967 

-24.923o 

-24.9248 

-24.9635 

-24.933o 

-24.9456 

-24.9OI3 

- 2 4 . 8 9 7 , 

= -24.9232 k c a l / g . 

= O.OO85 k c a l / g . 

or 0.034% 

^ AEj3p - energy evolved in each combustion of isothermal bomb process . 

The va lue of 10.82 g p e r g r a m a t o m a s the a t o m i c weight 
of b o r o n l e a d s to the va lue ( subjec t to m i n o r r e v i s i o n s ) of -269-67 -
0.32 k c a l / m o l e for the e n e r g y of f o r m a t i o n , AE?, of b o r o n t r i f l u o r i d e . 
App l i ca t ion of the AnRT c o r r e c t i o n l e a d s to the va lue for the s t a n d a r d h e a t 
of f o r m a t i o n , AH| , of - 269 .97 + 0.32 k c a l / m o l e . 

e . C o m b u s t i o n of Bo ron N i t r i d e in F l u o r i n e 
(S. Wise) 

E x p e r i m e n t a l w o r k h a s s t a r t e d t o w a r d the d e t e r m i n a t i o n 
of the h e a t of f o r m a t i o n of b o r o n n i t r i d e ( B N ) by c o m b u s t i o n in f l u o r i n e . 
B e c a u s e b o r o n n i t r i d e b u r n s s p o n t a n e o u s l y in f l uo r ine , a m e t h o d h a s 
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b e e n d e v i s e d for s e p a r a t i n g the two s u b s t a n c e s in the c a l o r i m e t e r un t i l the 
c a l o r i m e t r i c r un b e g i n s . A n i c k e l t ank (0.25 l i t e r ) , con ta in ing f l uo r ine , 
f o r m s a j a c k e t a r o u n d the ou t s i de of the e v a c u a t e d n i c k e l b o m b , con ta in ing 
the b o r o n n i t r i d e s a m p l e ( see F i g u r e 37). A v a l v e , which i s opened by the 
d r i v e shaft of the c a l o r i m e t e r r o t a t i n g m e c h a n i s m , c o n t r o l s the flow of 
f luor ine t h r o u g h a connec t ing n i cke l tube f r o m the tank to the b o m b du r ing 
the c a l o r i m e t r i c r u n . P r e l i m i n a r y r u n s with b o r o n n i t r i d e i n d i c a t e tha t 
the t a n k - b o m b a r r a n g e m e n t wil l be s a t i s f a c t o r y for e x p e r i m e n t s involving 
m a n y s u b s t a n c e s which r e a c t s p o n t a n e o u s l y with f l u o r i n e . 

FIGURE 37 

CALORIMETER FLUORINE TANK WITH TOGGLE 
VALVE CONNECTION TO COMBUSTION BOMB 

CONNECTING TUBE 

VALVE STEM 

TOGGLE VALVE 

TOGGLE LINKS 

WHEEL 

OUTLINE OF NICKEL 
REACTION BOMB 

^NICKEL TANK 
FOR FLUORINE 

C o m b u s t i o n of Mol ybdenum in F l u o r i n e 
( j . Se t t le ) 

The e x p e r i m e n t a l w o r k h a s b e e n c o m p l e t e d for the s tudy 
of the h e a t of f o r m a t i o n of m o l y b d e n u m h e x a f l u o r i d e . A va lue of 
-3 72.44 i 0.05 kca . l /mo le w a s o b t a i n e d for the s t a n d a r d h e a t of f o r m a t i o n 
of m o l y b d e n u m h e x a f l u o r i d e , MoF^, (gas ) . A m a n u s c r i p t e n t i t l e d " F l u o r i n e 
B o m b C a l o r i m e t r y : 2. The H e a t of F o r m a t i o n of Molybdenum Hexaf luor ide ," 
by J . L . Se t t l e , H. M. F e d e r and W. N. H u b b a r d , i s be ing p r e p a r e d for 
j o u r n a l pub l i c a t i on . 
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g. Combustion of Uranium in Fluor ine 
(J. Settle) 

Determinat ion of the heat of formation of soine of the u r a ­
nium compounds p r epa red for the group by Stanford R e s e a r c h Institute 
would be a very difficult task by oxygen bomb or solution ca lo r ime t ry b e ­
cause of the difficulty of obtaining well-defined reac t ion products . Typical 
of these compounds a r e the bor ides and si l ic ides of uranium. To obtain the 
heats of formation of these compounds by fluorine combustion ca lo r ime t ry , 
it is n e c e s s a r y to know the heats of formation of uran ium hexafluoride (UF^), 
boron t r i f luoride (BF3), and si l icon fluoride (SiF4). The heat of format ion 
of boron t r i f luoride has recent ly been de termined in this l abora tory (see 
page 124). The heat of format ion of si l icon fluoride has also recent ly been 
accura te ly measured .30 The es t imated uncer ta inty in terval of the heat of 
formation of u ran ium hexafluoride31 ,32 i s , unfortunately, g r e a t e r than 1 p e r ­
cent. It is evident that a m o r e p r e c i s e de terminat ion of the heat of format ion 
of uran ium hexafluoride is a des i rab le step in the proposed study of these 
u ran ium compounds. 

Exper iments have been init iated for the purpose of de t e r ­
mining the n e c e s s a r y conditions for ca lo r ime t r i c combust ions of uranium 
in fluorine according to the idealized react ion 

U (c ,a) + 3 F2 (g)-J^UF6 (c) . (4) 

These combust ions have been c a r r i e d out in a g lass bomb, using fluorine 
of 99.4 pe rcen t pur i ty . 

Three types of sample a r r a n g e m e n t s have been invest igated 
in a t tempts to obtain the des i r ed reaction.. (1) The suspended foil technique 
descr ibed in ANL-6231, page 84, was t r i ed . The uraniumL foil was burned in 
undiluted f luorine. (2) A shor t length of uran ium rod was supported by a r e l ­
at ively m a s s i v e nickel b a s e . The u ran ium rod was burned in fluorine diluted 
with argon. (3) Small p ieces of u ran ium meta l were mixed with u ran ium 
te t raf luor ide powder. The mix tu re was burned in undiluted f luorine. 

The suspended foil technique offers the advantage that no 
iner t support is r equ i red for the sample . The success of the method, how­
ever , depends upon the possibi l i ty of making the combust ion proceed rapidly 

•^^Vorobiev, A. F . , Kolesov, V. P . , and Skuratov, S. M., The Bullet in of 
Chemical T h e r m o d y n a m i c s , ^ , 23 ( i960). 

31 The Chemis t ry of Uranium eds . Katz, J . J . , and Rabinowitch, E . , 
McGraw-Hil l Co.; New York, N. Y. (1951), p. 412. 

32weinstock, B., and Chr i s t , R. H., J . Chem. Phys . 16_, 436 (1948). 
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enough to fluorinate the sample completely while it is st i l l suspended. Ex­
per imen t s with uranium foil as thin as 0.0015 inch and fluorine p r e s s u r e s 
as high as 30 a tmospheres indicated that the combustion did not proceed 
fast enough. These exper iments invariably led to melt ing of the sample , 
with only a smal l fraction of the uranium being burned. 

Several modera te ly successful exper iments were achieved 
by using uran ium rod about Yfi-inch d iamete r by 1-inch long, supported v e r ­
t ical ly in a mass ive nickel base . The samples were ignited at the top with 
s i lve r -c l ad uranium fuse wi re and a smal l piece of uranium foil which acted 
as a kindler . With this sample a r r angemen t , it was n e c e s s a r y to dilute the 
fluorine with an iner t gas to reduce the t e m p e r a t u r e in the react ion zone 
and prevent melt ing of the uranium, When the gaseous mix ture consis ted 
of one a tmosphere fluorine and sufficient argon to make the total p r e s s u r e 
twelve a t m o s p h e r e s , the re was no melt ing observed. The nickel base acted 
as a t he rma l sink which reduced the t e m p e r a t u r e of the lower port ion of the 
uranium rod so that the burning uraniuin was supported by unreac ted u r a ­
nium. However, after the reac t ion has stopped, the surface of the unreac ted 
uranium was covered with thin l aye r s of lower u ran ium f luor ides . If this 
type of react ion is c a r r i e d out ca lo r ime t r i ca l ly , a difficult chemical p rob lem 
will a r i s e . In o rde r to define the react ion, the uncombined uranium mus t be 
quantitatively r ecove red and each of the reac t ion products mus t be defined 
quanti tat ively. A reasonably p r e c i s e de terminat ion of the heat of formation 
of uran ium hexafluoride can only be made if the amount of lower u ran ium 
fluorides formed is smal l compared to the amount of u ran ium hexafluoride 
formed. 

The method of mixing u ran ium meta l with uran ium t e t r a ­
fluoride is a t t r ac t ive for s eve ra l r e a s o n s . No unreac ted uran ium meta l is 
left after combustion. Moreover , it should be poss ib le to l imi t the combus­
tion products to uran ium pentafluoride and uran ium hexafluoride, with the 
u ran ium pentafluoride forming a smal l fraction of the total product . By 
varying the ra t io of u ran ium meta l to uranium te t raf luor ide , the heats of 
format ion of both u ran ium te t raf luor ide and uran ium hexafluoride could be 
der ived f rom a single s e r i e s of expe r imen t s . The es t imated uncer ta inty of 
the l i t e r a tu r e values for the heat of format ion of u ran ium tetrafluoride-^^,34,3. 
is in excess of 0.5 pe rcen t ; a substant ia l i nc r ea se in the p rec i s ion of that 
value would, the re fore , be w o r t h w h i l e . The main p rob lem remaining with 
this method is to find a suitable container for u ran ium and uran ium 
te t raf luor ide . 

33Domange, L. and Wohlhuter, M., Compt. Rend. 228, 1591 (1949). 

34The Chemis t ry of Uranium, eds . Katz, J . J . and Rabinowitch, E. , 
McGraw-Hil l Co., New York, N. Y. (1951), pp. 367-371. 

35Brewer , L., Bromley , LeR. A., Gi l les , P . W., and Lofgren, N. L., 
The Chemis t ry of Uranium, Collected P a p e r s , TID-5290 (1958), p.233. 
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Exper iments by method (2) will be conducted in a ca lo r i ­
m e t r i c bomb so that the combustion react ion can be defined and p re l imina ry 
data on the heat of combustion of u ran ium in fluorine can be obtained. The 
s e a r c h for a suitable container for use in method (3) will be continued. 

h. Combustion of Ti tanium, Hafnium, and Thor ium in Fluor ine 
( E . Greenberg) 

Exper iments were init iated to develop techniques for flu­
or ine combustion ca lo r ime t ry of t i tanium, hafnium, and thor ium. Observa­
tion of these nonca lo r ime t r i c combustions in a glass bomb indicated that 
t i tanium and hafnium can be burned in the same manner as z i rconium, but 
the same technique is not sa t i s fac tory for thor ium. 

The t i tanium or hafnium sample , in the form of a rod a p ­
proximate ly 0.1 x 0.1 X 1 inch, was supported ver t i ca l ly in a re la t ive ly m a s ­
sive nickel b a s e . It was ignited e lec t r i ca l ly with a fuse wire th readed 
through a smal l piece of foil i n se r t ed in a slot at the top of the sample . To 
reduce the combustion t e m p e r a t u r e and thereby prevent the melt ing of the 
sample ; the fluorine was diluted to about 20 percent with a rgon . As in the 
case of z i rconium (see A N I J - 6 1 8 3 , page 79), the volati le te t raf luor ide was 
subl imed away from the hot combustion zone until the l a t t e r s tages of com­
bustion, when a heavy coating built up on the sample rod. In each case the 
product of combustion was a uniform white solid. X- ray c rys ta l lographic 
identification of the products is being defer red until the c a lo r ime t r i c s a m ­
ples a r e available and the combustions a r e done in the nickel bomb. High-
pur i ty samples a r e in the p roces s of being fabricated by the Metal lurgy 
Division. 

In the a t tempted thor ium combust ions , the sample rod b e ­
came red hot at the top, but combustion could not be sus ta ined. Combus­
tion exper iments with 5-mil foils in varying f luor ine-argon mix tu re s 
resu l ted in melt ing of the sample . Additional exper iments a r e in p r o g r e s s . 

i. H igh- t empera tu re Enthalpy Ca lo r ime t ry 
(R. L. Nuttall and D. R. F redr i ckson) 

P r o g r e s s is being made on the a s sembly of the 1500 C en­
thalpy ca lo r ime te r and the design of the furnace for a 2500 C c a l o r i m e t e r . 
For the l a t t e r a second mockup e lec t ron gun has been designed with the 
cooperat ion of the E lec t ron ics Division. Drawings have been made and con­
s t ruct ion will be s t a r t ed soon. 



II. FUEL CYCLE APPLICATIONS OF VOLATILITY 
AND FLUIDIZATION TECHNIQUES 

A d i rec t fluorination volatil i ty p r o c e s s has been proposed for the 
r ecove ry of uranium and plutonium from i r r ad ia t ed nuclear reac to r fuels. 
In this p roces s advantage is taken of the volat i l i t ies of uranium and pluto­
nium hexafluoride and of fluidization techniques . Attempts a r e being made 
to apply this p r o c e s s to uranium oxide and zirconium m a t r i x fuels. 

The proposed p r o c e s s for r ecove ry of uranium and plutonium frona 
spent uranium oxide, involves decladding by an appropr ia te react ion in a 
fluidized bed. Plutonium and uran ium hexaf luor ides , which resu l t from 
the react ion of the declad oxide fuel with fluorine, may be separa ted using 
a combination of the var iabi l i ty of the r a t e s of fluorination of the plutonium 
and uranium compounds, and chemica l reac t iv i t ies of the hexaf luor ides . 

The decladding step of the p r o c e s s for uran ium dioxide fuels 
involves g a s - m e t a l reac t ions in t h e x a s e of e lements clad ei ther with s ta in­
l e s s s tee l or Zi rca loy . The g a s - m e t a l reac t ions a r e c a r r i e d out -with the 
fuel e lements submerged in an iner t fluidized bed (calcium fluoride or 
alundum) which s e rves as a heat t r ans fe r medium. Dilute mix tu res of hy­
drogen chloride in hydrogen fluoride or the sepa ra t e gases have been s u c ­
cessfully employed where z i rconium decladding is n e c e s s a r y . In recent 
work chlorine has rep laced the hydrogen chlor ide . In the ca se of s ta in less 
s teel cladding, chlor ine alone appears suitable as the decladding reagent 
based on r e su l t s from pilot plant s tud ies . 

The cladding reac t ions ( r e f e r r ed to as p r imary ) a r e being c a r r i e d 
out in a two-zone fluid-bed r e a c t o r , yola t i l iza t ion of the clad or alloying 
m a t e r i a l occurs in the lower zone during the chlorinat ion reac t ion . The 
volati le m a t e r i a l s pass upward into the upper zone where hydrogen fluoride 
is admitted, thus effecting convers ion to solid f luor ides . The two zones 
a r e separa ted by an inverted conical baffle (other types may also be sui t ­
able) which reduces back-mixing of the gases and prevents the format ion 
of gas mix tu res that have been shown to affect these reac t ions adverse ly . 
The two-zone scheme appears a t t rac t ive for react ing the cladding or a l ­
loying agent as well as for the chlorinat ion of the s in tered oxide fuel itself. 

In pi lot-plant studies the reac t ion of 304 s ta in less s tee l tube 
sect ions with chlor ine has been invest igated in a 1-^-inch d i ame te r , two-
zone fluid-bed r e a c t o r . Pene t ra t ion r a t e s ranged from 6 m i l s / h r at 570 C 
to 10.6 m i l s / h r at 590 C using 100 percen t chlorine as the p r i m a r y (lower 
zone) reac tan t . Hydrogen fluoride was admit ted to the upper reac t ion zone 
where the volati le f e r r i c chloride is converted to the solid f luoride. The 
solid, m a t e r i a l deposi ts p r i m a r i l y on the surface of the bed pa r t i c l e s , with 
a smal l fraction forming in the gas phase and remaining as f ines . At'570 C, 
a t h r ee -hou r exper iment resu l ted in react ion of 75 percent of the 50-mil 
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thick spec imen. Other halogenating agents tes ted for decladding included 
b romine , carbon t e t r ach lo r ide , and a mix ture of carbon t e t r ach lo r ide and 
water vapor , but none of these showed any p r o m i s e . An equimolar ra t io 
of chlorine and carbon t e t r ach lo r ide gave a slightly lower ra te of reac t ion 
than chlorine alone, 7.3 and 3.4 m i l s / h r at 600 and 577 C as compared 
with about 9.0 and 5.5 m i l s / h r . 

After decladding has been achieved, a subsequent fluorination step 
is expected to provide the n e c e s s a r y separa t ion of the f iss i le e l emen t s . 
The d i rec t f luorination of dense uranium dioxide pel le ts is being examined 
in fluid-bed pi lot-plant s tudies . A s ix- inch deep bed of -|--inch ine r t - f i r ed 
pel le ts was completely reac ted in 6.5 h r , with sa t i s fac tory reac t ion con­
t ro l at 500 C and 20 percent inlet f luor ine. In p r e l i m i n a r y runs with 
hydrogen-f i red pe l le t s , overa l l fluorination ra t e s appear lower by a factor 
of about 3 than with ine r t - f i r ed pe l l e t s . In t h ree - inch deep beds sa t i s fac tory 
f luorinations were c a r r i e d out at 500 C with up to 40 percent inlet fluorine 
concentra t ion . Analysis of runs to date shows a substant ia l effect on r e a c ­
tion ra t e and fluorine efficiency of the concentra t ion of in te rmedia te uranyl 
fluoride fines in the fluid bed. 

Heat t r ans fe r t e s t s a r e being continued in mockup sys t ems s imi l a r 
to those encountered in f luorinations of u ran ium dioxide pe l l e t s , that i s , 
with a fluidized medium in the voids of a nonfixed bed of heated pe l l e t s . 
F i lm coefficients for heat t r ans fe r from a single hea te r to a fluidized m e ­
dium in the pel let voids obtained for -j—inch pel le ts were 75 pe rcen t of 
those for fluidization without pe l l e t s . Heat t r ans fe r for this case appeared 
as good or be t te r than in a s imi l a r sys tem with 2-inch pe l l e t s . Tes t s a r e 
in p r o g r e s s to de te rmine the effective rad ia l t h e r m a l conductivity of 
packed, fluidized beds in a sys tem with an axial hea te r and a cooled col ­
umn wall . P r e l i m i n a r y r e su l t s show^ a conductivity of the o rde r of 
10 Btu / (hr ) (sq ft)(F/ft) . This value is very close to that for s t a in less 
s teel type 347. 

Spent oxide r e a c t o r fuels will contain both plutonium and u ran ium. 
Labora to ry invest igat ions a r e in p r o g r e s s to examine the p rob lems in­
volved in the s teps of the Direc t F luor ina t ion Volati l i ty P r o c e s s , including 
those encountered in the quantitat ive t r a n s p o r t of plutonium hexaf luor ide . 

Tw ô exper iments have been pe r fo rmed on the fluorination of 
mu l t i g r am quanti t ies of plutonium dioxide, and 99 and 97 percen t of the 
plutonium v̂ âs accounted for in the volati le effluent. 

Exper iments have been made to demons t ra t e that plutonium 
hexafluoride produced in a l abora to ry f luorinator can be passed through 
heated sect ions of pipe and through t h e r m a l gradients with very good r e ­
covery of the compound. T rap to t r a p t r a n s p o r t through l abora to ry equip­
ment has demons t ra ted that 98 to 100 percent of the plutonium hexafluoride 
volat i l ized could be r ecove red . 



132 

It has also been demons t ra ted that a 38-gram sample of plutonium 
hexafluoride could be held at 60 C for 25.5 hours with no more decomposi ­
tion than could be at t r ibuted to alpha radiat ion decomposi t ion. 

The react ion of bromine with plutonium hexafluoride, with and 
without the p re sence of uraniuna hexafluoride, has been invest igated. B r o ­
mine is a sa t i s fac tory reagent for the reduction of plutonium hexafluoride 
to plutonium te t raf luor ide and can be used to separa te uranium and 
plutonium. 

The gannma-ray spec t rum of plutonium te t raf luor ide has been 
investigated up to 2.0 Mev. Fas t neutron flux m e a s u r e m e n t s have been 
made on samples of plutonium te t raf luor ide to a s s a y the haza rds connected 
with the a - n reac t ion . 

A combined chlor inat ion-f luorinat ion p r o c e s s (Direct Chlorinat ion 
P r o c e s s ) has been proposed as an a l t e rna te to the fluorination s t ep . Ac­
cordingly, work was begun on the chlorinat ion of s in tered uran ium dioxide 
pel le ts using chlor ine , carbon t e t r ach lo r ide , and mix tu res of the tv/o. Ini­
t ia l exper iments conducted in a tube furnace on single pel le ts of dioxide 
(prepared at Mall inckrodt Nuclear Corp . , with a densi ty nea r ly 95 percent 
of theoret ica l ) at tained react ion r a t e s of 370 to 780 m g / ( s q cm)(hr) , based 
on pellet weight loss data and the or ig ina l surface a r e a of the pel le t . The 
highest r a t e re f lec t s about 25 pe rcen t consumption of a pel le t in one hour 
at 600 C. The ch lo r ine -ca rbon t e t r ach lo r ide mix tu re (-yeach and -yni t ro-
gen) proved bes t in the range from 500 to 600 C, although the difference in 
ra te between this mix ture and carbon t e t r ach lo r ide alone na r rowed at the 
higher t e m p e r a t u r e . These chlorinat ion r e su l t s suggest a Di rec t Chlor in­
ation P r o c e s s as an a l t e rna te to the Direc t F luor ina t ion P r o c e s s now being 
developed. This p r o c e s s would have the advantages of l e s s cost ly reagents 
and lower heat load (lower hea ts of reac t ion) . 

Supporting co r ros ion studies on typical m a t e r i a l s of cons t ruc t ion 
being c a r r i e d out in a one- inch tube-furnace showed nickel and Inconel 
susta ined s i m i l a r co r ro s ion r a t e s , about 20 m i l s / m o at 600 C, in ch lor ine -
ni t rogen s t r e a m (equimolar quanti t ies) , whereas the r a t e for Haste l loy-C 
was somewhat lower, being 12 m i l s / m o . At 550 C, the ra te for nickel and 
Inconel was about 6 m i l s / m o . 

Application of the Direc t F luor ina t ion Volatil i ty P r o c e s s to highly 
enr iched, low u r a n i u m - Z i r c a l o y alloy p la te- type fuels has been repor ted 
previous ly (ANL-6183, pages 101 to 106 and ANL-6145, page 119). Appli­
cation of a Di rec t Chlorinat ion P r o c e s s has been examined in pi lot-plant 
s tud ies . Appreciably higher r a t e s of at tack on u r a n i u m - Z i r c a l o y - 2 alloy 
plate a s s e m b l i e s were achieved with chlor ine as the p r i m a r y reac tan t in­
stead of hydrogen chloride in the lower zone of the s ix- inch d iame te r , 
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two-zone r eac to r ; r a t e s ranged from 274 to 417 g /hr of meta l r eac ted as 
opposed to a maximum ra te of 300 g /h r using hydrogen chlor ide at t e m ­
p e r a t u r e s near 400 C. Also, much lower concentrat ions of chlor ine were 
used, about 10 to 20 percent as compared with 60 to 90 percen t hydrogen 
chlor ide . Analyses of severa l s ize f ract ions of the final bed indicate the 
uranium and zi rconium a re uniformly deposited on the p a r t i c l e s in the 
upper zone during the course of the hydrofluorinat ion reac t ion . No losses 
of these m a t e r i a l s from the r eac to r have been exper ienced, as de te rmined 
by analysis of the off-gas sc rub solution, indicating that the two-zone 
scheme has high efficiency for " t rapping" vola t i les . 

The react ion of chlorine and hydrogen fluoride with anhydrous 
ammonia in the gas phase followed by water scrubbing was found to be an 
effective method for efficient d i sposa l of the excess r eac tan t s in these 
halogenation s tudies . Appreciable c o r r o s i o n had been exper ienced p r e v i ­
ously in a rec i rcu la t ing caust ic column. A th ree - inch d iamete r by t h r e e -
foot long glass column (par t ia l ly packed) was adequate for absorbing a 
combined flow of 12 m o l e / h r chlor ine and 10 m o l e / h r hydrogen fluoride, 
using about 5 to 10 ga l /h r water and 25 pe rcen t excess ammonia . 

The conversion of uraniunn hexafluoride to u ran ium dioxide by a 
two-s tep fluid-bed p r o c e s s is cu r r en t l y being studied. The major problem 
in the f i rs t s tep, react ion of the hexafluoride with s team to form uranyl 
fluoride, continues to be one of control of pa r t i c l e s i ze . A recyc le streann 
of "seed" pa r t i c l e s equivalent to about 15 pe rcen t of the feed is being em­
ployed. The p re sen t feed ra te i s equivalent to 174 lb u r a n i u m / ( h r ) ( s q ft 
r eac to r c r o s s section), and the column is being opera ted at 200 C. 

An auxi l iary th ree - inch r e a c t o r has been insta l led for w^ork on the 
second step, reduction of the uranyl f luoride to dioxide with hydrogen or 
hydrogen-s team m i x t u r e s . The column has been designed so that both 
fluid and stat ic or moving-bed expe r imen t s may be c a r r i e d out. P r e l i m ­
inary data from runs at 600 and 650 C indicate that much be t t e r convers ion 
is obtained with a hydrogen s team mix tu re than with hydrogen a lone . 

A. Labora to ry Investigations of F luor ide Volatil i ty P r o c e s s e s 

1. F luor ine Chemis t ry and F luor ide Separa t ion Studies 
(J. F i s che r ) 

a. P r o c e s s Development - Plutonium Fluor ina t ion and 
Transpor t Studies 
( L . T revo r row, G. J . Vogel, L. Anas tas ia , H. Griffin, 
J. Riha, G. Redding, T. Gerding and T. D= Baker) 

One aim of the c u r r e n t exper imenta l p r o g r a m is to 
demons t ra t e s teps in the Di rec t F luor ina t ion Volati l i ty P r o c e s s p r e l i m i n a r y 
to p i lo t -p lan t - sca le opera t ions . P r o b l e m s involved in the quanti tat ive 
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t r a n s p o r t of p l u t o n i u m h e x a f l u o r i d e a r e be ing i n v e s t i g a t e d . T e n - to f if ty-
g r a m b a t c h e s of p lu ton ium h e x a f l u o r i d e a r e be ing u s e d in t h e s e e x p e r i m e n t s 

P r e p a r a t i o n of P l u t o n i u m H e x a f l u o r i d e 

P l u t o n i u m h e x a f l u o r i d e w a s p r e p a r e d by r e a c t i n g p l u t o n i u m 
oxide with e l e m e n t a l f l u o r i n e , which had p a s s e d t h r o u g h a h e a t e d bed of s o ­
d ium f l u o r i d e to r e m o v e h y d r o g e n f l u o r i d e . An e q u i p m e n t flow d i a g r a m of 
the f l uo r ina t i on s y s t e m is shown in F i g u r e 38. F l u o r i n e w a s p r e h e a t e d 
and, u s i n g a m a g n e t i c p i s t o n p u m p , c i r c u l a t e d t h r o u g h the tube r e a c t o r , 
which c o n t a i n e d a boa t of we ighed p l u t o n i u m o x i d e . The p l u t o n i u m h e x a ­
f luo r ide w a s c o n d e n s e d in two cold t r a p s (at - 7 8 C) c o n n e c t e d in s e r i e s . 
The s e c o n d of the two t r a p s could be r e m o v e d and we ighed . The e q u i p m e n t 
had b e e n cond i t i oned with f luo r ine and h a d b e e n u s e d p r e v i o u s l y to f l u o r i -

The p l u t o n i u m oxide w a s d r i e d in 
a flow^ing h e l i u m s t r e a m for 2-^-hours at 
400 C. The s y s t e m was then e v a c u a t e d 
and the b a l l a s t t ank was f i l led wi th f lu­
o r i n e . F l u o r i n e was then expanded into 
the r e s t of t h e s y s t e m , which was at t he 
o p e r a t i n g t e m p e r a t u r e . Two f l u o r i n a ­
t i ons of p l u t o n i u m d iox ide s a m p l e s w^ere 
m a d e . In the f i r s t f l u o r i n a t i o n , the e x ­
p e r i m e n t was i n t e r r u p t e d t w i c e to we igh 
the so l id r e s i d u e in the boa t and the p l u ­
t o n i u m h e x a f l u o r i d e which had b e e n 
c o l l e c t e d in the t r a p s . The s e c o n d 
e x p e r i m e n t was u n i n t e r r u p t e d , we igh ings 
b e i n g m a d e only at the c o m p l e t i o n of the 
e x p e r i m e n t . In o r d e r to o b t a i n a m o r e 
a c c u r a t e m a t e r i a l b a l a n c e for p lu ton ium 
in t h e s e c o n d e x p e r i m e n t , the p lu ton ium 
o x i d e , the b o a t r e s i d u e , and t h e n o n v o l ­

a t i l e so l id in the f i r s t cold t r a p ( m a i n l y p l u t o n i u m t e t r a f l u o r i d e f r o m the 
r a d i a t i o n d e c o m p o s i t i o n of p l u t o n i u m hexa f luo r ide ) w e r e a n a l y z e d for p l u ­
t o n i u m . F l u o r i n e w a s r e m o v e d f rom the p l u t o n i u m h e x a f l u o r i d e by e v a c u a ­
t ion of the v e s s e l wh ich was cooled to - 7 8 C. 

The p l u t o n i u m m a t e r i a l b a l a n c e for Run 2, T a b l e 34, shows 
tha t 97 p e r c e n t of t h e p l u t o n i u m in the o r i g i n a l s a m p l e could be a c c o u n t e d 
fo r . In Run 1, 99 p e r c e n t r e c o v e r y was ob t a ined , b a s e d on the a s s u m p t i o n 
tha t the r e s i d u e found in the cold t r a p and in the r e a c t o r was plutoniunn 
t e t r a f l u o r i d e . 

n a t e u r a n i u m oxide and f l u o r i d e . 
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Table 34 

OPERATING TIMES, FLOW RATES AND PLUTONIUM MATERIAL BALANCE FOR THE 
FLUORINATION OF PLUTONIUM OXIDE 

Plutonium Mater ia l Balance (as Pu) 

Found in Found in Found in 
Approximate Reactor Cold Trap Cold Trap Total Pu Initial Pu^ Mater ia l 

Di 

PuFfe P r e p 

Pa r t A 

P a r t B 

Par t C 

PuF6 P r e p 

laration Gas Flow 
(hr) (cc /min at 30 C 

1: (Reactor Temp: 500 

11.1 700 

10.0 900 

19.7 1200 

2: (Reactor Temp: 550 

40.3 1200 

)_ 

c) 

. ^ ) 

Boat 
(g) 

24.85^ 

7.99^ 

0.36b 

0.072C 

2 
(g) 

18.27 

33.76 

40.81 

34.73 

1 
(g) 

-

-

2.56b 

3.2 

Found 
(g) 

-

-

43.73 

38.03 

in Pu02 
(g) 

-

-

44.16 

39.35 

Balance 
(percent) 

-

-

99 

97 

3-PUO2 analys is : 95.2 percent PUO2. 

^Assumed to be PUF4. 

'^By analysis of res idue . 
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A plot. F igure 39, of the p r e s s u r e drop in the total sys tem 
against t ime , indicative of the fluorine consumption ra te , showed an initial 
rapid uptake of fluorine owing probably to the formation of the te t raf luor ide . 
All of the sample was not converted, s ince inspection of the solid in the 
boat in the f i rs t run showed a brown, c rus ty top layer with some yellow-
green plutoniunn oxide underneath . Steindler et a l . ,3° showed that pluto­
nium oxide is rapidly converted to plutonium te t raf luor ide by fluorine above 
300 C. If one a s sumes that the plutonium being fluorinated after the second 
hour is mainly te t raf luor ide, it is poss ible , using the fluorine consumption 
ra te and the efficiency, to calculate a ra te of f luorination. The ra te from 
the second to the twenty- third hours was 85 mg plutonium t e t r a f l uo r ide / 
(sq cm)(hr) equivalent to 65 mg plutonium/(sq cm)(hr) . The a r e a used in 
the calculation was the top a r e a of the powder in the hemicyl indr ica l boat 
when fifty percent of the plutonium had been removed. This calculated 
ra t e is compared with r a t e s of 420 and 650 mg plutonium t e t r a f l u o r i d e / 
(sq cm)(hr) calculated by Steindler et a l . , for Rocky Fla t s and Los Alamos 
plutonium tetraf luoride and with a r a t e of 100 mg plutonium/(sq cm)(hr) 
for plutonium dioxide. 
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0, 

FIGURE 39 
CUMULATIVE PRESSURE DROP IN THE FLUORINATION SYSTEM 

DURING THE FLUORINATION OF PLUTONIUM OXIDE 
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1 1 1 1 1 
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Pure Plutonium hexafluoride was obtained by evacuating 
the ves se l containing the plutonium hexafluoride at a tennperature of -78 C. 
The evacuation removed such volati les as hydrogen fluoride, f luorine, and 
carbon te t raf luor ide . The vapor p r e s s u r e was 132 mm at 27 C after about 
one hour of evacuation compared to the l i t e r a tu re value of 121 mm.37 A 
vapor p r e s s u r e agreeing with the l i t e r a tu re value was attained after some 
of the plutonium hexafluoride had been dist i l led off. 

36 Steindler, M. J., Steidl, D. V. and Steunenberg, R. K., Nuclear Sci. 
and Eng. 6, 333 (1959). 

^^Weinstock, B. , Weaver, E. E., and Malm, J. G., J. Inorg. and Nuclear 
Chem., )A, 104 (1959). 
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R e c o v e r y of P l u t o n i u m H e x a f l u o r i d e f r o m the F l u o r i n a t i o n 
R e a c t o r 

The in i t i a l s e p a r a t i o n s t e p in t h e f l u o r i d e s e p a r a t i o n 
p r o c e s s i s one in which the d e c l a d ox ide fuel e l e m e n t is to be f l u o r i n a t e d 
to r e m o v e m o s t of the u r a n i u m . D u r i n g the nex t s t e p the c o m p l e t e f l u o r i ­
na t ion of the u r a n i u m and p l u t o n i u m r e m a i n i n g i s to be a c c o m p l i s h e d . The 
r e s u l t i n g m i x t u r e of p lu ton ium and u r a n i u m h e x a f l u o r i d e s i s r e m o v e d 
fronn the off -gas s t r e a m of the r e a c t o r b y c o n d e n s a t i o n . At the exi t of the 
r e a c t o r the r a t i o of p lu ton ium h e x a f l u o r i d e to f l u o r i n e wi l l be equa l to o r 
l e s s than the e q u i l i b r i u m c o n s t a n t for the r e a c t i o n 

puF4(s) + F2(g)::;i:rpuF6(g) 

at the t e m p e r a t u r e of the r e a c t o r . Thus no t h e r m a l d e c o m p o s i t i o n should 
o c c u r in the r e a c t o r . H o w e v e r , the e q u i l i b r i u m c o n s t a n t (PUF6/F2) d e ­
c r e a s e s with t e m p e r a t u r e and, s i n c e the r e a c t o r exi t gas p a s s e s t h r o u g h 
a t h e r m a l g r a d i e n t on i t s way to t h e c o n d e n s e r , a d r i v i n g f o r c e for d e ­
c o m p o s i t i o n wil l be p r e s e n t . The r a t e of a p p r o a c h to e q u i l i b r i u m a l s o d e ­
c r e a s e s with t e m p e r a t u r e , and the a m o u n t of d e c o m p o s i t i o n can be r e d u c e d 
by cool ing the gas qu ick ly to a l o w e r t e m p e r a t u r e w h e r e the d e c o m p o s i t i o n 
r a t e is s l o w e r . 

A s c h e m a t i c f l owshee t of the e q u i p m e n t u s e d to d e t e r m i n e 
the p lu ton ium h e x a f l u o r i d e r e c o v e r y when the h e x a f l u o r i d e and f l uo r ine 
w e r e p a s s e d t h r o u g h a t h e r m a l g r a d i e n t is shown in F i g u r e 40 . The e x ­
p e r i m e n t a l p r o c e d u r e was to v o l a t i l i z e p l u t o n i u m h e x a f l u o r i d e into f l uo r ine 
and c i r c u l a t e the m i x t u r e t h r o u g h a p ipe h e a t e d to a m a x i m u m of 600 C 
and t h e n t h r o u g h a n i c k e l tube of j5--inch i n s i d e d i a m e t e r wh ich p r o v i d e d 
the t h e r m a l g r a d i e n t . The t e m p e r a t u r e d r o p in the 13 - inch tube s e c t i o n 
was f r o m about 500 C at t he hot end to 45 C at the cold end, giving a t h e r ­
m a l g r a d i e n t of about 450 C. The p lu ton ium h e x a f l u o r i d e p a s s i n g t h r o u g h 
the g r a d i e n t was c o n d e n s e d f r o m the c i r c u l a t i n g s t r e a m b y two co ld t r a p s 
in s e r i e s . The r e c o v e r y of p l u t o n i u m h e x a f l u o r i d e was d e t e r m i n e d f r o m 
the weighed a m o u n t s c o l l e c t e d in the cold t r a p and the we igh t l o s s of the 
supp ly c o n t a i n e r . 

FIGURE 4 0 

TRANSFER OF PLUTONIUM HEXAFLUORIDE IN A FLUORINE STREAM 

THROUGH A THERMAL GRADIENT FLOW SYSTEM 
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Tizr 

ra. 

THERMAL TEMP 
FLOW GRADIENT 
METER SECTION 

13 inch 

MAGNETIC 
PUMP 

! 4 5 C 

^500.0. r 



The r e su l t s l is ted in Table 35 show that , in Runs 1 through 
5, 98 to 100 percent of the plutonium hexafluoride sublimed into the gas 
s t r e a m was r ecove red in the cold t r a p s . The rat io of plutonium hexafluo­
r ide to fluorine was l e s s than the equi l ibr ium ra t io at the t e m p e r a t u r e (600 C) 
of the hot pipe, and thus no net decomposi t ion of plutonium hexafluoride w^as 
expected to occur in the pipe . However, some decomposi t ion might be ex­
pected in the t h e r m a l gradient tube. It was concluded on the bas i s of these 
r e su l t s that sa t i s fac tory r ecove ry of plutonium hexafluoride from the flu­
or inat ion r eac to r appears feasible provided that sufficiently rapid cooling 
of the gas s t r e a m is poss ib l e . F u r t h e r exper iments a r e being c a r r i e d out 
to provide a m o r e s eve re tes t of the r ecove ry . Plutonium te t ra f luor ide is 
being fluorinated and the off-gas from the r e a c t o r is being passed through 
a la rge vesse l (to afford a long res idence t ime) heated to a specified 
t e m p e r a t u r e . 

An addit ional exper iment (No. 6) was done in which the 
ra t io of plutonium hexafluoride to fluorine was much higher than the equi­
l ibr ium rat io at 600 C. As expected, some of the plutonium hexafluoride 
decomposed in the heated pipe. After this exper iment , the t h e r m a l g r a ­
dient tube was sect ioned; only a redd ish-brown, adherent film was found 
on the wal ls . 

All weighings of plutonium hexafluoride plus container in 
the above exper i inents were co r r ec t ed for the amount of fluorine lost b e ­
cause of radiat ion decomposi t ion of the plutonium hexafluoride. This r e ­
p r e s e n t s a minor co r r ec t i on and is a function of the r e s idence t ime and 
the amount of plutonium hexafluoride in the conta iner . Before al l weigh­
ings, the plutonium hexafluoride was cooled to -78 C and the ves se l evac ­
uated. The loss of plutonium hexafluoride by radia t ion decomposi t ion has 
been empi r i ca l ly es tabl i shed as two pe rcen t per day in the solid phase» 

Trans fe r of Plutonium Hexafluoride 

In the operat ion of a separa t ions plant it may be n e c e s s a r y 
to t r an spo r t plutonium hexafluoride from one vesse l to another, e i ther for 
fur ther p rocess ing or for s t o r age . Quantitative r e c o v e r y is probably the 
mos t important requirennent of a t r ans fe r of plutonium hexafluoride. T h e r e ­
fore , s eve ra l exper iments were c a r r i e d out to de te rmine how a quant i ta­
t ive t r ans fe r might be obtained. 

The equipment used in these exper iments w^as the s ame as 
that used in the exper imen t s on deconnposition of plutonium hexafluoride 
in the t h e r m a l gradient (see F igure 40). The vapor i ze r vesse l was the 
source of plutonium hexaf luor ide . The hexafluoride was t r a n s f e r r e d by 
var ious techniques from this vesse l through the l ines to the cold t r a p s 
where it was condensed. 



Table 35 

RECOVERY OF PLUTONIUM HEXAFLUORIDE FROM A FLUORINE STREAM AFTER 
PASSAGE THROUGH A FURNACE TUBE AND THERMAL GRADIENT 

N o . 

1 
2 
3 
4 
5 
6 

Gradient 
Tempera tu r e 

Hot Tube 
(c) 

551 
556 
577 
599 
553 
590 

Cold Exit 
(c) 

49 
48 
46 
45 
43 
44 

Flow 
Time 
(hr) 

18.33 
18.53 
16.75 
17.00 
25.17 
10.00 

Avg 
Flow 
Rate 

(cc/min) 

640 
660 
430 
170 
160 
160 

Linear Flow 
Rate in 

^ - i n . ID 
Tube at 300 K 

(ft /sec) 

0.71 
0.73 
0.48 
0.19 
0.18 
0.18 

Avg 
Mole 

Ratio^ 
P U F ^ / F Z 

0.0028 
0.0020 
0.0038 
0.0062 
0.0078 
0.0210 

Avg 
F2 P r e s s u r e 

(mm) 

736 
780 
714 
695 
723 
720 

Wt PuFe, 
Introduced 
to St ream 

(g) 

26.96 (0.22)b 
21.59 (0.17) 
22.36 (0.14) 
14.18 (0.06) 
25.50 (0.10) 
22.20 (0.16) 

Wt PuFe 
Condensed 

from Stream 
(g) 

26.94 (0.03)t> 
21.64 (0.32) 
21.96 (0.05) 
13.95 (0.14) 
25.16 (0.04) 
20.08 (0.01) 

Recovery 
(percent) 

99.88 
100.25 

98.21 
98.38 
98.67 
90.50 

^Moles PuF^ calculated from total quantity of PuF^ vaporized; moles F2 calculated from total flow t ime , average 
p r e s s u r e , and flow ra te m e a s u r e d by t h e r m a l flow me te r at about 300 K. 

For compar ison , the equil ibrium constants for the reac t ion PuF4(s) + F2(g)^I^PuF6(g) a r e as follows: 

Temp (C) K ( P U F 6 / F Z ) 

600 0.017 
500 0.010 
400 0.0050 
300 0.0027 
100 0.0005 

•"Weight cor rec t ion , g r a m s , for amount of fluorine lost because of radiat ion decomposi t ion of 
plutonium hexafluoride. 



The vapor ize r vesse l was weighed before and after the t r ans fe r to 
de te rmine the weight of plutonium hexafluoride vapor ized. The cold 
t r aps were weighed before and after the t r ans fe r to de te rmine the weight 
of plutonium hexafluoride r ecove red . In a l l of these exper iments the cold 
t r aps and v e s s e l s were frozen and evacuated before weighing. Thus the 
fluorine formed by radiat ion decomposi t ion of plutonium hexafluoride was 
removed, requ i r ing a co r rec t ion in the de terminat ion of the weight of plu­
tonium hexafluoride in a ves se l . These co r rec t ions were made by taking 
into account the weight of plutonium hexafluoride, i ts r es idence t ime in a 
vesse l , and the ra te of radiat ion decomposi t ion. The ra te used for these 
co r rec t ions was two percent per day for the condensed phase . Values of 
one to two percent per day have been repor ted by other w o r k e r s , and a 
value of two percen t per day has been found to be approximate ly c o r r e c t 
in the p re sen t work. 

The operat ing conditions and t r ans fe r efficiency data a r e 
p resen ted in Table 36. In Exper iments 9 and 10, helium was used as a 
c a r r i e r gas . The helium was c i rcu la ted over the solid plutonium hexaflu­
oride in the vapor ize r v e s s e l . In Exper iment 9 the resul t ing mix ture of 
plutonium hexafluoride vapor and hel ium gas was passed through the fur ­
nace tube (see F igure 40) at room t e m p e r a t u r e to the cold t r a p s , where 
the plutonium hexafluoride was condensed. In Exper iment 10 the furnace 
tube was bypassed, and the gas mix tu re flowed through about 4 ft of 
"^- inch ID tubing and six Hoke No. 413 d iaphragm valves to the cold t r a p . 
Samples of about 28 g rams each were t r a n s f e r r e d in Exper iments 9 and 
10 with r ecove r i e s of 99.98 and 99.51 pe rcen t . 

In Exper iments 11 through 15, hel ium was again used as 
a c a r r i e r gas to t r ans fe r plutonium hexafluoride. In these exper imen t s the 
flow path included the furnace tube. The t e m p e r a t u r e of the furnace tube 
in Exper iments 11 through 15 was 70 C. This t e m p e r a t u r e was chosen to 
s imula te conditions in a p rocess ing plant where the l ines might be heated 
to prevent condensation of u ran ium or plutonium hexaf luor ides . In Ex­
pe r imen t s 11 through 15 t r a n s f e r s of 23 to 48 g r a m s were c a r r i e d out with 
r ecove r i e s of 99.31 to 99,96 pe rcen t . In Exper iment 8, about 15 g r a m s of 
plutonium hexafluoride was t r a n s f e r r e d using fluorine as the c a r r i e r gas . 
In this t r ans fe r the furnace tube was bypassed and the flow path was the 
same as that desc r ibed for Exper iment 10, The t r ans fe r in f luorine at 
room t e m p e r a t u r e was c a r r i e d out with a r ecove ry of 100,20 pe rcen t . In 
Exper iment 14 the furnace tube was again bypassed, and a 4 5 - g r a m sample 
of plutonium hexafluoride was t r a n s f e r r e d by a vacuum dis t i l la t ion with a 
r e c o v e r y of 100,02 percen t . 

It was concluded from these exper iments that l a rge 
quanti t ies of plutonium hexafluoride can be t r a n s f e r r e d a lmost quant i ta­
t ively by c a r r i e r gas sublimation using hel ium or f luorine, or by vacuum 
dis t i l la t ion. 



Table 36 

RECOVERIES OBTAINED WHEN TRANSFERRING PLUTONIUM HEXAFLUORIDE 
IN A FLUORINE OR A HELIUM STREAM, OR BY VACUUM DISTILLATION 

No. 

9 

10 

11 

12 

13 

15 

8 

14 

C a r r i e r 
Gas 

He 

He 

He^ 

He^ 

HeC 

He^ 

Fz 

(Vacuum) 

Flow 
Time 
(hr) 

4.0 

4.0 

4.0 

4.0 

3.5 

4.0 

3.5 

1.6 

Avg 
Flow 
Rate 

(cc/min) 

240 

400 

350 

155 

350 

450 

170 

-

PuF6 
Source 
Vessel 
Temp 

(c) 
45 

35 

39 

55 

56 

55 

45 

-

Avg 
Mole 
Ratio 

(PuFe/ 
c a r r i e r gas)a-

0.0395 

0.0217 

0.0187 

0.0833 

0.0433 

0.0280 

0.0210 

-

System 
P r e s s u r e 

(mm) 

775 

730 

790 

805 

800 

730 

720 

-

Wt PuF6 
Introduced 
to St ream 

(g) 

28.43 (0.04)^' 

28.49(0.04) 

23.38(0.05) 

48.82(0.05) 

46.07(0.02) 

40.49(0,03) 

14.90(0.08) 

44,80(0.06) 

Wt PuF6 
Condensed 

from Stream 

(g) . 

28.40(0.05)^ 

28.35(0.01) 

23.37(0.08) 

48.53(0.00) 

45.83(0.01) 

40.21 (0.01) 

14.93(0.43) 

44.81 (0.00) 

Recovery 
(percent) 

99.98 

99.51 

99.96 

99.41 

99.48 

99.31 

100.20 

100.02 

^Moles PuF^ calculated from total quantity of PuF^ vaporized; moles c a r r i e r gas calculated from total 
flow t ime, average p r e s s u r e , and flow ra te measu red by the rma l flow me te r at about 300 K. 

"Weight cor rec t ion , g r a m s , for amount of fluorine lost due to radiat ion decomposit ion of plutonium 
hexafluoride. 

C a r r i e r gas containing PuF^ was passed through 70 C zone in these runs . 



Plutonium hexafluoride m a y also be t r anspo r t ed conveniently 
and rapidly in the liquid phase by gravi ty , or may be liquefied and t r a n s ­
fe r red by flash dis t i l la t ion. The rma l decomposi t ion of the plutonium hexa­
fluoride at a t e m p e r a t u r e above i ts t r ip le point (51,59 C)^^ rnight prohibit 
the use of these t r ans fe r m e c h a n i s m s . To de te rmine the loss of hexaflu­
oride by t h e r m a l decomposi t ion at a t e m p e r a t u r e slightly above i ts melt ing 
point, a 38-gram sample was heated to 60 C in a weighed container and held 
at this t e m p e r a t u r e for 25,5 hou r s . The upper pa r t of the v e s s e l was heated 
above 60 C to prevent condensation. At the end of the exper iment the plu­
tonium hexafluoride was complete ly dis t i l led fronn the ves se l and the v e s ­
sel was reweighed. The gain in weight was due to the formation of the 
nonvolatile plutonium te t ra f luor ide , which was produced by two m e c h a n i s m s -
radiat ion decomposi t ion and t h e r m a l decomposi t ion of the plutonium hexa­
fluoride. The weight gain of the v e s s e l during the exper iment was 0.66 g ram. 
The amount that could acc rue by radia t ion decomposi t ion was calculated to 
be 0.70 g r a m . It was concluded that the total quantity of plutonium hexa­
fluoride which will decompose at 60 C is about the same as the quantity 
which may be expected to decompose from radiat ion effects a lone. 

b . React ions of Plutonium Hexafluoride 
(M, Steindler , D. Steidl) 

Reaction of Plutonium Hexafluoride and Bromine 

The chemis t ry of plutonium hexafluoride is of d i r ec t i n t e r e s t 
to the Volatili ty P r o c e s s for oxide fuels . Plutonium hexafluoride formed by 
the fluorination of the fuel at elevated t e m p e r a t u r e s will be col lected with 
uranium hexafluoride and ce r ta in f ission product f luor ides . Separa t ion of 
plutonium from uran ium will probably be accompl ished by se lec t ive r e du c ­
tion of the m o r e reac t ive plutonium hexafluoride. It has been shown 
(ANL-6183, page 94; ANL-6231, page 96) that sulfur t e t ra f luor ide will r e ­
duce plutonium hexafluoride quanti tat ively to the te t raf luor ide with the 
formation of sulfur hexafluoride. The reduct ion of uran ium hexafluoride 
does not take place under these condi t ions. 

The react ion of b romine and plutonium hexafluoride has 
also been invest igated as a means for accomplishing the se lec t ive reduction 
of plutonium hexafluoride. The exper imenta l p rocedure employed was the 
same as desc r ibed previous ly for reac t ions of sulfur te t ra f luor ide 
(ANL-6231, page 97) and consis ted of mixing the reagents in a nickel v e s ­
sel which was subsequently heated to the des i r ed t e m p e r a t u r e . Initial 
exper iments c a r r i e d out at 30 C for 17 hours indicated that at th is tenn­
p e r a t u r e the reac t ion proceeds quite slowly and incomplete ly . All expe r i ­
ments at 78 C were allowed to p roceed for one hour , as indicated in the 

Weinstock, B . , Weaver, E. E. , and Malm, J. G., loc, c i t . 
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data summar ized in Table 37. A sample of the solid reac t ion product was 
analyzed for fluoride (pyrohydrolysis) and plutonium (amperomet r i c t i t r a ­
tion). The sample showed a ra t io of fluoride to plutonium of 4,11 in a g r e e ­
ment with the expectation that the solid product of the react ion is plutonium 
te t raf luor ide , 

A number of equations may be wri t ten for th is reac t ion 
depending on the bromine fluoride produced. Information on the s to ich i ­
omet ry of the react ion will probably be obtained. 

Table 3 7 

THE REACTION OF PLUTONIUM HEXAFLUORIDE AND BROMINE 

PuFe 
(mill imoles 

0.226 

0.214 

0.211 

0.088 

0.279 

^Based 

0 

on 

Br2 
(mil l imoles) 

0.072 

0.066 

0.292 

0.651 

0.079 

weight gain of 

Temp 

(c) 

30 

30 

78 

78 

78 

reac t ion 

Time 
(hr) 

17 

17 

1 

1 

1 

v e s s e l . 

PuF4 
(mi l l imoles)^ 

0.11 

0.15 

0.212 

0.084 

0,251 

% R eacted^ 

49 

70 

100 

96 

90 

2, The Reaction of Mixtures of Uraniunn Hexafluoride and 
Plutonium Hexafluoride and Bromine 

The reac t ion of bromine with mix tu r e s of uran ium and plutonium 
hexafluorides was c a r r i e d out to de te rmine the sui tabi l i ty of th is reac t ion 
for separa t ions p r o c e s s applicat ion. The reac t ion was c a r r i e d out in the 
same manner as desc r ibed for the reac t ion of b romine and plutonium hexa­
f luoride. The r e su l t s a r e shown in Table 38. It is bel ieved that the d i s ­
c repanc ies in the uran ium and plutonium m a t e r i a l ba lances a r e not 
significant and are due to exper imenta l e r r o r . The lack of volati le plu­
tonium together with the r ecove ry of u ran ium hexafluoride indicates appl i ­
cabili ty of b romine as a se lect ive reductant for plutonium hexafluoride in 
these m i x t u r e s . 

Radiat ions from Plutonium F luo r ides 
(M. Steindler) 

The radiat ion emit ted by samples of plutonium f luor ides is of 
impor tance to p r o c e s s development r e s e a r c h not only because of i ts con­
tr ibut ion to the exist ing haza rd from alpha e m i t t e r s and the gene ra l toxici ty 



144 

of f l u o r i d e s , but a l so b e c a u s e it i n f l uences d e c o n t a m i n a t i o n r e q u i r e m e n t s . 
The g a m m a - r a y s p e c t r u m as we l l a s d a t a on the n e u t r o n e m i s s i o n of p l u ­
t on ium t e t r a f l u o r i d e a r e r e p o r t e d in an a t t e m p t to p r o v i d e i n f o r m a t i o n for 
the a b o v e - m e n t i o n e d c o n s i d e r a t i o n s . 

Tab le 38 

THE REACTION OF BROMINE WITH MIXTURES OF URANIUM 
HEXAFLUORIDE AND PLUTONIUM HEXAFLUORIDE 

Reac t ion T i m e : Z h o u r s 

Vola t i le Products^- Solid^ 
PuFfe UF6 Br2 T e m p U Pu P r o d u c t 

( m i l l i m o l e s ) (mi l l imo le s ) (m i l l imo le s ) (C) (mi l l imo le s ) ( m i l l i m o l e s ) ( m i l l i m o l e s ) 

0.611 7.69 0.668 80 8.0 0.006 0.72 

0.324 2.83 0.403 94 2.8 0.008 0.35 

^By a n a l y s i s . 

" A s s u m e d to be t e t r a f l u o r i d e s . 

Owing to the i m p o r t a n c e of p lu ton ium t e t r a f l u o r i d e in v o l a t i l i t y 
p r o c e s s e s , the g a m m a - r a y s p e c t r u m of a s m a l l s a m p l e of p l u t o n i u m t e t r a ­
f l uo r ide was d e t e r m i n e d . No d e t a i l e d i n f o r m a t i o n a p p e a r s a v a i l a b l e in the 
l i t e r a t u r e on the g a m m a - r a y s p e c t r u m of p lu ton ium t e t r a f l u o r i d e , but 
H e l g e s o n ^ 9 h a s s t a t e d t h a t the g a m m a flux i s c o m p o s e d of t h r e e ef fect ive 
e n e r g i e s of which a 6 8 0 - k e v g a m m a r a y c o n t r i b u t e s 50 p e r c e n t of the d o s e 
r a t e . We have b e e n unab le to c o n f i r m any m a j o r c o n t r i b u t i o n at t h i s e n ­
e r g y . The r e s u l t s ob ta ined in t h i s b r i e f i n v e s t i g a t i o n i n d i c a t e a m a j o r 
c o n t r i b u t i o n f r o m gannma r a y s of 200 kev o r l e s s , p a r t i c u l a r l y in l ight of 
the fact t h a t n i c k e l ( a b s o r b e r ) was u s e d a s a s a m p l e h o l d e r . * The r e s u l t s 
ob t a ined a r e shown in T a b l e 39 and F i g u r e 4 1 . 

The high spec i f i c a c t i v i t y of p lu ton ium coupled with the 
p r e s e n c e of f l u o r i n e a t o m s in p l u t o n i u m t e t r a f l u o r i d e p r o d u c e d a p p r e c i a b l e 
q u a n t i t i e s of n e u t r o n s by the r e a c t i o n , F^^ (a,n) Na^^. Al though i t i s p o s ­
s ib le to c a l c u l a t e the r a t e of enn i s s ion of n e u t r o n s f r o m a s a m p l e of p l u ­
t on ium t e t r a f l u o r i d e f r o m the y ie ld of the r e a c t i o n (-10 n / l O ^ a for F^^), 
o b s e r v e d e m i s s i o n r a t e s a r e c o n s i d e r a b l y l o w e r t h a n t h o s e c a l c u l a t e d , 
p r i m a r i l y owing to the d e g r a d a t i o n of the e n e r g y of a lpha p a r t i c l e s by 
n u c l i d e s o t h e r t han f l uo r ine . In o r d e r to d e t e r m i n e the m a g n i t u d e of the 
p r o b l e m of hand l ing r e l a t i v e l y l a r g e q u a n t i t i e s of p l u t o n i u m t e t r a f l u o r i d e , 
t he n e u t r o n f luxes f rom s e v e r a l s a m p l e s of the t e t r a f l u o r i d e w e r e m e a s ­
u r e d u n d e r l a b o r a t o r y (not s c a t t e r - f r e e ) c o n d i t i o n s . 

' H e l g e s o n , G. L . , S u r f a c e D o s a g e R a t e S tud ies of T a s k III F e e d 
M a t e r i a l s , HW-31522 (1954); D e c l a s s i f i e d I 9 6 0 . 

*-8--inch OD n i cke l tube ( 1 . 6 - m m wal l , ~ 1400 m g N i / s q cm) 
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Table 39 

OBSERVED GAMMA SPECTRUM OF 
PLUTONIUM TETRAFLUORIDE 

4 X 4-inch Nal(Tl) crystal , 256-channel 
analyzer, ~45% geometry, no absorber 

other than sample container. 

E(kev)° 

17 

30 

60 

100 

130 

160 

200 

380 

500 

850 

1200 

1700 

1950 

Relative 
Peak 

Height^) 

0.21 

0.8 

4.7 

1.00 

0.70 

0.33 

0.17 

0.07 

0.014 

0.002 

0.0003 

0.0004 

0.0001 

Comments 

Highly attenuated. X-ray 
shoulder on 30-kev peak 

P u " ' (37)C 

Am^*' (60), P u " ' (52) 

U' 
2 38 X-ray, F " (109), 

P u " ' (120) 

Shoulder of 100 kev 

Shoulder of 100 kev 

1̂9 196) 

Pu"' (380) broad 

N a " (511) annihil shoulder 

N a " (12 76) 

N a " (1787) 

Approximate 

^The 100-kev peak was arb i t ra r i ly chosen 
as unity. 

^^(37), etc = energy (kev) where element is 
expected to appear. 

F I G U R E 41 
G A M M A S P E C T R U M OF P L U X O N I U M T E X R A F L U O R I D E 

4 x 4 Nal(TI ) CRYSTAL,256 CHANNEL ANALYZER, ~ 4 5 % 
IQI G E O M E T R Y . N O A B S O R B E R O T H E R THAN SAMPLE CONTAINER 

ACTIVITY AT PEAK RELATIVE TO ACTIVITY 
OF 100 kev PEAK PLOTTED ON LOG SCALE 

\ 
I \ 
I I 

1' \ 

SHAPE OF DASHED LINES REFLECT 
UNRESOLVED BUT OBSERVED SHOULDERS 

A / \ 

/ \ 
/ \ / 1 

1 

A. 

I I I I I I I I I 

OS 10 
E, Mev 

S a m p l e s of p lu ton ium t e t r a f l u o r i d e c o n t a i n e d in p o l y e t h y l e n e 
b o t t l e s and e n c l o s e d m a 2 0 - m i l p l a s t i c bag w e r e s u s p e n d e d 75 c m above 
the c o n c r e t e f loor of a s m a l l r o o m . The d e t e c t o r , a s t a n d a r d u n s h i e l d e d 
Long C o u n t e r , was a l so s u s p e n d e d at the s a m e h e i g h t . The c o u n t e r had 
been p r e v i o u s l y c a l i b r a t e d with a s t a n d a r d p l u t o n i u m - b e r y l l i u m s o u r c e . * 
The r e s u l t s a r e shown in Tab le 40 and F i g u r e 42 . 

A plot of the d a t a ( F i g u r e 42) i n d i c a t e s a d e v i a t i o n f r o m the 
f a m i l i a r " i n v e r s e s q u a r e " l aw . Dev i a t i on i s not s u r p r i s i n g , * * and w a r r a n t s 
r e c o g n i t i o n in m o n i t o r i n g the n e u t r o n flux f rom e x p e r i m e n t a l e q u i p m e n t . 

*We a r e indeb ted to D r . L . A n d e r s o n , I n d u s t r i a l Hygiene and Safety 
D iv i s ion , for helpful d i s c u s s i o n s and a d v i c e . 

* * F o r a d i s c u s s i o n of the o p e r a t i o n of Long C o u n t e r s , inc lud ing e r r o r s 
owing to s c a t t e r of n e u t r o n s and shift of ef fect ive c e n t e r of the d e t e c ­
t o r with n e u t r o n e n e r g y , s e e F a s t N e u t r o n P h y s i c s , P a r t I, J . B . M a r i o n 
and J . L . F o w l e r (ed.) I n t e r s c i e n c e P u b l i s h e r s , Inc . , New York ( i 9 6 0 ) . 
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T a b l e 40 

F A S T N E U T R O N F L U X M E A S U R E M E N T S WITH S A M P L E S 
O F P L U T O N I U M T E T R A F L U O R I D E 

S a m p l e s : P o w d e r e d PUF4. 

C o n t a i n e r : P o l y e t h y l e n e b o t t l e s s u r r o u n d e d by 
2 0 - m i l P V C b a g . 

D e t e c t o r : M o d e r a t e d B F 3 c o u n t e r . Sens = 56 .7 c p m 
p e r un i t of f lux . 

D i s t a n c e : 75 c m above the f l o o r . S a m p l e to f ron t 
of p a r a f f i n tub = D 

F a s t N e u t r o n F l u x [ n / ( s q c m ) ( s e c ) ] fo r i n d i c a t e d wt PUF4 

118 g 220 g<: 
D 

(cm^ 

10 

11 

12 

14 

20 

30 

60 

90 

^ - ( H + S) 

2 inch,t> : 

7(H) a t 

2 inch , ] 

) 

a t 

m r / h r 

m r / h r 

10 g^ 

12.8 

-

-

-

5.6 

2 .8 

1.1 

0.6 

15 

- 60 

77 g 

-

-

91 

-

49 

27 

8 

4 .8 

150 

m r / l 

186 

290 

81 170 

44 91 

15 34.2 

8.2 19.8 

180 100 

90 m r / h r 65 m r / h r 

^ S a m p l e c o n t a i n e d in two g l a s s j a r s (one i n s i d e t h e o t h e r ) . No 
p o l y e t h y l e n e o r P V C u s e d . 

M e a s u r e d wi th a " J u n o " s u r v e y i n s t r u m e n t . H a r d on ly (H) t o t a l 
s h i e l d i n g = 700 m g / s q c m Al, (H + S) m e a s u r e m e n t t h r o u g h 0 . 0 1 - i n c h 
L u c i t e (~30 m g / s q c m ) . 

'^In g l a s s b o t t l e e n c l o s e d in - | - - i nch w a l l L u c i t e j a r ( 6 - i n c h d i a m e t e r , 
8 - i nch high) w h i c h w a s c o n t a i n e d in a 2 0 - m i l P V C b a g . 
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The d a t a in T a b l e 40 r e p r e s e n t the 
on ly d e t a i l e d i n f o r m a t i o n a v a i l a b l e on 
the n e u t r o n flux f r o m s a m p l e s of p l u ­
t o n i u m f l u o r i d e s . The da t a m a y be 
u s e d to e s t i m a t e the b i o l o g i c a l h a z a r d 
if the l i m i t a t i o n s of t h e Long C o u n t e r 
and the p a r t i c u l a r e x p e r i m e n t a l c o n d i ­
t i ons a r e r e c o g n i z e d . * If an e n e r g y of 
1 Mev i s a s s u m e d for the n e u t r o n s 
f r o m Pu-OC-F, t h e n 18 n f / ( s q c m ) ( s e c ) 
is equ iva l en t to l O O m r / 4 0 h o u r week 
o r 1 n f / ( s q c m ) ( s e c ) - 0.14 m r e m / h r . 

B . E n g i n e e r i n g - s c a l e D e v e l o p m e n t 
(A. A. Jonke) 

The v o l a t i l i t y of u r a n i u m and 
p l u t o n i u m h e x a f l u o r i d e s i s t he b a s i s 
of a r e p r o c e s s i n g s c h e m e by which 
the f i s s i o n a b l e e l e m e n t s can be s e p ­

a r a t e d and r e c o v e r e d f rom i r r a d i a t e d fuels for r e u s e in t h e n u c l e a r fuel 
c y c l e . Such r e p r o c e s s i n g s c h e m e s a r e in t ended to effect n e a r l y c o m p l e t e 
r e m o v a l of the r a d i o a c t i v e f i s s i o n p r o d u c t s . P r o c e s s e s a r e u n d e r d e v e l ­
o p m e n t for two t y p e s of n u c l e a r fuels which a r e c o n s i d e r e d to be r e p r e ­
s e n t a t i v e of the m o s t i m p o r t a n t p o w e r r e a c t o r f u e l s , n a m e l y , c e r a m i c 
fuels and z i r c o n i u n n - m a t r i x f u e l s . F l u i d i z a t i o n t e c h n i q u e s a r e b e i n g u s e d 
in t h e s e p r o c e s s e s and a l so in p r e p a r a t i o n of u r a n i u m c o m p o u n d s . 

1. D i r e c t F l u o r i n a t i o n of U r a n i u m Dioxide F u e l s 
(W. J . M e c h a m , J . D . G a b o r , J . G a t e s , A. R a s h i n s k a s , 
J . Wehr le ) 

D i r e c t f l uo r ina t i on i s be ing s tud i ed a s a p r o c e s s for the 
r e c o v e r y of f i s s i o n a b l e m a t e r i a l f r o m u r a n i u m d iox ide r e a c t o r fue l , a 
type of fuel r e c e i v i n g e m p h a s i s in c u r r e n t r e a c t o r d e s i g n s . Al though 
d e n s e p e l l e t s of the kind p r o p o s e d for s e v e r a l n u c l e a r r e a c t o r s a r e too 
l a r g e to be f lu id ized d i r e c t l y , t he u s e of an i n e r t f lu id i zab le m a t e r i a l to 
c o v e r and fill the void s p a c e s of the p a c k e d bed of p e l l e t s h a s b e e n s tud ied 
to a c h i e v e s o m e of the a d v a n t a g e s of f lu id iza t ion for g a s - s o l i d r e a c t i o n s , 
p a r t i c u l a r l y with r e s p e c t to h e a t t r a n s f e r and t e m p e r a t u r e c o n t r o l . 

a. F l u o r i n a t i o n of U r a n i u m Dioxide P e l l e t s 

P i l o t - p l a n t - s c a l e w o r k h a s b e e n d i r e c t e d t o w a r d s tudy of 
the m e a n s of c o n t r o l l i n g the h igh ly e x o t h e r m i c r e a c t i o n b e t w e e n f luor ine 
and u r a n i u m d i o x i d e . E a r l i e r w o r k on p e l l e t f l u o r i n a t i o n s showed tha t 

FIGURE 42 
NEUTRON MEASUREMENTS ON 

PLUTONIUM TETRAFLUORIDE 

CONTAINER POLYETHYLENE BOTTLE PLUS 20 mil PVC 

- INSTRUMENT SENSITIVITY 56 7 c /m PER UNIT OF FLUX 

2 2 0 g 

10 100 
DISTANCE, cm 

*See second footnote on page 145. 



the react ion proceeded in two s teps : (l) uranyl fluoride was produced f i rs t 
as fines, which spalled off the uranium dioxide pellet surface into the flu­
idized bed. (2) This uranyl fluoride was then fluorinated to form uranium 
hexafluoride vapor (see ANL-6145, page 103). Work with deeper pellet 
beds and lower t e m p e r a t u r e s tended to produce a l a r g e r amount of fines 
(see ANL-6183, page 98). The pellets used in these fluorinations were all 
of the same ine r t - f i r ed type. 

In the p resen t period, fluorination of a s ix- inch bed of the 
iner t - f i red pellets was ca r r i ed to completion. Other runs were made with 
pellets of a hydrogen-f i red type, which exhibited a significantly lower r e ­
activity than the ine r t - f i r ed type. Fluorinat ions were ca r r i ed out s u c c e s s ­
fully with the hydrogen-f ired pellets at t e m p e r a t u r e s up to 500 C and inlet 
fluorine concentrat ions up to 40 mole percen t . 

General Operabil i ty 

In o rde r to compare the behavior of the two different types 
of pellets studied, a s u m m a r y of the mos t important runs made to date is 
presented in Table 41 . All runs were made in a t h ree - inch d iameter fluid-
bed r eac to r . Runs after UOF-20 were made in the new forced a i r -coo led 
r eac to r . In these runs all m a t e r i a l charged and d ischarged was weighed. 
The uranium hexafluoride condenser was very efficient and overal l m a ­
t e r i a l balances were be t te r than 99.5 percen t . 

For t e m p e r a t u r e s of 500 C and below and for inlet fluorine 
concentrat ions of 40 percent or lower, t empe ra tu r e control and genera l 
operabil i ty have been good for runs repor ted in Table 41 . In runs under 
other conditions and for pellet fluorinations following a Zircaloy declad­
ding step, some difficulties have appeared with t e m p e r a t u r e control and 
bed caking. 

Table 41 

SUMMARY OF URANIUM DIOXIDE PELLET FLUORINATION RUNS 

General Conditions 3 inch Diameter Fluid Bed Reactor 
Pressure 1 atm Total gas rate 0 5 cu ft/mm (STP) 
60-200 mesh MgF2 0r CaF2 Fluid Bed 
Diluent gas nitrogen 

Run 
UOF 

6 
7 
9 

12 
11 
14 
20 

22 
24A 
24B 

Pellet 
Type 

Inert Fired 
Inert Fired 
Inert Fired 
Inert Fired 
Inert Fired 
Inert Fired 
Inert Fired 

Hydrogen Fired 
Hydrogen Fired 
Hydrogen Fired 

Pellet 
Charge 

(kg) 

176 
176 
177 
3 49 
5 26 
5 24 
4 19 

191 
181 

Pellet 
Bed 

Height 
(m ) 

3 
3 
3 
6 
9 
9 
9 

3 
3 
3 

Inert 
Fluid Bed 

Height 
(in ) 

12 
12 
12 
15 
18 
60 
34 

32 
30 
30 

Inlet 
F2 

Cone 
(m/o) 

10 
20 
30 
20 
20 
20 
20 

20 
20 
40 

Temp 
(C) 

500 
500 
500 
500 
500 
400 
500 

400 
500 
500 

Run 
Time 
(hr) 

30 
15 
10 
15 
15 

- 1 5 
62 

40 
30 
05 

Avg UFa 
Prod Rate 

(g/hr) 

240 
495 
693 
478 
425 
76 

650 

192 
194 
248 

Fluorine Efficiency 

To Form 
UF6 
(%) 

67 
77 
62 
62 
55 
21 
72 

21 
20 3 
28 4 

To Form 
UO2F2":' 

(%) 

37 
51 
48 
15 
35 
58 
75 

10 

1 

Total 

(%) 

713 
823 
673 

873(881)) 
903(94l3) 

793 
803 

313(35'') 
213(30l>) 

293 

UO2F2 Fines 

On Filters 
(g) 

65 
40 
65 
74 

210 
114 
471 

198 

74 

In Bed 
(g) 

101 
128 
135 
394 
872 

1384 
Complete 

Fluor 
534 

7 

UF6 
Product 

(% charge) 

31 
32 
30 
16 
93 
30 

78 
27 

27 

Pellets 
Unreacted 
(% charge) 

63 
60 
61 
70 
70 
69 

0 
33 

68 

3Total efficiency UF5 efficiency + UO2F2 efficiency 

''Total efficiency from exit F2 analysis (average) 

cCalculated from total fines 
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The i n e r t - i i r e d p e l l e t s have g e n e r a l l y b e e n e a s i e r to 
p r o c e s s than h y d r o g e n - f i r e d p e l l e t s . The f o r m e r p r o d u c e s u r a n y l f l uo r ide 
f ines m o r e r e a d i l y . T h e s e f ines offer h igh s u r f a c e a r e a and a l s o d i s t r i b u t e 
t h roughou t the i n e r t fluid bed , a l l owing for e a s i e r h e a t r e m o v a l . A s u m ­
m a r y of i n f o r m a t i o n on the p e l l e t s i s g iven in T a b l e 42 . 

The e a r l i e r r u n s , i nc lud ing m o s t of t h o s e with t h e i n e r t -
f i r ed m a t e r i a l , w e r e m a d e with a p e l l e t bed s u p p o r t of n i c k e l b a l l s in the 
bo t tom of the r e a c t o r . H o w e v e r , b e c a u s e of t e m p e r a t u r e i n s t a b i l i t i e s wi th 
h y d r o g e n - f i r e d p e l l e t s in an i n i t i a l r u n ( U O F - 2 1 ) , a modi f ied bed s u p p o r t 
was i n s t a l l e d to e l i m i n a t e the p o s s i b i l i t y of the n i c k e l b a l l s c o n t r i b u t i n g 
to poo r h e a t t r a n s f e r . The new bed s u p p o r t c o n s i s t e d of a n i c k e l p l a t e 
wi th a n u m b e r of - j^- inch h o l e s . T h i s p l a t e w a s p l a c e d about 10 i n c h e s up 
f rom the bo t t om of the f lu id ized bed and i s b e l i e v e d c a p a b l e of p r o v i d i n g 
b e t t e r hea t t r a n s f e r at the p e l l e t bed i n l e t . A run m a d e with h y d r o g e n -
f i r ed p e l l e t s gave s a t i s f a c t o r y t e m p e r a t u r e c o n t r o l at 40 m / o f l u o r i n e end 
500 C with t h i s new bed s u p p o r t . 

Table 42 

PROPERTIES OF PELLETS USED IN FLUORINATION RUNS 

Type Inert F i red Hydrogen F i red 

Manufacturer No. 1 No. 2 

Puri ty Reactor Grade Reactor Grade 

Source Ammonium Diuranate Ammonium Diuranate plus 
calcined at 770 C recycled UsOg 

Sintering Fi red in inert a tmos - F i red in Dry Hydrogen at 

phere at 1720 C 1700 C for 4 hr 

Density, g/cc 10.49 10.26 

%Theoretical Density 95.6^ 93.6^ 

3-Based on a theoretical density of 10.97 g / cc . 

Effect of V a r i a b l e s in P e l l e t F l u o r i n a t i o n s 

In F i g u r e 43 a r e shown the v a r i a t i o n s in u r a n i u m 
hexa f luo r ide p r o d u c t c o l l e c t i o n r a t e and in o v e r a l l f luo r ine e f f i c i ency as 
the f l uo r ina t i on of a ba t ch of ;5--inch i n e r t - f i r e d p e l l e t s was c a r r i e d to c o m ­
p le t ion (Run No. U O F - 2 0 ) . F o r r e f e r e n c e , t he t h e o r e t i c a l m a x i m u m p r o d ­
uct c o l l e c t i o n r a t e is p lo t t ed c o r r e s p o n d i n g to 100 p e r c e n t u t i l i z a t i o n of 
in le t f l uo r ine to f o r m u r a n i u m h e x a f l u o r i d e by the r e a c t i o n 

UOz + 3 F 2 — U F 6 + ©2 

Also shown is the c u m u l a t i v e f r a c t i o n of u r a n i u m c o n v e r t e d to h e x a f l u o r i d e 
du r ing the c o u r s e of the r u n . 
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FIGURE 43 

URANIUtvl HEXAFLUORIDE COLLECTION RATE AND FLUORINE UTILIZATION 

EFFICIENCY DURING FLUORINATION OF URANiUtvl DIOXIDE PELLETS 

RUN TIME, hours 

As shown in F i g u r e 43 , the r a t e 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 c o l l e c t i o n was v e r y low for the f i r s t hour of the r u n , a f t e r which 
the r a t e i n c r e a s e d to a m a x i m u m at about 4.5 h o u r s . Dur ing th i s p e r i o d 
the t o t a l f l u o r i n e c o n s u m p t i o n w a s v e r y c l o s e to 100 p e r c e n t . At 6.0 h o u r s 
both the p r o d u c t c o l l e c t i o n r a t e and the f l uo r ine e f f ic iency d r o p p e d s h a r p l y 
to a low and n e a r l y c o n s t a n t l e v e l for t h e r e m a i n i n g p e r i o d of the r u n . 
The f r a c t i o n of u r a n i u m in the c h a r g e t h a t was c o n v e r t e d to h e x a f l u o r i d e 
was n e a r l y z e r o p e r c e n t at 1.0 h r , 52 p e r c e n t at 4.5 h r , 73 p e r c e n t at 
6.0 h r , and 78 p e r c e n t at 9.0 h r . 

Al though f l uo r ina t i on in t h i s run was c o m p l e t e in the s e n s e 
tha t the r e a c t i o n zone was wel l d e p l e t e d of u r a n i u m , not a l l of the u r a n i u m 
w a s c o l l e c t e d as h e x a f l u o r i d e p r o d u c t , b e c a u s e s o m e u r a n i u m f ines w e r e 
c a r r i e d out of the r e a c t i o n zone and d e p o s i t e d in c o o l e r p a r t s of t h e s y s ­
t e m , n a m e l y , the d i s e n g a g i n g and f i l t e r s e c t i o n . The a m o u n t of s u c h m a ­
t e r i a l in t h i s r u n was m u c h l a r g e r t h a n n o r m a l , b e c a u s e f i l t e r f ines w e r e 
i n t e n t i o n a l l y not r e t u r n e d to the r e a c t o r d u r i n g f l u o r i n a t i o n . Th i s w a s 
done in o r d e r to d e t e r m i n e the a p p r o x i m a t e a m o u n t of u r a n i u m f ines e n ­
t r a i n e d in the of f -gas s t r e a m . 

The m o s t i m p o r t a n t i n f o r m a t i o n shown in F i g u r e 43 for 
t h i s r u n i s the p a t t e r n of u r a n i u m h e x a f l u o r i d e c o l l e c t i o n s . Low in i t i a l 
r a t e s a r e due to f ines f o r m a t i o n ( s ee A N L - 6 1 4 5 , page 107), ch ie f ly by the 
r e a c t i o n 

UO2 + F2—^UOjFz 

which p r o c e e d s m u c h f a s t e r than the r e a c t i o n ( see A N L - 5 9 5 9 , page 22 and 
A N L - 5 9 2 4 , p a g e s 28 to 33) 

UO2F2 + 2F2—^UF6 + O2 
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When the fines concentrat ion has built up in the iner t fluid bed, then 
uranium hexafluoride is produced at a ra te corresponding to the f luorina­
tion of uranyl fluoride. Pellet fluorination was vi r tual ly complete under 
these conditions at 6 to 6.5 hou r s . 

In runs where the ra tes of production of uranium 
hexafluoride were measu red for par t i a l fluorinations and under different 
conditions, the role of the in termedia te fluoride fines was also significant. 
In Figure 44 is shown the effect of inlet fluorine concentrat ion on the u r a ­
nium hexafluoride production ra te for two different types of pe l l e t s . The 
ra tes for the iner t - f i red pellets showed nea r ly l inear dependence on fluo­
rine concentrat ion. Since the fluorine efficiencies in these th ree runs 
were near ly equal, a net f i r s t - o r d e r ra te dependence on fluorine concen­
t ra t ion is implied. The hydrogen-f i red pel lets fluorinated at about-3-the 
ra te of the iner t - f i red pe l le t s . The cor re la t ion of fines concentrat ion with 
fluorination ra tes is evident; that i s , the high r a t e s of production of hexa­
fluoride a re associated with high concentrat ions of uranyl fluoride fines 
in the bed. 

FIGURE 4 4 

EFFECT OF INLET FLUORINE CONCENTRATION ON RATE OF 

FLUORINATION OF URANIUH4 DIOXIDE PELLETS 

3-ln DIAMETER COLUMN 32 TO 40 * /o OF PELLETS REACTED 
GAS RATE 0 5cu f t /mm 3- ln PELLET-BED HEIGHT 
TEMPERATURE ; 5 0 0 C 12 TO 3 0 - I n FLUID-BED HEIGHT 
1/2- In UOj PELLETS 

0 5 10 15 20 25 30 35 40 
INLET FLUORINE CONCENTRATION , mole percent 

The variat ion of fluorine efficiency with pellet bed depth 
is shown in Figure 45. The runs were all par t i a l bed fluorinations in 
which about-3- of the uranium was converted to the hexafluoride. Because 
of the l a rger amount of uranium dioxide surface presen t in the deeper 
beds, a grea ter percentage of the fluorine was used for the formation of 
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u r a n y l f l u o r i d e , and in the d e e p e r b e d s r e l a t i v e l y l e s s f l uo r ine w a s 
a v a i l a b l e to f o r m u r a n i u m h e x a f l u o r i d e d u r i n g the i n i t i a l p h a s e s of the 
b a t c h f l u o r i n a t i o n s . As shown in F i g u r e 45 , the a m o u n t of u r a n y l f l uo r ide 
f ines in the bed i n c r e a s e d wi th bed d e p t h . The l o w e r r e a c t i v i t y of the 
h y d r o g e n - f i r e d p e l l e t s is e v i d e n t . 

FIGURE 4 5 
EFFECT OF PELLET BED HEIGHT ON FLUORINE EFFICIENCY DURING 

INCOMPLETE FLUORINATION OF URANIUM DIOXIDE PELLETS 
GAS RATE 0 5 c u f t / m i n , PELLET DIAMETER 1/2 in 
INLET FLUORINE CONC 2 0 m/o, COLUMN DIAMETER 3 m 
TEMPERATURE 500 C, FLUID-BED HEIGHT. 12 to 30 in 
PERCENT PELLETS REACTED 32 to 40,NOTE RUN NUMBERS 
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In F i g u r e 46 is shown the effect of t e m p e r a t u r e on f ines 
f o r m a t i o n . M o r e f ines w e r e p r o d u c e d at l ower t e m p e r a t u r e s , i n d i c a t i n g 
a r e l a t i v e l y s t r o n g e r d e p e n d e n c e on t e m p e r a t u r e of the r e a c t i o n of u r a n y l 
f l uo r ide to f o r m u r a n i u m h e x a f l u o r i d e . 

F u r t h e r w o r k i s to be done with d e e p e r b e d s and with the 
h y d r o g e n - f i r e d p e l l e t s . 
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FIGURE 4 6 
EFFECT OF TEMPERATURE ON CONCENTRATION 

ON FINES IN FLUID BED IN 
FLUORINATION OF URANIUM DIOXIDE PELLETS 

COLUMN DIAMETER 3 in 
INLET GAS 0 5cuft/min 

INLET Fg 20 m/o 
1/4-in UOg PELLETS 
FLUID-BED HEIGHT 18-16 in 
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Hea t T r a n s f e r Study in P a c k e d 
F l u i d B e d s 
(C . B a y e n s , * W. Murphy) 

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 app l i ed to u r a n i u m d iox ide pe l l e t 
fuel , a p a c k e d bed of p e l l e t s u n d e r g o e s an 
e x o t h e r m i c r e a c t i o n with f l uo r ine g a s , and 
i n e r t m a t e r i a l f lu id ized in the vo ids of the 
p e l l e t bed is u s e d to a id in hea t r e m o v a l 
and t e m p e r a t u r e c o n t r o l . Hea t t r a n s f e r 
t e s t s on a nnockup s y s t e m a r e be ing m a d e 
to a s s i s t a n a l y s i s of t e m p e r a t u r e c o n t r o l 
in p r o c e s s r u n s . 

400 
TEMPERATURE, C 

In the p r e v i o u s r e p o r t ( see 
A N L - 6 2 3 1 , page 113), v a l u e s of the f i lm 
coeff ic ient h, d e t e r m i n e d as a funct ion of 
gas ve loc i t y , w e r e r e p o r t e d for a s y s t e m 
c o n s i s t i n g o f - j - i n c h d i a m e t e r b y 4 - - i n c h 
long b r a s s p e l l e t s wi th -140 -1-200 m e s h 
c o p p e r shot , u s i n g a i r a s the f lu id iz ing 
gas in a b r a s s c o l u m n of 2 , 88 - inch d i a m ­
e t e r . The coef f ic ien t h w a s m e a s u r e d 
for h e a t t r a n s f e r f r o m p e l l e t - s i z e d h e a t e r s 

to the f lu id ized m a t e r i a l . A v e r a g e r e s u l t s showed t h a t a s the gas v e l o c i t y 
was i n c r e a s e d , the va lue of h r o s e r a p i d l y at i nc ip i en t f lu id iza t ion to a 
va lue approx inna te ly equa l to t ha t for o p e n - t u b e f l u i d i z a t i o n . T h e r e was 
no a p p r e c i a b l e effect of r e l a t i v e p e l l e t - t o - f l u i d i z e d - b e d he igh t , p r o v i d e d 
the h e a t e r s u r f a c e was s u b m e r g e d in the f lu id ized b e d . On the o t h e r hand, 
a p p a r e n t l y r a n d o m v a r i a t i o n s w e r e o b s e r v e d for h for i nd iv idua l h e a t e r s 
in d i f fe ren t p o s i t i o n s . T h e s e v a r i a t i o n s w e r e m o s t p r o n o u n c e d at a gas 
r a t e of about t h r e e t i m e s the m i n i m u m f lu id i za t i on r a t e . A p a r t i a l c o n ­
v e r g e n c e (to wi thin +25 p e r c e n t ) of h - v a l u e s w a s o b s e r v e d at gas r a t e s of 
10 t i m e s m i n i m u m f lu id iza t ion . A v e r a g e v a l u e s of h for t h e s e c a s e s w e r e 
about 60 p e r c e n t of m a x i m u m v a l u e s o b s e r v e d in o p e n - t u b e f l u id i za t ion . 
T h e s e a v e r a g e v a l u e s of h w e r e a l s o about 4 t i m e s t h o s e ob t a ined for low 
gas r a t e s in the s a m e s y s t e m v^ithout f lu id iza t ion , and about 8 t i m e s t h o s e 
ob ta ined for p e l l e t s wi thout f l u id i zab le m a t e r i a l in t h e v o i d s . T h e s e r e s u l t s 
i nd i ca t e s u b s t a n t i a l i m p r o v e m e n t of f i lm coef f i c i en t s by the p r e s e n c e of 
f lu id ized m a t e r i a l in the p e l l e t v o i d s . F u r t h e r s t u d y of ef fects of v a r i a b l e s 
such a s p e l l e t s i z e and p a r t i c l e s i z e of the fluid bed i s c o n t e m p l a t e d . 

In the p r e s e n t p e r i o d , a s e r i e s of t e s t s w a s m a d e of a 
10 - inch bed of -g- inch x g - i n c h b r a s s p e l l e t s wi th a s i ng l e •|--inch d i a m e t e r 
by l y - i n c h long h e a t e r c e n t r a l l y l o c a t e d at the a x i s . C o p p e r sho t , -140 
-1-200 m e s h , was u s e d with a i r a s b e f o r e . The chief p u r p o s e of t h i s s e r i e s 

* C o - o p e r a t i v e s tuden t f r o m the U n i v e r s i t y of D e t r o i t . 



154 

of t e s t s was to ob t a in d a t a on hea t t r a n s f e r f i lm coe f f i c i en t s wi th -g-inch 
p e l l e t s ; Y" inch p e l l e t s had b e e n u s e d p r e v i o u s l y . Bed t e m p e r a t u r e g r a ­
d i en t s w e r e m e a s u r e d by t h r e e v e r t i c a l l y m o v a b l e t h e r m o c o u p l e s l o c a t e d 
a t t h r e e d i f fe ren t r a d i a l p o s i t i o n s : c l o s e to the h e a t e r , o n e - p e l l e t d i s t a n c e 
and t w o - p e l l e t d i s t a n c e f r o m the h e a t e r . The t h e r m o c o u p l e s c o n s i s t e d of 
an u n s h e a t h e d j u n c t i o n t r a v e l l i n g i n s i d e a gu ide we l l of m e t a l s c r e e n 
(16 m e s h ) . P r e s s u r e d r o p s and f i lm coef f i c i en t s in t h e s e t e s t s a r e s u m ­
m a r i z e d in F i g u r e s 47 and 48 , r e s p e c t i v e l y . Al though r e l a t i v e v a l u e s of 
h a r e s i m i l a r to p r e v i o u s o n e s (that i s , about 70 p e r c e n t of the va lue for 
u n h i n d e r e d f lu id i za t ion ) , the a b s o l u t e v a l u e s of h w e r e h i g h e r . T h i s r e s u l t 
is p o s s i b l y due to the d i f f e r en t t e chn ique of t e m p e r a t u r e m e a s u r e m e n t . 
The effect of the m e t a l s c r e e n g u i d e - w e l l a r o u n d the t h e r m o c o u p l e wi l l be 
d e t e r m i n e d to c h e c k t h i s po in t . The do t ted l i ne s in F i g u r e s 47 and 48 a r e 
c o n s t r u c t e d on the b a s i s of s u p e r f i c i a l gas v e l o c i t i e s c o r r e c t e d for the 
r e d u c t i o n in c o l u m n v o l u m e due to the p r e s e n c e of p e l l e t s . Th i s a l lows a 
c l o s e r c o m p a r i s o n wi th o p e n - t u b e f l u id i za t i on . 

FIGURE 4 7 
COMPARISON OF BED PRESSURE DROP FOR HINDERED 

AND UNHINDERED FLUIDIZATION 

STATIC HEIGHT OF COPPER SHOT BED 10 in ( no pellets), 
12 in (with pellets), 
HEIGHT OF 3/8 in x 3/8 in BRASS PELLET BED 10 in 
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FIGURE 4 8 
FILM COEFFICIENT OF A SMALL HEATER IN A 

FLUIDIZED BED AS A FUNCTION OF GAS VELOCITY 

STATIC HEIGHT OF COPPER SHOT BED lOin (no pellets), 
or 12 in ( with pellets) 
HEIGHT OF 3/8 in x 3 /8 in BRASS PELLET BED 10 in 

0 0 4 0 0 6 010 0 2 0 4 0 6 0 8 1 0 2 0 
SUPERFICIAL GAS VELOCITY, f t / sec 

0 4 0 8 12 16 
SUPERFICIAL GAS VELOCITY, f t /sec 

In the above s e r i e s of r u n s , a c o m p l e t e s e t of bed t e m p e r a 
t u r e p r o f i l e s was ob t a ined at t h r e e r a d i a l p o s i t i o n s . Signif icant t e m p e r a ­
t u r e g r a d i e n t s in the bed w e r e o b s e r v e d only for s t a t i c bed c a s e s ; with 
f lu id iza t ion , a z e r o t e m p e r a t u r e g r a d i e n t was o b s e r v e d . H o w e v e r , the 
h e a t flux a s s o c i a t e d with t h e s e g r a d i e n t s was not m e a s u r a b l e in t h e s e 
t e s t s . 
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Another se r i e s of exper iments was per formed to examine 
the radia l t empera tu re gradients developed in a packed-fluidized bed. In 
order to obtain measurab le heat fluxes through the bed, a different heat 
configuration was used. A -g-'i^-ch d iamete r tubular hea ter with an active 
length of 27 inches was axially mounted in the 2.88-inch column with 
water-cooled walls and submerged in the bed to be tes ted . Heated a i r 
was introduced as fluidizing gas and the power of the hea ter was adjusted 
to equalize the t empera tu re of the exit a i r to that of the inlet a i r . Thus 
the ent i re power of the heater (rated at 1500 watts) was conducted through 
the bed to the wall of the column. 

A basel ine run was made with this equipment under 
normal fluidization, that i s , fluidization without fixed packing. The ma te r i a l 
fluidized was 80 percent 60-mesh, 20 percent 80-mesh glass beads , with 
an average d iameter of 0.0110 inch. The minimum fluidization velocity of 
this ma te r i a l was 1.0 f t /sec as de termined by the p r e s s u r e - d r o p curve . 
Tempera tu res at various points were recorded during the r u n s . The bed 
t empera tu re was measured at different elevations by a ver t ica l ly moving 
thermocouple guided by a tubing well of 16 mesh sc reen . The rad ia l pos i ­
tion of the well was halfway between the heater and the wall . A schemat ic 
diagram of the equipment and the r e su l t s obtained in a run at a superf icial 
gas velocity of 1.5 f t / sec is given in F igure 49. 

FIGURE 49 
LONGITUDINAL TEMPERATURE GRADIENT IN A HEATED FLUIDIZED BED 

GLASS BEADS 60 TO 80 MESH 
SUPERFICIAL GAS VELOCITY l.5ft/sec 

X-INDICATES THERMOCOUPLE POSITIONS 

INSULATION 
o 

• -A 
+ -

-BED 
-HEATER 
-WALL 
-GAS 

POROUS METAL 
DISTRIBUTOR PLATE 

40 80 120 
TEMPERATURE,C 

As seen from Figure 49, the bed t empe ra tu r e at the bottom 
was 15 to 20 C below that of the inlet gas and at the top was about 6 C above 
that of the exit gas . The t empera tu re difference between the bed and the 
wall was 45 C at the top and 30 C at 2 inches above the bot tom. Maximum 
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l ong i tud ina l t e m p e r a t u r e d i f f e r e n c e a c r o s s t h e bed was 25 to 30 C . T h e s e 
g r a d i e n t s a r e c o n s i d e r e d to be the r e s u l t of the p a r t i c u l a r p a t t e r n s of 
hea t flow and f l u i d - b e d t u r b u l e n c e r e l a t i v e to the t h e r m o c o u p l e l o c a t i o n s . 
The fact t ha t t he ex i t gas t e m p e r a t u r e is 6 C b e l o w the top bed t e m p e r a ­
t u r e s d o e s not n e c e s s a r i l y i n d i c a t e a t e m p e r a t u r e d i f f e r e n c e of t h a t m a g ­
n i tude b e t w e e n the gas t e m p e r a t u r e and the p a r t i c l e t e m p e r a t u r e a t a 
c o m m o n po in t , s i n c e the gas t e m p e r a t u r e above the bed is l i k e l y to be an 
a v e r a g e va lue for the whole c r o s s s e c t i o n , w h e r e a s the bed t e m p e r a t u r e 
is at a p a r t i c u l a r po in t . The bed i s s u b j e c t to a r a t h e r h igh o v e r a l l r a d i a l 
t e m p e r a t u r e g r a d i e n t : 130 C o v e r t h e 1 .4- inch r a d i u s . 

The a v e r a g e f i lm coe f f i c i en t s ob ta ined for t h e wa l l and 
h e a t e r s u r f a c e c a l c u l a t e d f r o m the above t e m p e r a t u r e s of t h e bed w e r e 

hwa l l - 24 B t u / ( h r ) ( s q ft)(F) 

h h e a t e r = 79 B t u / ( h r ) ( s q f t ) (F) . 

To m a k e m e a s u r e m e n t s of r a d i a l t e m p e r a t u r e g r a d i e n t s 
in a p a c k e d - f l u i d bed , a 12- inch h igh w i r e m e s h b a s k e t con t a in ing p e l l e t s 
was p o s i t i o n e d in the fluid bed 9 i n c h e s above the gas d i s t r i b u t o r p l a t e . 
The b a s k e t w a s the full i n s i d e d i a m e t e r of the c o l u m n and fit c l o s e l y . 
T e m p e r a t u r e s at t h r e e d i f fe ren t p o s i t i o n s a long a r a d i u s w e r e m e a s u r e d 
by t h e r m o c o u p l e s m o u n t e d on a d j a c e n t p e l l e t s . Two s u c h r a d i a l t e m p e r a ­
t u r e d i s t r i b u t i o n s w e r e m e a s u r e d in the pe l l e t bed . A s k e t c h of the c o n ­
f i g u r a t i o n i s g iven in F i g u r e 50. 

"FIGURE 5 0 

HEAT TRANSFER TEST THERMOCOUPLE LOCATIONS IN PACKED FLUID BED 

3/8 in DIA HEATER-

10 in PACK 
OF 3/8 in X 3/8in . 
BRASS PELLETS 
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TO DISTRIBUTOR 
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^—C 
ENLARGED CROSS SECTION OF SPECIAL 

PELLET HOUSING THERMOCOUPLE 

.PELLETS HOUSING 
THERMOCOUPLES 

ENLARGED CROSS SECTION OF PELLET 
CRIMPED ON THERMOCOUPLE 
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The radia l t h e r m a l conductivity of the bed was based on 
the differential equation 

1 A d T , ,., T \ d T 

"1" ^^ dT " ^(^^^^)-dr • 

In integrated form, 

q l n ( r 2 / r i ) 

27rL ATi,2 

heater power 

t h e r m a l conductivity 

c r o s s - s e c t i o n a l a r e a of heat flow 

radius 

t empe ra tu r e 

height of zone. 

Radial d is tances of the th ree the rmocouples as m e a s u r e d from the hea te r 
surface were - j ^ , -f^ and -}|- inch, r e spec t ive ly . Averaged k values ca lcu­
lated in this way for runs to date a r e given in Table 43, together with p e r ­
tinent operat ing conditions. In Run K-1 the two sets of rad ia l t e m p e r a t u r e s 
were m e a s u r e d at two different e leva t ions . In other r uns , they were at the 
same elevation. 

F r o m values of k in Table 43 it appea r s that higher k ' s 
were obtained near the ends of the pellet zone than nea r the cen t e r . Av­
eraged k ' s a r e repor ted for all data in each sepa ra t e s t eady - s t a t e run; 
the maximum range in pa r t i cu la r values of k in all runs was from 4 to 
17 Btu/ (hr ) (sq ft)(F/ft). Fo r compar i son , the t h e r m a l conductivity of 
solid s ta in less s teel (type 304 or 347) is 10. 

Fu r the r exper iments with other pa r t i c l e s i zes a r e planned. 

2. Halogenation of Reac tor Fue l s 
(N. Levitz) 

Reaction of halogen gases with me ta l m a y be used to declad 
power r eac to r fuels, for halogenation of u ran ium dioxide fuel, and for d i rec t 
convers ion of uranium-zirconiunn alloy fuels to solid f luor ides . In connec­
tion with halogenation, an improved design of the off-gas s c rub tower u t i ­
lizing anhydrous ammonia was developed. 

where 

^1,2 

q = 

k = 

A = 

r = 

T = 

L = 



Table 43 

RADIAL HEAT TRANSFER IN A PACKED FLUID BED 

Conditions: 
2.88-inch ID column 
10-inch pellet bed subrnerged in 29-inch fluid bed 
Fluid par t i c les : glass beads 0.0110-inch diameter (avg) 
Superficial gas velocity: 1.5 f t /sec 
Corrected gas velocity:^ 3.6 f t / sec 

Run K-1 

Gas Inlet and Exit Temp, C^ 90 

Total Heater Power, watts 768 

Heater Temp, C 147 

Wall Temp, C 10 to 20 

Thermocouple Position 

Above Bottom of 
Fluid Bed, inch 

Relative to Pellet 
Zone 

Effective Thermal 

Conductivity of Bed 
k avg, 
Btu/(hr)(sq ft)(F/ft) 10.8 

Heater Fi lm Coefficient 

h^ , Btu/(hr)(sq ft)(F) 67 

Wall Fi lm Coefficient, 

hw Btu/(hr)(sqft)(F) 31 

Overall Coefficient, 

U Btu/(hr)(sqft)(F) 4.2 

Max Bed AT observed, C^ 11 

K - 2 

48 

768 

182 

10 to 20 

K - 3 

97 

1836 

247 

10 to 20 

K-4 

97 

1836 

249 

10to20 

K - 5 

51 

768 

147 

l o t o ; 

m 
1 in. 

from top 

H i 
2 i in . 
from 

bottom 

151-

5 in. 
from 

bottom 

14i 
4:|-in. 
from 

bottom 

i H 
4-i-in. 
from 

bottom 

144-

4 i i n . 
from 

bottom 

17.2 

60 

41 

6.3 

7 

4.2 

57 

30 

1.9 

29 /29 ' 

8.6 

110 

41 

3.7 

3 0 / - ^ 

8.0 

107 

36 

3.4 

29/42d 

^Considering volume of pellets 

b 

6.8 

74 

28 

2.9 

25/14C 

Heater power adjusted so exit gas tempera ture equalled the. inlet gas t empera tu re . 

'^Measured at same elevation but at two different radi i . 

Maximum difference between three tempera tures measured at the same elevation 
but at three different radi i . 
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a. Decladding Power Reactor Fuels 
(J. T. Holmes, D. J . Raue) 

Studies of a p r o c e s s for the r e c o v e r y of f iss i le m a t e r i a l s 
from s in tered uranium d ioxide-s ta in less s teel clad fuels a r e in p r o g r e s s . 
The decladding step involving the react ion of chlor ine and s ta in less s teel 
is being studied in a two-zone, 1 7—inch d iame te r fluid-bed r e a c t o r . Ex­
pe r imen t s conducted previously in a hor izonta l tube furnace achieved 
penetrat ion ra t e s of 5.0 and 9.7 m i l s / h r at 570 and 600 C, respec t ive ly , 
using-2--inch segments of •|--inch OD tubing, 50 mi l s thick (see ANL-6231, 
page 56). Tube furnace exper iments on the d i rec t chlor inat ion of s in te red 
uranium dioxide pel lets have been ini t iated. 

(1) P r o c e s s Studies 

The reac t ion of s ta in less s tee l with chlor ine gas was 
studied under fluid-bed conditions and found to p roceed at a sufficient ra te 
to be used as a decladding reac t ion . Other halogenating agents t r i ed did 
not give high enough react ion r a t e s to be cons idered fur ther . 

A co r ros ion study indicated that nickel or Inconel 
could be used as the m a t e r i a l of const ruct ion for the chlor inat ion r eac t i ons . 

The reac t ion of u ran ium dioxide with chlor ine and 
carbon te t rach lor ide was found to proceed fast enough to suggest that a 
chlorination and hydrofluorination followed by f luorinat ion in a two-zone 
fluid-bed reac to r could be used as a method for p roces s ing uraniunn d i ­
oxide fuels. This p rocedure would r e su l t in low fluorination cos t s , since 
hydrogen fluoride would be used as the ini t ia l f luorinating agent . 

The reac t ion of anhydrous ammonia with chlor ine and 
hydrogen fluoride followed by water scrubbing is being used for the d isposa l 
of the waste gases as an a l t e rna te to a r ec i r cu la t ing caust ic s c rub tower . 

Stainless Steel Decladding React ions 

The reac t ion of s ta in less s tee l with chlor ine gas is 
being studied in the lower zone of a l-|--inch d i a m e t e r , two-zone , fluidized-
bed r e a c t o r . The lower zone is 17 inches long and is s epa ra t ed from the 
11-inch long upper zone by an inver ted conical baffle. The baffle p reven ts 
back-mixing of gases from the upper zone where anhydrous hydrogen flu­
oride is admit ted. One half- inch segments of •f'-inch d i ame te r 304 s ta in­
l e s s s tee l tubing were used as t e s t spec imens . The volat i le and solid 
chlor ides formed in the lower zone a r e conver ted to solid f luorides in the 
upper zone by the anhydrous hydrogen f luor ide . The reac t ion r a t e s were 
calculated from the weight loss of the s ta in less s tee l tube s e g m e n t s . A 
react ion ra te of 5 to 10 m i l s / h r would be sufficient for decladding typical 
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s ta in less s tee l fuels now in use : The N. S. Savannah fuel has 32-mil 
304 cladding on uran ium dioxide pe l le t s , and the A P P R - 1 and - l A and the 
OMRE a r e using 5-mil 304 cladding over c e r m e t - t y p e fuels.^^^ xhe r e ­
sults of four two-zone fluid-bed exper iments a r e shown in Table 44. The 
react ion r a t e s a r e s l ightly higher than those m e a s u r e d in the one- inch 
d iamete r hor izonta l tube r e a c t o r exper iments - 6.0 as opposed to 5.0 m i l s / 
hr at 570 C and 9.7 as opposed to 10.6 m i l s / h r achieved at t e m p e r a t u r e s 
near 600 C (see ANL-6231, page 124). The lower r a t e s were thought to be 
caused by the sma l l e r gas contact a r e a resu l t ing from res t ing the coupon 
on i ts side in the tube r e a c t o r . 

Table 44 

FLUID-BED REACTION OF 304 STAINLESS STEEL 
AND CHLORINE 

Inlet superf ic ia l gas velocity: 0.4 f t / s ec 

Average flow r a t e s : 8.3 to 9.3 m o l e s / h r chlor ine (lower zone) 
5 to 6,6 m o l e s / h r hydrogen fluoride (admitted 
in upper zone) 

Lower Bed 
T e m p e r a t u r e 

(C) 

570 

575 

578 

590 

Run 
Time 
(min) 

180 

58 

48 

65 

Reaction Rate -
Pene t ra t ion^ 

( m i l s / h r ) 

6.0 

9.0 

10.2 

10.6 

Pe rcen t of 
Spi ecimen 
Reacted 

75 

30 

30 

48 

^Based on the ini t ial surface a r e a and weight 
loss of p e l l e t s . 

The decladding opera t ion will be studied fur ther in 
a s ix- inch d i a m e t e r , two-zone, fluid-bed r e a c t o r on bundles of 304 s ta in ­
l e s s s tee l tubing. Alundum will be used as the ini t ial ine r t f luid-bed 
m a t e r i a l . 

The reac t ion ra t e of chlor ine with a 304 s t a in less 
s tee l coupon, which had been autoclaved in deminera l i zed water (to s i m u ­
late r e a c t o r conditions) at 600 ps i and 252 C for 6.5 days , was found to be 
the s ame as for the "as r ece ived" coupons. Oxidation due to r eac to r atmos• 
phe res does not appear to slow the chlor inat ion r eac t ion . 

Data Manual, Nucleonics , 18, 148 (November I960). 
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The reac t ion of an equimolar mix tu re of chlorine and 
carbon te t rach lor ide with 304 s ta in less s teel was found to be slightly slower 
than the react ion with pure chlor ine . The reac t ion r a t e s obtained fronn the 
one-inch tube furnace exper iments were 7.3 and 3.4 m i l s / h r at 600 C and 
577 C, respect ively , compared to about 9.0 and 5.5 m i l s / h r using pure 
chlorine at these t e m p e r a t u r e s . 

The co r ros ion of s ta in less s teel by a carbon 
t e t rach lo r ide -wate r vapor mixture"*^ and bromine"^^ has been repor ted , 
but exper iments conducted in the one- inch tube r eac to r with these reagents 
gave too low a rate to m e r i t fur ther invest igat ion (see Table 45). 

Table 45 

REACTION OF 304 STAINLESS STEEL WITH BROMINE 
AND CARBON TETRACHLORIDE 

Gas Composit ion 

31% Br2, 69% N2 

33% Br2, 67% N2 

33% CCI4, 67% N2 

31% CCI4, 18% H2O, 51% N2 

Total 
Flow Rate 
(nnoles/hr) 

2.9 

3.0 

3.0 

3.9 

T e m p e r a t u r e 

(c) 

490 to 495 

600 to 605 

545 to 550 

540 to 550 

Reaction 
Rate 

(mi l /h r ) 

0.05 

0.80 

0.18 

0.02 

(2) Cor ros ion of Construct ion Mate r i a l s 

The one- inch horizontal tube r e a c t o r was used to 
study the cor ros ion ra t e s of nickel and Inconel in chlor ine gas above 500 C. 
These two ma te r i a l s have a lmos t identical c o r r o s i o n p r o p e r t i e s as shown 
on Figure 51 . The data a r e p re sen ted with those of Tseitlin'^3 and Brown.^^ 
A value of 12 m i l s / m o was obtained for Haste l loy-C in chlorine at 6OO C 
as compared with about 20 m i l s / m o for nickel and Inconel. The length of 
exper iments var ied from 2 to 19 hours and the flow ra t e s of chlorine and 
nitrogen were both 2.0 m o l e s / h r . 

•^^Gladis, G. P . , Chem. Eng. P rog . 56 No. 10, 43 ( i960) . 

4 2 p e r r y , J . H., Chemical Engineers Handbook, 3rd ed., McGraw-Hil l 
Book Co., Inc. , New York, N. Y. (1950), p . 1475. 

43Tsei t l in , Kh. L. , J . Appl. Chem. (USSR), 27, 887 (1945). 

44Brown, M. H., DeLong, W. B. , and Auld, J . R., Ind. Eng. Chem., 
39, 839 (1947). 
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FIGURE 51 
CORROSION OF NICKEL AND INCONEL BY CHLORINE 

(Tube-Furnace Experiments) 
Duration - 2 to 19 hr 

600 550 600 650 
TEIl/IPERATURE,C 

The cor ros ion ra te of nickel , Inconel and other 
ma te r i a l s will be nneasured under fluid-bed condit ions. 

b . Halogenation of Uranium Dioxide Fuel 

A s e r i e s of exper iments was made in the one-inch tube 
furnace reac tor to de te rmine the effect of the decladding agent, chlor ine, 
on uranium dioxide and to invest igate the possibi l i ty of complete chlor in­
ation of uranium dioxide fuels by react ion with carbon te t rach lor ide or a 
mix ture of chlorine and carbon t e t r ach lo r ide . The uranium dioxide used 
for this study was in the form of -|--inch long by -^- inch d iamete r pel le ts 
made by Mallinckrodt Nuclear Corporat ion. The dioxide powder was 
originally p repared in the fluid-bed p roces s for converting uranium hexa­
fluoride to uranium dioxide (see page 166). Pe l le t s were formed at p r e s s 
ing p r e s s u r e s ranging from 50 to 90 ts i and they were fired for 8.0 hours 
at 1650 C, resul t ing in theore t ica l densi t ies near 95 percen t . 

The resu l t s a re repor ted as reac t ion r a t e s based on 
weight changes of the pel lets and the initial surface a r e a . The flow ra t e s 
of all reagents were 1.8 m o l e s / h r . The run t imes were 2.0, 1.5 and 
1.0 hours for exper iments conducted at 500, 550 and 600 C, respect ive ly . 

The ra tes of pellet degradation were 370 to 780 m g / ( s q 
cm)(hr) for the ch lor ine-carbon te t rach lor ide mix tu re and 94 to 720 nng/ 
(sq cm)(hr) for carbon te t rach lor ide alone for this t empe ra tu r e range . 
The ra t e s a re s imi la r in magnitude to those previously repor ted for the 
f luor ine-uranium dioxide react ion (see ANL-6183, page 98). The r ema in ­
ing unreacted pel lets were free of any sca le , indicating that volati le 
species a re probably formed, even at 500 C. 

Exper iments at 500 and 550 C with chlorine alone gave 
slight weight gains, one and th ree percent , respect ive ly , whereas at a 
t empera tu re of 600 C a weight loss [~200 m g / ( s q cm)(hr)] was observed. 
These data suggest nonvolatile chlorides fornn at the lower t e m p e r a t u r e , 
and volatile species probably form at the higher t e m p e r a t u r e . The data 
a re shown in Figure 52, 
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FIGURE52 The chlorination results merit 
CHLORINATION OF URANIUM DIOXIDE PELLETS . , , . ^ ^^ , , , -, . 

consideration of the complete chlorina­
tion of uranium dioxide as a means of 
reprocessing this type of fuel. The ap­
parent advantage over direct fluorina­
tion of uranium dioxide with fluorine is 
the lower fluorination cost obtainable 
with hydrogen fluoride as the initial 
fluorinating agent as carried out in the 
upper zone of a two-zone reactor. Also, 
appreciably less heat is generated in 
the chlorination reactions, making the 
heat removal problem less severe. 

Complete uranium recovery would require the use of fluorine to oxidize 
the lower fluorides to uranium hexafluoride. The separation of uranium 
and plutonium would probably be carried out in a manner similar to that 
used in the Direct Fluorination Process (see page 147). 

D 1/2 Cl2, 1/2 N j 

/ i 1/3 Cl2,l/3 CCl4,l/3 N j 

550 
TEMPERATURE, C 

c. Direct Conversion of Uranium-Zirconium Alloy Fuels to 
Solid Fluorides 

Work continued in a two-zone fluid-bed reactor on the 
first step of a Direct Fluorination Process for the recovery of uranium 
from low uranium-Zircaloy alloy plate-type fuels. The scheme is also 
applicable to Zircaloy or stainless steel-clad uranium dioxide fuel. In 
previous work, the metal, submerged in an inert bed, was reacted with 
hydrogen chloride in the lower zone. The resulting chlorides reacted 
with hydrogen fluoride in the upper zone, resulting in complete trapping 
of the volatile materials (primarily zirconium tetrachloride). The rate 
of dissolution was about 10 to 15 percent/hr of a 2-kg charge of 
two weight percent uranium-Zircaloy alloy at temperatures between 360 
and 400 C and inlet hydrogen chloride concentrations of 60 to 90 percent 
in nitrogen (see ANL-6231, page 118). 

Chlorination-Hydrofluorination Studies in a Two-zone 
Reactor 

Work on the two-reaction zone scheme for processing low 
uranium-Zircaloy alloy fuels was continued in the six-inch diameter fluid-
bed reactor. The initial step involving conversion of the metal to the 
chloride is carried out in the lower zone of the fluidized bed at tempera­
tures above the sublimation point of the zirconium tetrachloride (331 C), 
thus forming a volatile component of the bulk constituent. In the upper 
zone, separated from the lower zone by a conical baffle, hydrogen fluoride 
is admitted to react with the volatile zirconium tetrachloride forming the 
solid tetrafluoride. The uranium is also converted to the tetrafluoride in 
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t h i s s t e p . Since c h l o r i n e is l e s s e x p e n s i v e t h a n h y d r o g e n c h l o r i d e (used 
p r e v i o u s l y ) and m a y r e a c t to f o r m a v o l a t i l e u r a n i u m c h l o r i d e , a s e r i e s of 
t h r e e r u n s was m a d e to a s c e r t a i n i t s a p p l i c a b i l i t y to the p r o c e s s s c h e m e . 

A p p r o x i m a t e l y t h r e e k i l o g r a m s of m e t a l c o n s i s t i n g of 
s e v e r a l p l a t e s of f ive weight p e r c e n t u r a n i u m - Z i r c a l o y - 2 a l loy w e r e r e ­
ac t ed in d i lu te c h l o r i n e at bed t e m p e r a t u r e s r a n g i n g f r o m 350 to 400 C. 
The p l a t e s w e r e s u b m e r g e d in a bed of -40 +200 m e s h a lundum ( a b r a s i v e 
g r a i n a l u m i n u m o x i d e ) . Alundum h a s b e e n found to be n o n r e a c t i v e in f lu­
o r i n e up to t e m p e r a t u r e s of 625 C, so no d i f f i cu l t i e s d u r i n g the s u b s e q u e n t 
f l uo r ina t ion s t e p w e r e e x p e c t e d . M i x t u r e s of c h l o r i n e and n i t r o g e n c o n ­
ta in ing f r o m 10 to 25 v o l u m e p e r c e n t c h l o r i n e w e r e u s e d as the p r i m a r y 
r e a c t a n t . H y d r o g e n f l u o r i d e , t he s e c o n d a r y r e a c t a n t , was a d m i t t e d in t h e 
u p p e r zone in a m o l e r a t i o of a p p r o x i m a t e l y two m o l e s of f l u o r i d e p e r 
m o l e of c h l o r i n e g a s . The in le t s u p e r f i c i a l gas v e l o c i t y in t h e l o w e r zone 
w^as 0.5 f t / s e c . T h r e e r u n s w e r e m a d e in s e q u e n c e , u s ing the f ina l bed 
con ta in ing the r e s i d u a l u n r e a c t e d m e t a l a s the s t a r t i n g m a t e r i a l for the 
s u b s e q u e n t r u n . 

R e s u l t s (Tab le 46) showed tha t a p p r e c i a b l y h i g h e r r a t e s 
of a t t a c k w e r e a c h i e v e d with c h l o r i n e as the p r i m a r y gas t han with h y d r o ­
gen c h l o r i d e : 274 to 417 g / h r of m e t a l r e a c t e d a s oppos ed to a m a x i m u n n 
r a t e of 300 g / h r for h y d r o g e n c h l o r i d e . C h l o r i n e a p p e a r s to be a m u c h 
m o r e effect ive r e a c t a n t , s i n c e m u c h l o w e r c o n c e n t r a t i o n s w e r e u s e d . 
P h y s i c a l e x a m i n a t i o n of the m e t a l s p e c i m e n b e t w e e n c h l o r i n a t i o n r u n s 
showed s e v e r e s c o r i n g of the m e t a l in c o n t r a s t to the s m o o t h s u r f a c e o b ­
s e r v e d d u r i n g h y d r o c h l o r i n a t i o n . 

Table 46 

SUMMARY OF CHLORINATION-HYDROFLUORINATION 
RUNS - TWO-ZONE PROCESS 

Equipment: 6-inch diameter Inconel reac tor 
Specimen: 5 w/o Uranium-Zircaloy-2 plates (unclad) 
Bed: 21 ki lograms type 38 Alundum Grain (Norton Co.) 
Baffle: Stainless steel cone with ly - inch diameter opening 
Inlet Superficial Gas Velocity: 0.50 f t /sec 
Hydrogen Fluoride Rate: 1.1 scfm 

Run 
Number 

ZHF-26 

ZHF-27 

ZHF-28 

Bed 
Tempera ture 

(c) 

350 to 400 

400 

395 

Chlorine 
Concentration 

in Nitrogen 
(v/o) 

10 to 20 

10 to 25 

15 to 20 

Run 
Duration 

(hr) 

2.0 

3.9 

1.8 

Fuel El( 

Initial 
(g) 

2,965 

2,245 

662 

ament Wt 

Final 
(g) 

2,245 

662 

169 

Grams 
of Alloy 
Reacted 

Per Hour 

360 

417 

274 
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At chlorine concentra t ions above 15 percent , sufficient 
heat of react ion was l iberated to allow a cons iderable reduction in the co l ­
umn heat input and st i l l maintain a bed t e m p e r a t u r e of 400 C. At higher 
chlorine concentrat ions (to 25 pe rcen t ) , some bed caking was evident in 
the vicinity of the meta l p la t e s . This indicates that operat ion with chlor ine 
concentrat ions above 25 percent may r e q u i r e some equipment modif ica­
tions to pe rmi t a g r ea t e r ra te of heat r emova l . 

Resul ts of X - r a y s p e c t r a l ana lyses and mic roscop ic 
examination of separa te size f ract ions of final bed samples showed that 
the zirconium and uranium fluorides were deposited as a coating of uni ­
form thickness on the alundum bed p a r t i c l e s , as they were prev ious ly 
during the exper iments with hydrogen chloride and the calcium fluoride 
bed (see ANL-6231, page 121), No z i rconium has been detected in the off-
gas scrub s t r e a m s , indicating the two-zone scheme to be of high efficiency 
for t rapping volatile m a t e r i a l s . This type of r eac to r may have a wide­
spread applicabil i ty. 

d. Waste Gas Disposal 

Severe cor ros ion by the ch lor ide-hydrogen fluoride off-gas 
s t r e a m in the nickel sc rub- tower used in conjunction with the 1.5-inch 
d iameter fluid-bed reac to r resu l ted in repea ted plugging of the s y s t e m . The 
unit was three inches in d iamete r and th ree feet t a l l . Twenty five pe rcen t 
potass ium hydroxide solution was c i rcu la ted through the column; n e v e r t h e ­
l e s s , co r ros ive conditions existed, poss ib ly due to hypochlori te (oxidizing 
agent) format ion. 

Tes t s were made with t h r e e solid absorbents in an a t tempt 
to el iminate liquid cor ros ion and plugging p r o b l e m s . Activated a lumina 
and l imestone were both ineffective in absorbing chlor ine , Asca r i t e ( so­
dium hydroxide on asbestos) was found to be v e r y efficient, but it formed 
a hard cake which could not be removed from the t r a p , thus making i ts use 
imprac t i ca l . 

The react ion of chlor ine and hydrogen fluoride w^ith 
anhydrous ammonia in the gas phase was found to be an effective method 
for safe disposal of these g a s e s . Solid ammonium fluoride and ammonium 
chloride a re formed. A th ree - inch by three- foot long g lass sc rub column 
was constructed to study this r eac t ion . The off-gas was introduced at the 
bottom of the column through the annular space of a two-fluid nozzle of the 
type used for the ADF work (see ANL-6068, page 94). The ammonia was 
introduced through the center tube of the nozz le . A free space of about 
15 inches, below the —-inch carbon ra sch ig r ing packing which fills the 
upper pa r t of the column, allowed sufficient t ime for the gas phase r e a c ­
tion to take p lace . Water was sp rayed into the top of the column as the 
sc rub solution. The solid ammonium chlor ide and fluoride a r e v e r y s o l ­
uble in water and were easi ly scrubbed from the gas s t r e a m . It was 
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found that submerging the gas-mixing nozzle under about "z" inch of water 
el iminated the buildup of solids on the nozzle face. An excess of about 
25 percent ammonia was sufficient to keep the aqueous solution bas ic and 
to reac t completely with chlorine and hydrogen fluoride with maximum 
off-gas flow r a t e s from the 1,5-inch fluid-bed systein (12 m o l e / h r chlorine 
and 10 m o l e / h r hydrogen fluoride combined flow). The water flow ra te 
was 5 to 10 g a l / h r . 

C. Conversion of Uranium Hexafluoride to Uraniunn Dioxide 
(l, Knudsen, H. Hootman,* N. Levitz, M, Jones , J . Kincinas) 

The fluid-bed p r o c e s s for the p repara t ion of c e r a m i c - g r a d e 
uran ium dioxide from uraniunn hexafluoride is being studied for application 
to the production of nuclear fuel. Uranium hexafluoride is r eac ted with 
s team to form uranyl fluoride which i s then reduced to u ran ium dioxide 
with hydrogen. High s in tered dens i t ies have been obtained in pel let f ab r i ­
cation t e s t s per formed on powder made in previous exper iments (ANL-6183, 
page 122, and ANL-6231, page 134). The reac t ions have been c a r r i e d out 
s imul taneously in a single r eac to r and in separa te s t eps ; convers ion to 
solids is about 99.99 percent comple te . The newly formed m a t e r i a l depos ­
its as a dense coating on the pa r t i c l e s in the bed. Work is being concen­
t ra ted on the two-s tep procedure because of g rea t e r flexibility in choice 
of r eac to r conditions and p r o c e s s cont ro l . 

1. Steam Hydrolysis of Uranium Hexafluoride 

Several uranium hexafluoride hydrolys is runs have been made 
previous ly at r a t e s up to 205 lb u r an ium/ (h r ) ( sq ft r eac to r c r o s s section) 
for per iods of Z-j- hours in the t h r e e - i n c h d iamete r Monel r e a c t o r (see 
ANL-6183, page 119). Continuous operat ion for longer per iods of t ime 
r e q u i r e s seed par t ic le recycle to offset n o r m a l par t i c le growth. However, 
excess ive addition of seed pa r t i c l e s m a y inc rease the superf ic ia l veloci ty 
to min imum bed fluidizing velocity ra t io above the l imit beyond which fines 
have consis tent ly been formed (see ANL-6145, page 127). About twenty-
five hours of running t ime have been accumulated in a recent s e r i e s of 
exper imen t s , but each run was in te r rup ted by the sudden format ion of f ines . 
The longest successful per iod was about four h o u r s . Run conditions were 
held constant at 100 g /min uran ium hexafluoride [174 lb u r a n i u m / ( h r ) (sq 
ft r eac to r c r o s s sect ion)] , 250 pe rcen t s t eam exces s , 200 C r eac to r t e m ­
p e r a t u r e , 0.75 f t / s ec s team superf ic ia l velocity, and 18-inch bed height. 
Feed r a t e of the seed p a r t i c l e s , a -60 +200 m e s h fraction, was var ied 
from about 6 to 25 g /min; average bed par t i c le s ize was 300 to 350 m i c r o n s . 
Column opera t ion was good except for pa r t i c le size cont ro l . In view of 
these difficulties, a p r o g r a m has been init iated s tar t ing with shor t runs and 
gradual ly increas ing the run durat ion in an at tempt to isola te the fac tors 
causing the upse t s , 

*Resident Student Associa te from Michigan College of Mining and 
Technology, 



2, Reduction of Uranyl F luor ide 

The advantages of a two-s tep operat ion in the reduct ion of 
uranium hexafluoride to u ran ium dioxide a re cons idered to be higher 
throughput and g rea t e r flexibili ty in the opera t ional p a r a m e t e r s of the 
p r o c e s s . However, the second s tep , the reduction of uranyl f luoride to 
uranium dioxide, has been found to be the r a t e -con t ro l l ing reac t ion of 
the p r o c e s s . Therefore , effort is being expended in the study of this r e ­
action. Previous work (see ANL-6183, page 120) indicated that the r e ­
action is highly t e m p e r a t u r e dependent . 

Design and const ruct ion of a second t h r e e - i n c h Monel r eac to r 
was completed in o rde r to faci l i ta te additional p i lo t -plant s tud ies . This 
r eac to r will be used for the reduct ion of uranyl fluoride in a two-s tep 
p r o c e s s , or it may be used for addit ional fluoride r emova l in a one - s t ep 
p r o c e s s . The r e a c t o r (of t h r e e - i n c h d iamete r and 30 inches long) has 
been built to accommodate each of the th ree p r o c e s s options; fluid-, 
s t a t i c - , or moving-bed e x p e r i m e n t s . Cooling coils and h e a t e r s cover 
the full length of the r e a c t o r for s t a t i c - and moving-bed opera t ion . The 
sys tem offers rapid heatup t ime and good t e m p e r a t u r e cont ro l . Screw 
feeders will be used to in se r t feed and to withdraw product during con­
tinuous operat ion. Four h i g h - p r e s s u r e ni t rogen inle ts have been ins ta l led 
along the length of the r eac to r to b r e a k up sol ids held up in the moving 
bed option. Sintered Monel bayonet f i l ters with automat ic blowback were 
instal led to reduce solids l o s s . A sp ray con tac t - abso rbe r is used to r e ­
move the hydrogen fluoride from the off-gas . P rov i s ion has a lso been 
made for addition of s team to the reac tan t gas s t r e a m . 

At the p re sen t t i m e , batch fluid-bed opera t ion is being used . 
Runs were made at 600 and 650 C with 100 pe rcen t hydrogen on uranyl 
fluoride feed m a t e r i a l which was produced at 200 C. P r e l i m i n a r y r e su l t s 
indicate that a mix ture of s t eam and hydrogen m a r k e d l y i n c r e a s e s the 
conversion ra te over that achieved with hydrogen a lone. Thermoba lance 
s tudies using hydrogen alone at 600 C achieved about 97 percen t convers ion 
in 85 minu tes , 



III. REACTOR SAFETY 

The oxidation, ignition, and combustion p r o c e s s e s of u ran ium, z i r ­
conium, and plutonium a r e being studied to provide infornnation to aid in 
minimizing the haza rds assoc ia ted with handling these m e t a l s . 

Studies of the ignition of u ran ium powders by the burning curve 
method are continuing. Resul ts have shown that an i nc rease in heating 
ra te caused an inc rease in ignition t e m p e r a t u r e for a -80 +100 m e s h 
(d = 149 microns) powder. An inc reased heating r a t e , however , dec rea sed 
the c r i t i ca l height of powder r equ i red to yield a constant ignition t e m p e r a ­
t u r e . The cr i t ica l height was shown previous ly to be nea r ly independent of 
container d iameter . The effects of heating ra te were shown to be consis tent 
with the F rank-Kamene t sk i i theory of t he rma l explosions and the Murray , 
Buddery and Taylor ignition equation. Both t r ea tmen t s apply when a l inear 
oxidation ra te law p r e v a i l s . 

The effect of p re -ox ida t ion on the ignition t e m p e r a t u r e of a 
-140 +170 mesh (d = 88 mic rons ) u ran ium powder was invest igated. The 
ignition t empera tu re d e c r e a s e d as much as 25 C when the surface of the 
pa r t i c l e s appeared to be fully covered by oxide nodules (20 pe rcen t r e ­
action). F u r t h e r p re -ox ida t ion caused the ignition t e m p e r a t u r e to i nc rea se . 

Ignition t e m p e r a t u r e s of u ran ium and u ran ium carbide powders 
were m e a s u r e d in a i r and compared to values obtained in pure oxygen. Ig­
nition t e m p e r a t u r e s of both nnater ials in a i r were within 20 C of those in 
oxygen. 

Studies of the ra te of burning propagat ion along uran ium and z i r ­
conium foil s t r ips is continuing. Propagat ion r a t e s did not i nc rease s ig ­
nificantly with u ran ium when the ambient a i r t e m p e r a t u r e was i nc reased to 
300 C. Propagat ion r a t e s i nc reased about 40 pe rcen t at mos t in exper iments 
with z i rconium when the ambient a i r t e m p e r a t u r e was inc reased to 400 C. 

Prev ious work has shown that the p r e s e n c e of ce r ta in halogenated 
hydrocarbons in air d e c r e a s e s the burning propagation, ra te along meta l 
foils. An investigation into the causes of the dec reased r a t e s was initiated. 
Studies of the cooling of a heated plat inum foil by var ious mix tu re s of 
t r i f luorobromomethane and dichlorodif luoromethane with a i r and argon in­
dicated that i nc reased heat removal was not respons ib le for the dec rea sed 
burning r a t e s . 

The exper imenta l p r o g r a m to de termine r a t e s of react ion of mol ten 
reac to r fuel and cladding me ta l s with water is continuing. The pr inc ipa l 
l a b o r a t o r y - s c a l e method involves the rapid melt ing and d i spers ion of metal 
wi res in a water environment by a surge cu r r en t f rom a bank of condense r s . 



169 

A new h i g h - p r e s s u r e apparatus was desc r ibed in the prev ious qua r t e r ly 
(see ANL-6231, page 155). The s e r i e s of runs with 60-mi l z i rconium wires 
at p r e s s u r e s up to 1500 ps i is continuing. More extensive and m o r e rapid 
react ion was repor ted in the previous qua r t e r ly for runs in heated water . 
This t rend was found to continue to higher meta l t e m p e r a t u r e s . Up to 
90 percent react ion occur red at an init ial meta l t e m p e r a t u r e of 2200 C. 

A se r i e s of equations was der ived to descr ibe the behavior of heated 
metal spheres in a water environment . The derivat ions were s imi l a r to 
those repor ted in a previous qua r t e r ly (see ANL~6029, page 126), with the 
addition of equations to desc r ibe the gaseous diffusion p r o c e s s whereby 
water vapor diffuses through the hydrogen mant le surrounding reac t ing 
pa r t i c l e s . P r e l i m i n a r y r e su l t s of s tudies on the analog computer have led 
to a reasonable in terpre ta t ion of the unusual p r e s s u r e effect. 

A second l abo ra to ry - sca l e method involves the rapid contact of 
s team with heated meta l . In th is method, the metal r ece ives a " p r e s s u r e 
pulse" of water vapor. A new appara tus was cons t ruc ted which is ent i re ly 
enclosed in a box heated to 105 C. Runs with one a tmosphere of water 
vapor react ing with molten a luminum at 1000 C a re repor ted . P r e l i m i n a r y 
r e su l t s indicate that the oxide film is very protect ive at these t e m p e r a t u r e s . 

A s e r i e s of me ta l -wa te r t r ans ien t i r r ad ia t ion exper imen t s in TREAT 
was made with uranium wires for which the ra te of energy input was p r o ­
gress ive ly changed. Ninety- three pe rcen t enr iched u ran ium wi re s with 
d iamete r s of 34 and 64 mi l s were used. Observat ion of the u ran ium after 
the reac tor bu r s t s indicated that , with an average energy of 44 megawat t -
seconds (216 ca lor ies per g r am uran ium) , a r eac to r per iod of 515 mi l l i ­
seconds did not mel t the u ran ium. Reactor per iods of 304 mi l l i seconds or 
l e s s resu l ted in melt ing of the w i r e s . The uran ium at ta ined t e m p e r a t u r e s 
of about 1500 C and the p r o c e s s was accompanied by the extensive fornna­
tion of pa r t i c l e s . One run with a bundle of th ree u ran ium w i r e s , r esu l ted 
in 12.9 percent react ion, accompanied by the fusing together of the th ree 
wi res with the production of some fine p a r t i c l e s . A plot of the amount of 
u ran ium-wate r react ion ve r sus the r e a c t o r per iod indicated that the extent 
of react ion dec reased as the pe r iod inc reased . 

Pa r t i c l e size m e a s u r e m e n t s were made on u ran ium wire which had 
been mel ted and d i spersed under water by the TREAT reac to r b u r s t s . The 
pa r t i c l e s of mos t frequent occu r rence had d i ame te r s in the range 2 to 
16 mi l s ; this is to be compared with the or iginal d iamete r of 64 m i l s . How­
ever , the p resence of l a r g e r globules r e su l t ed in Sauter mean d i ame te r s 
(see Table 56 for definition) ranging from 17 to 78 m i l s . A cor re la t ion was 
observed between the extent of u r a n i u m - w a t e r reac t ion and the change in 
specific surface a rea ; as the ra t io of final a r e a to initial a r e a inc reased 
from 1.0 to 5.4, the percent of m e t a l - w a t e r react ion i nc r ea sed f rom 0.4 to 
17.2 percen t . 
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A. M e t a l Ox ida t ion and Igni t ion K i n e t i c s 
(L. B a k e r ) 

1. Igni t ion S tud ies of U r a n i u m P o w d e r by the B u r n i n g C u r v e 
Method 
(M. T e t e n b a u m , R. W a g n e r , and L . W. M i s h l e r ) 

The b u r n i n g c u r v e p r o c e d u r e h a s b e e n u s e d e x t e n s i v e l y to p r o ­
vide r e p r o d u c i b l e da ta on the ign i t ion c h a r a c t e r i s t i c s of u r a n i u m . M a s s i v e 
b l o c k s , w i r e s , f o i l s , and p o w d e r s c o n t a i n e d in c r u c i b l e s have b e e n s tud ied . 
The s a m p l e , m o u n t e d on a t h e r m o c o u p l e , i s h e a t e d at a u n i f o r m r a t e 
(usua l ly 10 deg p e r m i n ) in a flowing ox id iz ing a t n n o s p h e r e . As the r a t e of 
r e a c t i o n i n c r e a s e s , t he s a m p l e s e l f - h e a t s and f ina l ly i g n i t e s . A g r a p h i c a l 
i n t e r s e c t i o n nnethod i s u s e d to d e t e r m i n e ign i t ion t e m p e r a t u r e . The dif­
f e r e n c e b e t w e e n f u r n a c e and s a m p l e t e n n p e r a t u r e g ives an i n d i c a t i o n of the 
r a t e of r e a c t i o n o v e r a wide t e m p e r a t u r e r a n g e . The b u r n i n g c u r v e m e t h o d 
h a s b e e n u s e d to define the ef fec ts of v a r i e d spec i f i c a r e a and s a m p l e 
g e o m e t r y on ign i t ion t e m p e r a t u r e s of u r a n i u m p o w d e r ( see A N L - 6 1 8 3 , 
page 130 and A N L - 6 2 3 1 , page 138). 

a. Effect of Hea t ing R a t e on Ign i t ion T e m p e r a t u r e 

The effect of h e a t i n g r a t e on the ign i t ion t e m p e r a t u r e of 
u r a n i u m p o w d e r in oxygen was i n v e s t i g a t e d d u r i n g th i s q u a r t e r . The r e ­
su l t s a r e shown in F i g u r e 53 . It i s s e e n f r o m F i g u r e 53 tha t ign i t ion 
t e m p e r a t u r e i n c r e a s e s with h e a t i n g r a t e , c o n f i r m i n g p r e v i o u s o b s e r v a t i o n s 
ob ta ined with 8 . 5 - m m u r a n i u m c u b e s ( see A N L - 5 9 7 4 , page 15). The i g n i ­
t ion t e m p e r a t u r e v a l u e s ob t a ined wi th -80 +100 m e s h s p h e r i c a l u r a n i u m 
a r e 235, 245, 270, and 285 C for h e a t i n g r a t e s of a p p r o x i m a t e l y 3, 6, 18, 
and 38 C p e r m i n u t e , r e s p e c t i v e l y . It is i m p o r t a n t , t h e r e f o r e , w h e n c o m ­
p a r i n g ign i t ion t e m p e r a t u r e s , to m a k e s u r e t ha t c o m p a r i s o n s a r e m a d e 
u n d e r s i m i l a r hea t i ng r a t e c o n d i t i o n s . 

FIGURE 53 

EFFECT OF HEATING RATE ON IGNITION TEMPERATURE OF -80+100 MESH 

SPHERICAL URANIUM POWDER 

O EXPERIMENTAL DATA 

• CALCULATED USING CRITICAL HEIGHT VALUES AND 
FRANK-KAMENETSKII THEORY 

CALCULATED USING EQUATIONS OF MURRAY, BUDDERY AND TAYLOR; 
AT • 50 C 

0 5 10 15 20 25 30 35 40 45 
HEATING RATE, C/ttiin 

3 0 0 

o 
^' 280 

I 260 
UJ 

1 240 
1 -

IG
N

IT
IO

N
 

ro
 r

o
 

o
 

ro
 

o
 

o
 

180 

-

-

— 

— 



171 

It is in teres t ing that F a s s e l et a l . in the i r s tudies on the ignition of m a g ­
nesium and magnes ium alloys c la im that ignition t e m p e r a t u r e is not influ­
enced by ra te of heating. On the other hand, Anderson and Belz"*" in the i r 
combustion studies with z i rconium powder find a l inear i nc r ea se of ignition 
t empera tu re with heating ra te for l a rge s a m p l e s , and a l inear d e c r e a s e in 
ignition t empe ra tu r e for smal l sannples. 

Calculated values of ignition t e m p e r a t u r e a re a l so indicated 
on F igure 53. The calculat ions a re d i scussed in a l a te r sect ion. 

b. Effect of Heating Rate on Cr i t i ca l Height Values 

The t e r m cr i t ica l height was defined in the prev ious qua r ­
te r ly (see ANL-6231, page 143) as the min imum height of a given powder 
requi red to yield constant ignition t e m p e r a t u r e values p rac t i ca l ly independent 
of container s ize . It was anticipated on the bas i s of the F r a n k - K a m e n e t s k i i 
theory of explosions that the c r i t i ca l height values for a given powder m e s h 
size should dec rease with heating r a t e , if the use of c r i t i ca l height values 
for the significant geonnetrical d imension of the container was to account 
for the ignition behavior of u ran ium powder . The c r i t i ca l height values ob­
tained in oxygen with -80 +100 m e s h spher ica l u ran ium powder and the c o r ­
responding ignition t e m p e r a t u r e s calcula ted on the bas i s of F r a n k - K a m e n e t s k i i 
theory a r e shown in Table 47. 

Table 47 

E F F E C T OF HEATING RATE ON CRITICAL HEIGHT VALUES OF 
-80 +100 MESH SPHERICAL URANIUM POWDER IN OXYGEN 

Ignition T e m p e r a t u r e (C) 

Heating Rate Cr i t ica l Height Calculated 
(C/min) (mm) (Frank-Kamenetsk i i ) Exper imen ta l 

5.8 3.8 252 245 
17.5 3 268 270 
37.7 2.5 280 285 

It is apparent from Table 47 that the m e a s u r e d c r i t i ca l height values fall 
in the expected direct ion. The calcula ted ignition t e m p e r a t u r e s using these 
cr i t ica l height values a r e in good ag reemen t with exper imenta l values (see 
a lso F igure 53). This emphas izes the usefulness of the c r i t i ca l height con­
cept as the significant geometr ica l d imension of the container in the applica­
tion of the F rank-Kamene t sk i i theory of t he rma l explosions. 

AC 

^-^Fassel, W. M., Gulbransen, L. B . , Lewis , J. R., and Hamilton, J. H., 
J. Metals 3, 522 (1951). 

•^^Anderson, H. C , and Belz, L. H., J. E l e c t r o c h e m . Soc. 100, 240 (1953). 



c. Effect of Pre-oxida t ion on Ignition Behavior of 
Uranium Powder 

This study p r e sen t s the effects of pre-oxidat ion on the ig­
nition t empera tu re of uranium powder p r i o r to burning curve ignition 
t empera tu re measu remen t s in pure oxygen. The samples were oxidized 
by heating -140 +170 mesh spher ica l u ran ium powder (spread as a thin 
layer in a dish) in a i r at approximately 150 C for varying lengths of t ime, 
then cooled and weighed. Microscopic examination of the powders revealed 
that the surface of the pa r t i c l e s had become coated with black (oxide) 
nodules, the extent of coverage varying with heating t ime . Complete cov­
erage of pa r t i c l e s with nodules appeared to have occur red after fifteen hours 
of heating. The resu l t s a re summar i zed in Table 48. The data show the 
ignition t empera tu re decreas ing , leveling off, and finally increas ing with 
extent of pre-oxidat ion. These changes, pa r t i cu la r ly the dec rease in igni­
tion t e m p e r a t u r e , should be of considerable p rac t i ca l consequence, since it 
i l lus t ra tes how important it is to know, among other things, the oxidation 
h is tory of a sample of uranium if it is to be handled p rope r ly from the 
standpoint of ignition. It can be infer red upon examination of the data in 
Table 48 (without attempting at this t ime an explanation for the mechan ism 
of oxidation of uranium) that the extent of nodule coverage and, there fore , 
the var ia t ion of effective specific a r ea , ra te of oxygen uptake, and ignition 
t empera tu re a r e int imately re la ted . 

Table 48 

EFFECT OF PRE-OXIDATION ON IGNITION TEMPERATURE BEHAVIOR OF 
-140 +170 MESH SPHERICAL URANIUM POWDER 

Heating Time Oxygen Incremental Ignition 
m Air at Uptake* % Oxidation Rate Temperature Microscopic Observation 
150 C (hr) (Mg/sq cm) Reacted^ [Mg/(sq cm)(min)] (C) after Pre-oxidat ion 

0 

1 05 

2 25 

5 50 

8 00 

-

3.06 

15.0 

61 1 

143 

-

0.08 

0 40 

1 7 

3.8 

260 Relatively smooth spheres 
some interference colors 

0.05 255 Par t i a l coverage with 
nodules 

0 17 250 Par t i a l coverage with 
nodules 

0 24 240 Par t i a l coverage with 
nodules 

0 55 

14.8 720 19-2 1 41 

20 0 1520 40.7 2 58 

43 0 2950 79 5 1 04 

235 

235 

240 

250 

Par t i a l coverage w 
nodule s 

Full coverage with 
nodules 

Full coverage with 
nodules 

Full coverage with 
nodules 

^Oxygen content of batch as received was 500 Mg/g sample (0 37% reacted) 

"-•Oxide assumed to be U02. 



d. Ignition Behavior of Uranium Powder in Air 

The ignition behavior of spher ica l u ran ium powders of dif­
ferent mesh s izes was m e a s u r e d using a i r as the oxidizing a tmosphe re . The 
sample t empera tu re was m e a s u r e d with a thermocouple in addition to the 
usual container probe (as in oxygen runs) in o rde r to sense ignition. The 
resu l t s obtained both in a i r and in oxygen a r e shown below: 

Representa t ive 
Mesh Pa r t i c l e Diameter (/i) 

Ignition 
T e m p e r a t u r e (C) 

In 
A i r 

285 
270 
260 
240 

In 
Oxygen 

305 
270 
265 
245 

- 2 0 + 2 5 710 
- 80 +100 149 
-140 +170 88 
-270 +325 44 

It is apparent that ignition t e m p e r a t u r e s obtained in a i r a r e about the same 
as in oxygen. This is reasonable , since reac t ions leading to ignition are 
not extensive or rapid enough to genera te a diffusion b a r r i e r of ni t rogen 
between the oxygen of the a i r and the me ta l . It should be pointed out, how­
ever , that the r i s e in t e m p e r a t u r e at ignition is l e s s pronounced, and the 
flash of light considerably l e s s intense than in oxygen. 

e. Ignition Behavior of Uranium Carbide 

Ignition t e m p e r a t u r e m e a s u r e m e n t s were made both in a i r 
and in pure oxygen a tmospheres on var ious m e s h f rac t ions of i r r e g u l a r 
uraniunn monocarbide. With runs in a i r , it was found n e c e s s a r y to probe 
the sample t empera tu re with a thermocouple in o rde r to sense the t e m ­
pe ra tu r e r i se at ignition. The r e su l t s a r e s u m m a r i z e d below: 

Mesh 

-20 + 25 
-30 + 35 
-50 + 60 
-70 + 80 
-80 +100 

Rep resen ta t ive 
P a r t i c l e Size 

710 
500 
250 
177 
149 

(M) 

Ignition 
T e m p e r a t u r e (C) 

In 
A i r 

320 
315 
300 
305 
295 

In 
Oxygen 

320 
310 
300 
295 
280 
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It is apparent that ignition t empe ra tu r e values obtained with var ious m e s h 
size powders of i r r e g u l a r u ran ium monocarbide a r e a lmos t identical in a i r 
and in oxygen. These values a re approximate ly 15 degrees higher than the 
ignition t e m p e r a t u r e s obtained with cor responding m e s h size spher ica l 
uranium powder. 

f. Theory of Uranium Powder Ignitions 

It was demons t ra ted in the previous qua r t e r ly (see ANL-6231, 
page 147) that the ignition behavior of u ran ium powder can be sa t i s fac tor i ly 
predic ted on the bas i s of F rank -Kamene t sk i i theory of t h e r m a l explosions 
using c r i t i ca l height and es t ima ted effective t h e r m a l conductivity va lues . 
The ignition behavior of u ran ium powder can also be descr ibed by conver t ­
ing i so thermal express ions to a r i s ing t e m p e r a t u r e ba s i s (neglecting heat 
losses ) , according to the t r ea tmen t of Mur ray , Buddery, and Taylor . '* ' The 
equations a re based on l inear oxidation k ine t ics : 

. ^ 6AAH , ,,s 

where 

*-" ̂  { ( ^ / - (¥ )̂j . 
and where s i s the specific heat , AT the difference in t e m p e r a t u r e between 
sample and container (general ly AT is a s s u m e d to be 50 C at ignition), TQ 
the container t e m p e r a t u r e when ignition takes p lace , A the frequency factor 
in the Ar rhen ius equation, E the energy of act ivat ion, R the gas constant . 
A H the heat of reac t ion , p the density, d the d iamete r of the spher ica l powder 
p a r t i c l e s , and 0 the conta iner heating r a t e . 

Using Equation 1, ignition t e m p e r a t u r e s were ca lcula ted 
for a var ie ty of specific a r e a fract ions on the bas i s of a heating ra te of 
0 = 17.5 C pe r minute (exper imental heating r a t e s va r i ed between 15 and 
20 C pe r minute) and AT = 50. The r e su l t s a r e shown in Table 49 and 
F igure 54. It is apparent f rom the data shown that the theore t i ca l ignition 
t empe ra tu r e values ca lcula ted from Equation 1 a r e in reasonable a g r e e ­
ment with exper imenta l va lues . 

Mur ray , P . , Buddery, J. H., and Taylor , J. F . , (Mrs . ) , The Pyrophor ic 
Nature of Metal P o w d e r s , A .E .R .E . M / R 1428 (1954). 
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Table 49 

COMPARISON OF EXPERIMENTAL AND THEORETICAL IGNITION TEMPERATURES FOR URANIUM POWDER 

Ignition Temperature (C) 

Mesfi 

-200 +230 

-120 +140 

- 80 +100 

- 4 0 + 45 

- 1 8 + 2 0 

- 1 2 + 1 4 

Representative 
Particle 

Diameter 1 )̂ 

62 

105 

149 

350 

840 

1410 

Specific 
Area 

(sq cm/gl 

51.2 

30.2 

21.3 

9.06 

3.78 

2,25 

Calculated^ 
Murray, Buddery, 

and Taylor 

236 

249 

259 

283 

310 

328 

Calculated-
Frank-Kamenetskii 

253 

263 

270 

290 

310 

325 

Calculated-1' 
Murray, Buddery, 

and Taylor 

227 (35 6) 

240 (36 2) 

249 (37 7) 

275 (41 1) 

305 (43,5) 

323 (45,0) 

Experimental 

255 

260 

270 

295 

310 

320 

^Calculated using AT = 50 C, 4' - 17,5 C/min, 

''Calculated using AT = 1,2 RTQ/E, AT values in parentfiesis i ^=175C/min , 

Values calculated on the bas i s of the F rank-Kamene t sk i i 
theory of thernnal explosions were a lso calculated for the powders and are 
also given in Table 49 and Figure 54. Details of the calculation were d is ­
cussed in the previous quar te r ly (see ANL-6231, page 147). Exper imenta l 
cr i t ical height values were used in the calculation. The finest powder 
(-270 +325 mesh) was es t imated to have a the rma l conductivity of lO"'* in 
cgs units (the conductivity of oxygen gas in the pores ) , A very coa r se pow­
der (-10 +12 mesh) was es t imated to have a thermal conductivity of lO"'^ in 
cgs units based on measu remen t s with 2500-micron lead powder. Values 
for other par t ic le s izes were interpolated. Ignition t empera tu re values cal­
culated in this way a re shown to be in excellent agreement with the expe r i ­
mental data. 

FIGURE 54 

EXPERIMENTAL AND THEORETICAL IGNITION TEMPERATURES OF 

SPHERICAL URANIUM POWDER AS A FUNCTION OF SPECIFIC AREA 

lOOr— 

50 

£ 10 

O E X P E R I M E N T A L > = I 5 - 2 0 C per min 

A CALCULATED FRANK-KAMENETSKII 

S CALCULATED MURRAY,BUDDERY,TAYLOR, 

<l> =175 C / m m , A T = 5 0 C 

C CALCULATED- MURRAY, BUDDERY,TAYLOR , 

^ = l 7 5 C / m i n , AT= ' ^ "^^ 

IGNITION TEMPERATURE, C 
350 325 300 2 7 5 2 5 0 225 
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16 
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1000/T,K 

19 2 0 



A f u r t h e r i n t e r c o m p a r i s o n can be m a d e . F r a n k - K a m e n e t s k i 
h a s shown tha t the c r i t i c a l t e m p e r a t u r e r i s e due to s e l f - h e a t i n g i s g iven by 

AT = 1 . 2 R T i / E (2) 

When t h i s AT va lue i s e x c e e d e d , the s y s t e m b e c o m e s u n s t a b l e , and a c c e l -
e r a t i v e s e l f - h e a t i n g l e a d s to ign i t ion . The c r i t i c a l t e m p e r a t u r e r i s e c a l c u ­
l a t e d f r o m e x p e r i m e n t a l ign i t ion t e m p e r a t u r e s ob ta ined wi th s p h e r i c a l 
u r a n i u m p o w d e r f r a c t i o n s i s shown in p a r e n t h e s i s in Tab le 49- T h e s e A T 
v a l u e s w e r e t hen u s e d to c a l c u l a t e ign i t ion t e m p e r a t u r e s ( 0 = 17.5 c / m i n u t e ) 
on the b a s i s of the p r o p o s a l of M u r r a y , B u d d e r y , and T a y l o r (Equa t ion 1). 
The a g r e e m e n t wi th e x p e r i m e n t a l ign i t ion t e m p e r a t u r e v a l u e s , shown in 
Tab le 49 , is no t p a r t i c u l a r l y good for r e l a t i v e l y snnall d i a m e t e r p a r t i c l e s , 
i . e . , 62 to 250 m i c r o n s . With p a r t i c l e s of l a r g e r d i a m e t e r , 840 to 1410 m i ­
c r o n s , t he a g r e e m e n t b e c o m e s c o n s i d e r a b l y b e t t e r . 

The M u r r a y , B u d d e r y , and T a y l o r t r e a t m e n t , which l e a d s 
to E q u a t i o n 1, can a l s o be u s e d to p r e d i c t the effect of hea t i ng r a t e on the 
ign i t ion t e m p e r a t u r e of u r a n i u m p o w d e r . A t h e o r e t i c a l c u r v e for 
- 8 0 +100 m e s h s p h e r i c a l u r a n i u m p o w d e r c a l c u l a t e d on the b a s i s of 
AT = 50 C w a s i nc luded in F i g u r e 53 . The two c u r v e s show the s a m e 
t r e n d , a l though c a l c u l a t e d v a l u e s a r e a l i t t l e l o w e r . 

A g e n e r a l i z e d p lo t of the ign i t ion t e m p e r a t u r e s of u r a n i u m 
p o w d e r s a s a funct ion of spec i f i c a r e a and h e a t i n g r a t e i s g iven i n F i g u r e 55. 

FIGURE 55 

THEORETICAL CURVES BASED ON EQUATIONS OF MURRAY,BUDDERY 

AND TAYLOR SHOWING EFFECT OF HEATING RATE ON IGNITION 

TEMPERATURE OF SPHERICAL URANIUM POWDER 

( AT = SOC ) 

HEATING RATE, C/min 

40 30 25 20 15 10 5 

18 19 
1000/T,K 
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We may s u m m a r i z e the pr inc ipa l r e s u l t s of u ran ium pow­
der ignition studies as follows: (1) The ignition behavior of u ran ium powder 
has been found to be dependent on specific a r e a of powder fract ion, degree 
of oxidation, ra te of heating, and geometry of sample ; (2) On the bas i s of 
the F rank-Kamene t sk i i theory of t he rma l explosions , the ignition behavior 
of uran ium powder can be p red ic ted using c r i t i ca l height values obtained 
from sample geometry studies as the significant geometr ica l d imension of 
the container; (3) The ignition behavior of u ran ium powder can be adequately 
descr ibed by converting i so the rma l express ions to a r i s ing t e m p e r a t u r e 
bas i s according to the t r ea tmen t of Mur ray , Buddery, and Taylor . 

2. Burning Propagat ion Studies 
(L. Leibowitz, J. G. Schnizlein, and L. W. Mishler) 

The burning propagat ion r a t e , i .e . , the ra te of advance of a com­
bustion zone along a foil or w i re , has been a useful, reproducib le quantity 
for studying the na ture of burning meta l as well as for judging the irLfluence 
of var ious factors on the combustion p r o c e s s . 

The meta l is ignited at one end by an e lec t r i ca l ly heated p l a t i ­
num wire and a motion p ic ture r e c o r d is made of the p r o c e s s . L inear 
propagat ion ra t e s a r e readi ly obtained from these motion p i c t u r e s . The 
effect of sample size and geometry , gas composi t ion, p r e s s u r e , and annbient 
t empera tu re a re being examined for z i rconium, u ran ium, and plutonium. 

a. Burning Propagat ion at Elevated Ambient T e m p e r a t u r e s 

Most of the work c a r r i e d out on burning propagat ion has 
been with the surrounding a tmosphere at room t e m p e r a t u r e , the only source 
of heat being the meta l combust ion itself. Since in many p rac t i ca l c a se s 
the re may be considerable heating of the a tmosphe re , it s eemed of i n t e r e s t 
to explore , on a l abora tory sca le , the effect of this additional va r i ab le . 

An appara tus suitable for these m e a s u r e m e n t s has been 
cons t ruc ted (see ANL-6231, page 151). It cons i s t s s imply of a g lass tube 
sur rounded by a furnace containing openings for photographing the event. 
The metal samples a r e brought to the de s i r ed t e m p e r a t u r e in an argon 
a tmosphere and the propagat ion c a r r i e d out in a i r . With z i rconium, l inear 
a i r flow velocit ies between 0.25 and 11.0 c m / s e c were employed, and for 
u ran ium veloci t ies of 1.5 and 3.5 c m / s e c were used . No notable effect of 
this var iable was observed. All the data cu r r en t l y avai lable a r e p r e s en t ed 
in Table 50. The l i s ted values of propagat ion r a t e a r e ave rages for s e v e r a l 
a i r veloci t ies flowing both with and against the propagat ion . Agreemen t 
with previous values at room t e m p e r a t u r e is genera l ly good. The g rea t e s t 
effect found was for the 0.13 x 0 .6 -mm z i rconium foil with a i r at 400 C; 
the ra te inc reased about 40 pe rcen t . 



Table 50 

BURNING PROPAGATION STUDIES AT ELEVATED 
AMBIENT TEMPERATURES 

(Foils burned in air) 

Foil 
Material 

Uranium 

Zirconium 

Thickness 
X Width 

(mm) 

0.13 X 3.0 

0.13 

0.13 

0.13 

0.01 

0.01 

0.01 

0.13 

0.13 

0.13 

0.02 

0.02 

0.02 

0.02 

X 3.0 

x 3.0 

X 3.0 

x 1.0 

x 1.0 

X 1.0 

X 0.6 

x 0.6 

x 0.6 

x 5.0 

x 5.0 

x 5.0 

x 5.0 

Ambient 
Tempera ture 

(c) 
24^ 

24^ 

150 

300 

24^ 

24^ 

300 

24^ 

24^ 

400 

24^ 

24^ 

150 

400 

Burning Zone 
Length 

(cm) 

-

-

-

-

-

-

-

1.3 ± 0.1^ 

1.7 ± 0.2 

2.7 ± 0,3 

3.7^ 

3.6 ± 0.2 

4.1 ± 0.3 

5.6 ± 0.4 

Burning 
Propagation Rate 

(cm/sec) 

0.56 ± 0.02^ 

0.52 ± 0.05 

0.52 ± 0,03 

0.58 ± 0,06 

3.4b 

2.5 ± 0.2 

3.6 ± 0.4 

0.46 ± 0,03b 

0.59 ± 0.06 

0.83 ± 0,10 

1.5b 

1.5 ± 0.2 

1.5 ± 0.2 

2.0 ± 0.3 

average room tempera tu re , 

previous base- l ine value. 

In a d d i t i o n to t h e s e e x p e r i m e n t s , s e v e r a l a t t e m p t s w e r e 
m a d e to b u r n 6 0 - m i l (1.58 m m ) d i a m e t e r u r a n i u m w i r e and 0.13 x 1 . 0 - m m 
z i r c o n i u m foil s t r i p s a t an a m b i e n t t e m p e r a t u r e of 400 C. N e i t h e r of 
t h e s e two s a m p l e s would b u r n in a i r wi th the s u r r o u n d i n g s a t r o o m t e m ­
p e r a t u r e , a l though 3 0 - m i l u r a n i u m w i r e and 0.13 x 0 . 6 - m m z i r c o n i u m foil 
wi l l b u r n in r o o m t e m p e r a t u r e a i r . Hea t i ng the s u r r o u n d i n g s to 400 C, 
h o w e v e r , would not p r o d u c e a s e l f - s u s t a i n i n g c o m b u s t i o n . 

H i g h e r t e m p e r a t u r e s cannot be e x p l o r e d wi th u ran iunn 
s i n c e the foil wi l l ign i t e s p o n t a n e o u s l y a s soon a s a i r i s i n t r o d u c e d . It i s 
p o s s i b l e to u s e h i g h e r t e m p e r a t u r e s wi th z i r c o n i u m , h o w e v e r , and such 
e x p e r i m e n t s a r e p l a n n e d . 



b. The Effect of Halogenated Hydrocarbons on Burning 
Propagat ion 

It has been observed that the p resence in a ir of var ious 
halogenated hydrocarbons will significantly lower the burning propagation 
ra te of uranium, zirconium, and plutonium foil s t r ips (see ANL-6145, 
pages 137 and 142 and ANL-6231, page 152). These connpounds may oper­
ate simply by removing heat from the burning nnetal by a react ion such 
as 

RX R- + X (3) 

or perhaps with (1) followed by 

R- + O, - ^ R O , (4) 

Reaction (4) might in effect dec rease the net diffusion of oxygen to the 
burning metal . 

Several exper iments have been c a r r i e d out using an e lec ­
t r ica l ly heated 3-mil plat inum foil 3.0 m m wide. P rov i s ion was made to 
m e a s u r e foil t empera tu re , cu r ren t , and voltage. The voltage was measu red 
between two points on the foil 3.3 cm apar t . The cur ren t and voltage m e a s ­
u rements were used to compute power. The ent i re plat inum assembly was 
enclosed in a glass tube through which the des i red gas mix ture was passed. 
With a flow rate of 1000 c c / m i n (2 c m / s e c ) and constant power input, foil 
t empera tu re s were measu red with and without addition of 5 percent by 
volume of ei ther t r i f luorobromomethane or dif luorodichloromethane. The 
values obtained using both a i r and argon a r e l is ted in Table 51. 

Table 51 

INFLUENCE OF HALOGENATED HYDROCARBONS ON THE TEMPERATURE 
OF AN ELECTRICALLY HEATED PLATINUM FOIL 

Power 
(watts) 

with CFjBr 

3.9 
7.7 

12.7 

with CF2CI2 

5.1 
7.4 

12.3 

Pt Temperature (C) 

Pure 
Argon 

612 
834 

1006 

685 
815 

1002 

Argon 
with 5% 

Halocarbon 

571 
796 
917 

648 
773 
886 

Difference 
(C) 

41 
38 
89 

37 
42 

116 

P t 

A i r 

529 
758 
944 

606 
737 
938 

Tempera ture 
(c) 

A i r 
with 5% 

Halocarbon 

508 
742 
930 

586 
719 
926 

Difference 
(C) 

21 
16 
14 

20 
18 
12 



The la rge cooling effect of the hydrocarbons in argon at the highest t e m ­
p e r a t u r e s may be due to a deposit of some pyro lys i s product (possible 
carbon) which was vis ible only at those t e m p e r a t u r e s . The addition of 
0.1 pe rcen t oxygen to the argon was sufficient to reduce this effect to that 
seen at the other t e m p e r a t u r e s . At a 12.0-watt power level , the foil t e m ­
p e r a t u r e was 1000 C in argon and 956 C in argon + 5 pe rcen t dif luorodi-
bromomethane + 0.1 pe rcen t oxygen. Steady t e m p e r a t u r e s were achieved 
within a few minutes with the oxygen, whe reas over th i r ty minutes were 
r equ i red in the absence of oxygen. 

Insofar as these m e a s u r e m e n t s ref lect the si tuation with 
burning me ta l , they indicate that the hydrocarbons do not opera te s imply 
by removing heat . The observed cooling effect in a i r is much too smal l . 
If s imple cooling were the predominant fac tor , the effect would be the same 
in argon and a i r . The difference found may be a t t r ibuted to heat evolved 
in reac t ion (4). The tendency of the hydrocarbons to sup re s s burning may 
be by oxygen remova l (react ion 4) in the zone nea r the hot sur face . 

Work in this a r e a will continue with some at tent ion being 
given to the effect of these halogenated hydrocarbons on the ignition b e ­
havior of the me ta l s being studied. 

B. Meta l -Water React ions 
(L. Baker) 

1. Labora to ry Studies: Condenser Method 
(L. Baker , R. Warchal) 

The condenser d i scharge exper iment is an a t tempt to obtain 
fundamental ra te data under exper imenta l conditions s imi l a r to those en­
countered during a se r ious accident in a nuc lear r e a c t o r . E i the r a nuc lea r 
runaway or a sudden loss of coolant during operat ion of a wa t e r - coo l ed 
r eac to r could r e su l t in contact between ve ry hot fuel and cladding me ta l s 
with water or s t eam and might involve fine p a r t i c l e s . The condenser d i s ­
charge exper iment s imula tes the l imi t ing case of a nuc lear incident in 
that the heating t ime is very short and ve ry fine meta l pa r t i c l e s a r e 
produced. 

In the condenser d i scharge exper iment , meta l w i r e s a r e rapidly 
mel ted and d i spe r sed in a wate r - f i l l ed cel l by a surge cu r ren t f rom a bank 
of condense r s . The energy input to the wire is used to calculate the init ial 
reac t ion t e m p e r a t u r e . The t r ans i en t p r e s s u r e m e a s u r e s reac t ion r a t e , 
the amount of hydrogen genera ted gives the extent of reac t ion , and the p a r ­
t icle s ize of the res idue indicates the surface a r e a exposed to reac t ion . 
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Analysis of the r e su l t s is based on one of the usual laws of 
meta l oxidation (parabolic ra te law) and on the laws of gaseous diffusion 
and heat t r ans fe r . In this way an a t tempt is made to in t e rp re t e x p e r i ­
mental work as it p roceeds . 

a. Zirconium Runs at High P r e s s u r e 

The s e r i e s of runs with 60-mil z i rconium w i r e s in the new 
h i g h - p r e s s u r e react ion cell is continuing. F i r s t r e s u l t s were r epo r t ed in 
the previous quar te r ly . Since then it was d i scovered that the thermocouple 
used to m e a s u r e water t e m p e r a t u r e and hence sa tu ra ted vapor p r e s s u r e 
was giving inco r rec t indicat ions. It was poss ib le , however , to c o r r e c t the 
data. The co r r ec t ed data along with the recent r e s u l t s a r e given in Table 52 
and plotted in F igure 5 6. 

Table 52 

ZIRCONIUM-WATER REACTION DATA FROM HIGH-PRESSURE 
CONDENSER DISCHARGE APPARATUS 

(Zirconium used: 60-mil wi res ) 

Run 

194 

191 
195 
190 
216 

189 

213 

196 
206 
203 
188 

200 

217 
218 

219 
220 

Ca l c Metal 
Temp (C) and 
Phys ica l State 

1800, 
1800, 
1840, 
1840, 
1800, 

1840, 

1840, 

1840, 
1840, 
1840, 
1840, 

1840, 

2200, 
2300, 

2600, 
2600, 

Solid 
Solid 
Solid 
1 0% Liq 
Solid 

20% Liq 

60% Liq 

80% Liq 
80% Liq 
80% Liq 
80% Liq 

100% Liq 

Liquid 
Liquid 

Liquid 
Liquid 

Satura ted Vapor 
P r e s s u r e (psia) and 
Temp (C) of Ambient 

Wat 

10 
32 

215 
225 

1500 i 

205 

900 

16 
26^ 
50 

155 ( 

19 ( 

19 ( 
79 ( 

16 ( 
150 ( 

s r 

( 90) 
(124) 
(198) 
(200) 
(313) 

:i96) 

(278) 

'103) 
117) 
138) 
183) 

108) 

108) 
155) 

103) 
181) 

P e r c e n t 
React ion 

8.6 
7.8 
9.0 
8.5 

11.4 

14.5 

25.9 

31.5 
37.6 
55.2 
30.7 

51.7 

90.3 
52.0 

82.9 
73.8 

Appearance 
of Residue 

Dis to r ted Wire 
Dis to r t ed Wire 
Dis to r t ed Wire 
Dis to r ted Wire 
Dis to r ted Wire 

Some P a r t i c l e s 

Some F ines 

Some F ines 
Some F ines 
Some F i n e s 
Some F ines 

Some F ines 

Powder 
F ines 

Powder 
F i n e s 

^Argon gas added (20 psi) 



The da ta ob t a ined with r o o m t e m p e r a t u r e w a t e r a r e i n c l u d e d in F i g u r e 56 
and show the s t r i k i n g effect of w a t e r t e m p e r a t u r e or v a p o r p r e s s u r e on 
the r e s u l t s . Two r e g i m e s a r e a p p a r e n t : r e a c t i o n with w a t e r at r o o m t e m ­
p e r a t u r e i n c r e a s e s g r a d u a l l y , r e a c h i n g 20 p e r c e n t at an in i t i a l m e t a l 
t e m p e r a t u r e of 2600 C; r e a c t i o n wi th w a t e r h e a t e d to 90 to 310 C (vapor 
p r e s s u r e 10 to 1500 p s i ) r e a c h e s o v e r 50 p e r c e n t for fully m e l t e d m e t a l a t 
the m e l t i n g po in t . 

FIGURE 56 

RESULTS OF CONDENSER DISCHARGE RUNS 

WITH 60-MIL ZIRCONIUM WIRES 

D RUNS IN ROOM TEMPERATURE WATER {VAPOR 
PRESSURE 0 5 psi ) 

O RUNS IN HEATED WATER ( NUMBERS INDICATE 
SATURATED VAPOR PRESSURE OF WATER) 

» a RUNS WITH 20 psi ADDED ARGON 

• • RUNS HAVING AN EXPLOSIVE PRESSURE RISE 

100 

1000 1500 -1840—»|2000 2500 3000 3500 

INITIAL TEMPERATURE,C 

P r e s s u r e t r a c e s f r o m z i r c o n i u m r u n s in the h i g h - p r e s s u r e 
r e g i m e i n d i c a t e d tha t the t r a n s i t i o n f r o m slow p r e s s u r e r i s e r a t e s to e x ­
p l o s i v e r a t e s o c c u r r e d in the r e g i o n b e t w e e n the m e l t i n g po in t of z i r c o n i u m , 
1840 C, and 2200 C. Runs wi th fully m e l t e d m e t a l a t the m e l t i n g po in t r e ­
q u i r e d up to 0.1 s e c o n d to r e a c h a f inal v a l u e . R e a c t i o n s wi th fully l iquef ied 
m e t a l a t 2200 C w e r e e s s e n t i a l l y c o m p l e t e d in s e v e r a l m i l l i s e c o n d s . R e s i ­
due f r o m r u n s giving 50 p e r c e n t r e a c t i o n or m o r e h a d s i g n i f i c a n t l y f i n e r 
p a r t i c l e s . 

b . T h e o r y of the R e a c t i o n P r o c e s s 

The u n u s u a l e f fec ts of p r e s s u r e on the ex t en t of the 
z i r c o n i u m - w a t e r r e a c t i o n h a s e m p h a s i z e d the n e e d to c o n s i d e r a g a s e o u s 
diffusion s t ep in the p r o c e s s . A m a t h e m a t i c a l a n a l y s i s b a s e d s o l e l y on 
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the p a r a b o l i c r a t e l aw w a s p r e s e n t e d in a p r e v i o u s q u a r t e r l y ( see A N L - 6 0 2 9 , 
page 126). Only l i m i t e d a g r e e m e n t wi th the da t a was ob ta ined . The m e t h o d 
w a s ex t ended to inc lude a s t ep involv ing the diffusion of w a t e r v a p o r t h r o u g h 
the h y d r o g e n b a r r i e r s u r r o u n d i n g the m e t a l p a r t i c l e s . 

The p r e v i o u s m e t h o d r e q u i r e d an e m p i r i c a l h e a t t r a n s f e r 
coef f ic ient . The p r e s e n t t r e a t m e n t u t i l i z e s the fact t h a t the N u s s e l t n u m ­
b e r for diffusion o r hea t t r a n s f e r h a s a m i n i m u m va lue of 2 for s p h e r i c a l 
p a r t i c l e s . It i s , t h e r e f o r e , p o s s i b l e to c a l c u l a t e d i r e c t l y m i n i m u m diffusion 
and hea t l o s s r a t e s wi thout any f u r t h e r n u m e r i c a l a s s u m p t i o n s . The t h e o ­

r e t i c a l m i n i m u m N u s s e l t n u m b e r i s a p p r o a c h e d 
a c c u r a t e l y for s m a l l s p h e r i c a l p a r t i c l e s u n l e s s 
e x t r e m e t u r b u l e n c e o r v e r y r a p i d p a r t i c l e m o ­
t ion o c c u r s . 

FIGURE 57 

DIAGRAM OF HOT METAL SPHERE 
\ REACTING WITH LIQUID WATER / 

TOTAL PRESSURE P 

BULK WATER 
TEMPERATURE 

T„ 

STEAM-HYDROGEN FILM 

The r a t e of diffusion of w a t e r 
v a p o r t h r o u g h a s p h e r i c a l h y d r o g e n f i lm (see 
F i g u r e 57) can be f o r m u l a t e d a s a m a s s t r a n s f e r 
coef f ic ien t (h^) t i m e s the a r e a of a s p h e r e (47Tro) 
t i m e s the c o n c e n t r a t i o n d i f f e rence (A P^z/RTf) 
as fo l lows ( s y m b o l s a r e def ined m T a b l e 5 3): 

m o l e s H z O / s e c ^ h^ (4 7rrg) ( A P ^ / R T f ) . (5) 

The m a s s t r a n s f e r coef f ic ien t can be e x p r e s s e d 
in the N u s s e l t f o r m Nu = h^ (2 ro /D) and the m e a n 
f i lm t e m p e r a t u r e c a n be a r b i t r a r i l y t a k e n a s an 
a v e r a g e b e t w e e n m e t a l s u r f a c e t e n n p e r a t u r e and 

the bulk w a t e r t e m p e r a t u r e Tf = (Ts + T w ) / 2 . Va lues of the diffusion c o ­
eff icient , D, for the h y d r o g e n - w a t e r s y s t e m w e r e c a l c u l a t e d by F u r m a n '*° 
His r e s u l t s can be r e p r e s e n t e d a p p r o x i m a t e l y a s fo l lows : 

D = (Do/P)(Tf)i-6« (6) 

w h e r e DQ = 6 53 x 10"^ (sq c m ) ( a t m ) / ( s e c ) ( K ^ ^^). The m o l a r diffusion 
r a t e (5) can r e a d i l y be e x p r e s s e d a s the r a t e at which the oxide f ron t ad ­
v a n c e s into u n r e a c t e d m e t a l when r e a c t i o n is c o n t r o l l e d by g a s e o u s diffusion 

m o l e s H7O 

s e c 
47rr^ 

d r \ Pm^ 

dt /d M m 

The d i f f u s i o n - c o n t r o l l e d r e a c t i o n r a t e is t h e n ob ta ined by c o m b i n i n g equa­
t ions 5 t h r o u g h 7 a s fo l lows: 

d r \ 

diffusion 

N U D Q M ^ £0 

2 p ^ n R ^2 
s + -"-w 

0.68 A P 
w (8) 

48 F u r m a n , S- C , M e t a l - W a t e r R e a c t i o n s : V, G E A P - 3 2 0 8 (Ju ly 1959) 



If the reaction is controlled by solid state processes, the 
parabolic rate law is used to represent the rate as follows: 

Table 53 

DEFINITION OF SYMBOLS USED IN 
EQUATIONS (5) THROUGH (9) 

A is pre-exponential factor in parabolic rate law, g /(cm )(sec) 

Cp is specific heat, cal/(mole)(K) or cal/(g)(K) 

D is diffusion coefficient, sq cm/sec 

AE is activation energy, kcal/mole 

e is total emissivity of oxide surface 

F is fraction of original metal in liquid state 

h is heat transfer coefficient, cal/(sec)(sq cm)(K) 

h^ is mass transfer coefficient, cm/sec 

k is thermal conductivity, cal/(sec)(cm)(K) 

L is heat of fusion, cal/mole 

M is molecular weight, g/nnole 

n is moles of hydrogen generated per atonn of metal reacted 

Nu is Nusselt number 

AP.^ is partial pressure of water vapor driving diffusion, atnn 

P is total pressure, atm 

r is radius of unreacted metal, liquid or solid, cm 

VQ is original radius of unreacted metal, cm 

R is gas constant, (cc)(atm)/(mole)(K) 

p is density, g/cc 

O is Stefan Boltzmann constant, cal/(sec)(sq cm)(K ) 

t is time, sec 

T is temperature, K 



Table 53 (cont'd.) 

Subscr ip ts : 

f r e fe r s to the diffusion film 

m re f e r s to the metal 

ox r e fe r s to the oxide 

s r e fe r s to the oxide surface 

w re fe r s to the bulk of the water 

The react ion mus t be control led by the slowest step in the overa l l p r o c e s s . 
When the two express ions 8 and 9 have s imi l a r va lues , the p r o p e r com­
bining law depends upon the effect of p r e s s u r e on the parabo l ic r a t e law. 
It was tentat ively a s sumed that p r e s s u r e has no effect on the kinet ic ra te 
law (9). The equation, 8 or 9, used in computation is then the one giving 
the lowest r a t e . 

Both the diffusion and the kinetic r a t e s depend on t e m p e r a ­
tu re . A detailed heat balance i s , the re fore , r equ i r ed to complete cons ide ra ­
tion of the problem. Heated me ta l sphe re s cool by two p r o c e s s e s : convection 
(or conduction) and radiat ion. Convection heat loss can a l so be formula ted 
in t e r m s of a Nussel t number Nu = h 2 ro/kf. The t h e r m a l conductivity r e ­
fe rs to a hydrogen-water vapor mix tu re at the mean film t e m p e r a t u r e . 
There a r e no ejqjerimental data over the t e m p e r a t u r e range of i n t e r e s t . 
Only approximate methods of d i rec t calculat ion a re avai lable in the l i t e r a ­
tu re . A very useful p rocedure ex i s t s , however, to r e l a t e r a t e s of heat 
t r ans fe r and diffusion when they occur s imul taneously . The reac t ion is 
called the Lewis equation'^9 and has the following form: 

h ^f 
h . = ^ if D = ^ . (10) 

d pfCpf PfCpf 

The diffusion coefficient and the t h e r m a l diffusivity of many gases and gas 
mix tu res a r e numer ica l ly equal . An es t ima te of the value of t h e r m a l dif­
fusivity for an equimolar hydrogen-wate r vapor mix tu re at l600 K was 
made by methods given by Hi r schfe lde r .^^ The ca lcula ted value is compared 
to the value of diffusion coefficient given by Equation 6 as follows: 

15.8 / kf , , 12.1 / 
D (Equation 6) - ——— sq c m / s e c ; —— (calc) = sq c m / s e c , 

•̂  Pf Cpf P 

^Ecker t , E.R.G., Introduction to the Trans fe r of Heat and M a s s , 
McGraw-Hil l Book Co. (1950), page 251 ff. 

^^Hirschfe lder , J. O., C u r t i s s , C. F . , and Bird , R. B. , Molecular Theory 
of Gases and Liquids, John Wiley and Sons, Inc. , New York (1954). 
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and was cons idered sufficiently close to justify use of the Lewis re la t ion 
to calculate convective heat loss r a t e s . The Lewis re la t ion has the ad­
vantage that it applies for turbulent exchange whether numer i ca l equality 
obtains or not. 

The density of vapor to be used in Equation 10 was obtained 
from the gas laws , and an average specific heat of hydrogen-wate r vapor 
mix tu r e s was approximated as follows: 

( T ^ ) « - 20 

Cpf = Sf„ [^^-^j . ( I I ) 

where C f̂Q - 2.22 cal/(mole)(K^'^). The ra t e of heat loss f rom p a r t i c l e s 
was e x p r e s s e d by Newton's Law of cooling: 

Hconv = h (47Trg)(Ts - Tw) • (12) 

Substituting for h yields the following: 

2 7rDoC„f„ /Tg + TwV"^® , , 
Hconv - Nu | - E ^ ro [ \ ) (Ts " T^) • (13) 

The radia t ion heat loss is e x p r e s s e d as follows: 

Hrad = e'? (47rrg) T t • (14) 

Heat genera ted by reac t ion mus t a l so be included in the 
heat ba lance . Heat generat ion is p ropor t iona l to reac t ion r a t e and can be 
e x p r e s s e d as follows: 

Hreac - QPm (4Trr^) (- | f ) . (15) 

Two t e m p e r a t u r e s were defined in o rde r to include the insulat ing effect of 
the oxide film. The surface t e m p e r a t u r e , Tg, was taken to r e p r e s e n t the 
t e m p e r a t u r e at the outer surface of oxide. The inner sur face , adjacent to 
un reac ted nnetal, was a s s u m e d to have a t e m p e r a t u r e Tj-^. The me ta l t e m ­
p e r a t u r e T j^ was a s s u m e d to be constant throughout the u n r e a c t e d me ta l 
because of the high t h e r m a l conductivity of me ta l and because sma l l p a r ­
t ic les a r e cons idered . The me ta l t e m p e r a t u r e is influenced by heat gen­
era t ion and by heat l o s s e s as follows: 

/ 4 \ dTm 
C P m P m \ ^ J ^ ^ o j - ^ ^ = Hreac - Hconv - Hrad (1^) 

The heat balance contains no p rov is ion for ex te rna l heat ing. The a s s u m p ­
tion is made that heat ing by condenser d i scha rge occurs ins tantaneous ly . 
Analys is of in-pi le data or s tudies of r e a c t o r acc idents would r equ i r e a 
t e r m to e x p r e s s f iss ion or decay heat ing as a function of t ime . 



Equation 16 does not apply when the me ta l t e m p e r a t u r e 
p a s s e s through the nnelting point of the me ta l . At that point heat is absorbed 
or evolved without a change in nnetal t e m p e r a t u r e . Allowance for this effect 
was made by using the following exp re s s ion at the nnelting point: 

1-Pm [^ ^^o) -^ = ^re&c " Hconv " Hyad ( '̂̂ ) 

The t e m p e r a t u r e drop a c r o s s the oxide film (Tj-^ - Tg) is 
es t i raa ted by the equation governing s t eady-s t a t e conduction through a 
spher ica l shell : 

4-^kox i~^] (Tm - Ts) = Hconv + Hrad • (18) 

Equations 8, 9, 13, 14, 15, 16, 17 and 18 were p r o g r a m m e d on the P a c e 
Analog Computer by Mr. L. Jus t of the Applied Mathemat ics Division. 

c. P r e l i m i n a r y Resul t s of Computer Study 

The Nussel t number was fixed at a value of 2 and the e m i s ­
sivity at a value of 1 for the p r e l i m i n a r y work. It was ini t ial ly as sunned 
that the t e r m A P . ^ / p in the diffusion r a t e , equation 8, was unity when dif­
fusion was controll ing. This impl ied that the water sur face t e m p e r a t u r e 
(indicated in F igure 57 as T^g) r ema ined at the boiling point de t e rmined 
by the external p r e s s u r e P . The water vapor p r e s s u r e driving diffusion, 
AP,^, was , there fore , equal to the total p r e s s u r e P . The r e s u l t would be 
that diffusion r a t e s a re independent of p r e s s u r e . This conclusion may not 
be consis tent with the exper imenta l d i scovery of a profound effect of the 
water vapor p r e s s u r e on the reac t ion . 

The poss ibi l i ty of a sens i t iv i ty of the pa rabo l i c ra te law to 
p r e s s u r e was invest igated on the computer . I n c r e a s e d p r e s s u r e gave in­
c r e a s e d reac t ion indefinitely; no tendency could be found toward a l imit ing 
reac t ion at i nc reased p r e s s u r e as r e q u i r e d by the expe r imen ta l r e s u l t s . 
Iner t gas p r e s s u r e should yield the same effect exper imenta l ly as i nc r ea sed 
s team p r e s s u r e if the p r e s s u r e w^ere affecting p r o c e s s e s at the solid s u r ­
faces or within the oxide film. Iner t gas p r e s s u r e was found exper imenta l ly , 
however , to have l i t t le or no effect. 

It appeared that the effective water surface t e m p e r a t u r e 
does not r each the boiling point. The factor A P ^ / p might , t he r e fo r e , be ­
come considerably l ess than unity. Hydrogen genera ted by reac t ion in runs 
with r o o m - t e m p e r a ture water i n c r e a s e s the total p r e s s u r e and, the re fo re , 
the boiling point so that diffusion r a t e s a r e suppres sed . Hydrogen gen­
e ra t ed by runs in heated water and accumula ted in the reac t ion cell does 



not great ly change the boiling point, so that diffusion ra t e s r ema in near a 
maximum va.lue. F u r t h e r i nc reases in water t empe ra tu r e would cause no 
further inc rease in diffusion ra te . 

A typical set of computed resu l t s is shown in F igure 58, 
in which the extent of react ion, the meta l t e m p e r a t u r e , and the react ion 
ra tes a re plotted as a function of t ime . 

FIGURE 58 

COMPUTED ZIRCONIUM-WATER REACTION 
(INITIAL METAL TEMPERATURE 2125 K, SOLID) 
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The factor APw/P had the value of 1; the run therefore cor responds to one 
in the h i g h - p r e s s u r e region. The only unknown constants were the ra te 
constant A and the activation energy AE. The activation energy was taken 
to be 55 kca l /mole and the constant A adjusted to produce a fit to the ex­
per imenta l data under the same conditions. The resu l t s show that the 
meta l , initially heated to the melting point, did not exceed the melt ing t e m ­
pe ra tu re . The tendency to r e l ease heat was taken up by the latent heat of 
fusion. Equation 17. 

Two computed runs a re shown in F igure 59- The runs 
were at an initial t empera tu re of 2125 K, the melt ing point with 50 pe rcen t 
of the metal mel ted . The run with a par t i c le d iameter of 2.1 mm does not 
become fully mel ted when 10.7 percent reac t ion occur red . An identical 
run with an 1.05-mm par t i c le d iameter does become fully mel ted and self-
heats to a t empe ra tu r e of 3100 K. The buildup of oxide dec rease s the 
kinetic rate resul t ing in a r e v e r s a l of the self-heating tendency followed 
by rapid quenching; 47.6 percent reac t ion occur red . The maximum t e m ­
p e r a t u r e , 3100 K, is above the melt ing point of z i rconia (2900 K), so that 
it is unlikely that the kinetic rate would effectively stop the react ion. It 
is in teres t ing, however, that p re l imina ry calculat ions predic t this kind of 
an "ignition" in the melt ing point region corresponding to the ve ry steep 
region of F igure 56. 



FIGURE 59 

COMPUTED ZIRCONIUM RUNS 

( INITIAL METAL TEMPERATURE 2125 K, 5 0 % MELTED) 
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The ra tes of p r e s s u r e r i s e indicated in F igu re s 58 and 59 
are somewhat slower than observed r a t e s . This resu l t s from using the 
minimum Nusselt number of 2. An inc reased Nussel t number will resu l t 
in a fas ter reaction. It is expected, however, that the final extent of r e ­
action will not be great ly different. 

2. Labora tory Studies: P r e s s u r e - p u l s e Method 
(D. Mason, P . Martin) 

The p r e s s u r e - p u l s e method was developed to study the react ion 
of molten meta ls with water vapor under conditions as near ly i so thermal 
as possible . The resul ts obtained from this method a re to be used as an 
aid in analyzing the data obtained from other me ta l -wa te r s tudies . The 
p r e s s u r e - p u l s e method should give the bes t determinat ion of the form of 
the ra te law. 

The basic operation of the equipment has remained the same 
since the original construction. However, many changes have been made 
in details of construction and the p r e s s u r e range has been extended to 
about one a tmosphere . The apparatus and procedure of operat ion de­
scr ibed apply specifically to aluminum. Minor changes made it applicable 
to other me ta l s . 

The aluminum is heated under about three m i l l i m e t e r s p r e s ­
sure of argon. The argon is p r e s e n t to reduce the vaporizat ion of a lu­
minum. Heating is accomplished by an induction hea te r . When the des i red 
t empera tu re is attained, e lec t ronica l ly controlled valves a r e operated in 
sequence to permi t contact water vapor of known p r e s s u r e with the molten 



metal for a specified per iod of t ime . The appara tus and p rocedure of op­
erat ion were descr ibed in a previous repor t (see ANL-6068, page 153). 
They a re p resen ted he re with the modifications which have been made . 

A s e r i e s of runs with aluminum has been completed. Liquid 
aluminum samples at 1000 C have been reac ted with water vapor at 
500 mi l l ime te r s p r e s s u r e . 

a. Apparatus and P rocedu re 

A d iagram of the apparatus is shown in F igure 60. The 
metal sample (aluminum), contained in a crucible (alumina), is heated in 
a high-vacuum glass cell , C, to a t empera tu re somewhat above the melt ing 
point (700 to 750 C for aluminum). At this t ime , argon is introduced from 
bulb F to suppress vaporizat ion encountered at higher teinnperatures. The 
sample is now heated to at least 1200 C. This has the effect of causing the 
aluminum to wet the alumina crucible and alumina thermocouple tube, 
producing a flat uniform liquid surface. The sample is then cooled to just 
above the melt ing point and the sys tem is evacuated to remove any evolved 
gases . 

FIGURE 6 0 
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Argon is again adnnitted and the sample is heated to the des i red t e m p e r a ­
ture by the induction hea te r . Solenoid valve A is then opened and closed 
rapidly to allow water vapor from the r e s e r v o i r , D, to contact the sample 
in C Following a p r e s e t delay, valve B is opened and closed rapidly to 
expand the water vapor , argon, and product hydrogen from the cel l into 
the large evacuated bulb, E. Water vapor is condensed in the cold t rap 
and the hydrogen and argon t r a n s f e r r e d from bulb E to a manifold of 
cal ibrated volume by the Toepler pump. The quantity of gas is thus 



determined b y a p r e s s u r e m e a s u r e m e n t us ing a m e r c u r y m a n o m e t e r . Mass 
spec t rome t r i c analysis of the sample is used to de te rmine the quantity of 
hydrogen formed and to detect a i r l eaks . 

The ent i re appara tus within the dotted line is t he rmos t a t ed 
at about 105 C to avoid condensation of the s team. The liquid water ves se l , 
G, is heated by a boiling water thernnostat and is consequently mainta ined 
at 99.7 ± 0.2 C. 

b. Ins t rumenta t ion 

The operat ions of valves A and B a r e contro l led au tomat i ­
cally by an e lec t ronic t ime r . Condensers a r e d i scharged through the so le­
noids of the valves by the sequenced firing of t h y r a t r o n s . The t ime interval 
between valve firings is va r iab le in s teps from 0.1 second to 20 seconds 
and can be extended indefinitely by manual operat ion. 

A r a p i d - r e s p o n s e p r e s s u r e pickup located in the reac t ion 
cell r e co rds the p r e s s u r e pulse on an osci l loscope c a m e r a . The osc i l lo ­
g ram is a r eco rd of both contact t ime and the p r e s s u r e . 

Tempera tu re m e a s u r e m e n t s a r e made with a p la t inum-
(platinum-10 percen t rhodium) thermocouple located in the sannple and 
pro tec ted by an alumina pro tec t ion tube. The thermocouple emf is m e a s ­
u red by a potent iometer or po ten t iomete r - type r e c o r d e r . To check the 
accuracy of t empera tu re nneasurement , cooling cu rves were run with 
var ious meta l s in the crucible in cell C 

P r e s s u r e - p u l s e osc i l log rams show that p roduc t gas r e ­
covery is at l eas t 95 pe rcen t . This is cons iderab ly be t t e r than would be 
es t ima ted from a cons idera t ion of volume ra t io alone. It is bel ieved to be 
caused by the sweeping out of other gases by the water vapor , which is 
rapidly condensing on the cold t r a p while valve B is open. 

c. Aluminum Runs 

Table 54 and F i g u r e 61 show the r e s u l t s of the a luminum 
runs obtained to date. Since the data a r e incomple te , it is not poss ib le to 
draw definite conclusions about the ra te law at this t ime . More data will 
be taken at 1000 C (including extension to 100 seconds) to enable be t te r 
ana lys i s . It is also planned to make runs at 800 C and 1200 C to de te rmine 
the effect of t e m p e r a t u r e . 

It is appropr ia te to ment ion, br ief ly , poss ib le s o u r c e s of 
e r r o r in the data. There a r e at l ea s t two main r ea sons for inconsis tent r e ­
su l t s . If any vaporized a luminum condenses on other p a r t s of the ce l l , high 
yields of hydrogen resu l t . Vaporizat ion is l a rge ly s u p p r e s s e d by the addi­
tion of argon. It may be imposs ib le to p reven t vapor iza t ion complete ly . 



with the resu l t that aluminum tends to deposit on the inside walls of the 
quartz cell ; this r equ i re s the d iscard of the data. The effect of an alumi­
num deposit on the crucible walls is l e s s definite and hard to evaluate. 

Table 54 

RESULTS OF THE REACTION OF ALUMINUM AT 1000 C WITH 
STEAM AT 500 m m BY THE PRESSURE-PULSE METHOD 

R u n 

17 
6 

10 
11 

5 
4 
2 

1 

12 

16 
24 
22 
13 

R e a c t i o n 
T i m e 
(sec) 

0.11 
0.11 
0.11 
0.11 

1.04 
1.04 
1.04 
1.04 

9.2 

9 . 2 
9 .2 
9 . 2 
9 .2 

Volume 
Hg Evo l ved 

(cc STP) 

0.095 
0.098 
0.17 
0.18 

0.28 
0.27 
0.29 
0.34 

0.48 
0.52 
0.61 
0.68 
0.78 

A r e a 
(sq c m ) 

3.0 
2 . 8 
3 .1 
3 .0 

3 .0 

2 . 9 
3 .0 
3 .2 

3 .0 

3 .1 
3 .1 
3 .2 
3 .0 

Volume H2 
P e r Unit A r e a 

(cc S T P / s q c m ) 

0.032 
0.035 
0.056 
0.061 

0.091 
0.092 
0.098 
0.105 

0.16 
0.17 
0.20 
0.21 
0.26 

An oxide film on the aluminum before the run s t a r t s 
would probably cause low r e su l t s . If this is the case , the effect would be 
the grea tes t for short runs . 

FIGURE 61 
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3. Engineer ing Studies: In-pile Test ing in the TREAT Reac to r* 
(R. C. Li imata inen, R. O. Ivins, M. D e e r w e s t e r , F . Testa) 

In a runaway of a wa te r - coo led nuc lear r e a c t o r it is poss ible 
that the core ma te r i a l s may become molten. If the hot me ta l then r eac t s 
chemical ly with the water , the exo thermic heat of reac t ion can be a s ig­
nificant pa r t of the total energy r e l e a s e . As an example , a r e a c t o r b u r s t 
having a specific fission energy input equivalent to 200 c a l o r i e s p e r g r am 
of u ran ium meta l can give r i s e to a 20 pe rcen t m e t a l - w a t e r reac t ion . With 
a heat of react ion of 500 ca lo r i e s p e r g r a m of u ran ium, this co r re sponds 
to a chemical energy r e l ea se of 100 ca lo r i e s p e r g r am of u ran ium. Thus, 
in this case , the chemical energy is equivalent to one-half the f iss ion energy. 

The in-pile work is being conducted to approximate such r e ­
ac tor incidents in a r ea l i s t i c manne r . The method of invest igat ion is to 
subject r eac to r core m a t e r i a l s , in a water environment , to a shor t intense 
bu r s t of neutrons in T R E A T . ^ 1 ' ^ ^ The exper iment is contained within the 
s ta in less s teel autoclave shown in F igu re 62. The autoclave, in tu rn , is 
located at the center of an eight-foot long, s t a in l e s s s tee l , dummy, TREAT 
fuel can with graphite ref lec tor blocks at the bot tom and top (see F igu re 63). 
Connections to the leads f rom the p r e s s u r e pickup and the rmocoup les a r e 
made through an Amphenol fitting. The signals a r e amplified and r eco rded 
on an osci l lograph in the r e a c t o r control building. 

During this qua r t e r , t r a n s i e n t s were made on enr iched u ran ium 
wi re s for l a te r compar i son and co r re l a t ion with the condenser d i scharge 
data. F igure 64 shows a r e c o r d of one of the b u r s t s which r e su l t ed in 
melt ing and fragmentat ion of the u ran ium wi re ; as indicated by the t ime 
scale and the in tegra ted power t r a c e , the t r ans i en t heat ing took place in 
about 0.3 second. The somewhat jagged t e m p e r a t u r e t r a c e in F i g u r e 64 
is caused by momen ta ry loss of contact between the thermocouple and the 
specimen which is breaking apa r t . A s u m m a r y of the p r i m a r y data ob­
tained from the runs with u ran ium w i r e s is shown in Table 55. The extent 
of reac t ion was bas6d on the reac t ion U + 2H2O—^ UOg + 2H2 and the hydogen 
evolution as m e a s u r e d by a m a s s s p e c t r o m e t e r . 

*The cooperat ion of the TREAT operat ions group of the Idaho Division 
is gratefully acknowledged. 

S lp r eund , G. A., E l i a s , P . , M a c F a r l a n e , D.R. , Gier , J. D., Boland, J . F . , 
Design Summary Repor t on the Trans ien t Reac tor Tes t Fac i l i ty , 
TREAT, ANL-6034 (i960). 
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Measurements in TREAT, ANL-6173 (I960). 



FIGURE 62 
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OF METAL-WATER REACTIONS 

NOTES 
1 MUST BE LEAK TIGHT-HELIUM MASS 

SPECTROMETER LEAK DETECTOR TEST, 
HIGH SENSITIVITY, @ 600 psi 

2 HYDROSTATIC TEST PRESSURE 
6250 psi @ 72° F 

3 DWG NO. CE-A4328-3 WORKING 
PRESSURE 4000 psi @ 300 "F 

HANDLE 

HIGH PRESSURE VALVE 
(AUTOCLAVE ENGINEERS) 

CONAX THERMOCOUPLE GLAND 

COVER 316 STAINLESS STEEL 

THRUST WASHER 

FLEXITALLIC GASKET 

MAIN NUT 
316 STAINLESS STEEL 

BODY 316 STAINLESS STEEL 

VAPOR SPACE 20psia HELIUM 

METAL FUEL PIN 

DISTILLED WATER 

ALUMINA CRUCIBLE 

STAINLESS STEEL CRUCIBLE 

ZIRCONIA CRUCIBLE 

STAINLESS STEEL SCREEN 

STAND 

PRESSURE PICKUP 



FIGURE 63 

METAL-WATER REACTIONS TREAT TEST ASSEMBLY 
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FIGURE 64 

OSCILLOGRAPH RECORD 
FROM TRANSIENT C E N - 4 6 

96 MILLISECOND PERIOD , , ; - - -
50 MEGAWATT-SECOND BURST | - ^ ' ° ° ° ^ 
PURE URANIUM WIRE, 
64 MIL DIAM 

INTEGRATED 
POWER 

l o w INITIALLY 

J 01 L 
'SECOND r 

TIME-

Table 55 

RESULTS FROM NINTH SERIES OF TREAT, METAL-WATER EXPERIMENTS 

CEN Transient No 

Uranium Wire^ 
diameter of wire, mils 
number of wires 

Reactor Ctiaracteristics 
burst energy, Mw-sec 
peak power, Mw 
period, ms 

Thermal Neutron Dose 
nvt by gold foil 

Fission Energy Input 
cal/gram by Mo-99 

Peak Metal Temp'', C 

Appearance of Metal 
after transient 

Percent Reaction of U 

i l 

64 
I 

32 
30 

515 

0 56 X lO l " 

-

~100 

not melted, 
no change 

04 

44 

64 
1 

43 
79 

304 

0 48 X lO l l 

~L500 

two large 

globules plus 
particles 

81 

4? 

64 
1 

43 
92 

267 

0 56 X lO l l 

216 

>970 

one large 
fragment plus 

particles 

75 

45 

64 

1 

44 
137 
205 

0 50 X IQl" 

-

>1500 

fragments and 
particles 

93 

41 

64 

1 

54 
331 
96 

0 76 X lOl" 

-

>1500 

fine particles, 
some powder­

like 

17 2 

46 

34 
3 

50 
315 
96 

0 70 X l o l " 

>1500 

lump plus fine 
particles, some 

powder-like 

12 9 

^The uranium wire was 93 percent enriched, all wires were submerged in water The wires were 0 75 inch long, 

''Peak pressure rise was 0 psi in Experiment 41 through 46 

For a given reac tor burs t , there a r e two factors which a r e of 
importance with r ega rd to the me ta l -wa te r problem: the total energy of 
the t rans ien t and the reac to r period. F o r these uran ium wire t e s t s , the 
burs t energy (megawatt-seconds) was held as constant as poss ible and 
the reac tor per iod (milliseconds) was p rog res s ive ly changed. In this 
manner the ra te of change of energy input was var ied . F igure 65 gives 



FIGURE 65 

IN-PILE URANIUM-WATER REACTIONS 
the c o r r e l a t i o n ob t a ined for the s i n g l e - w i r e 
r u n s ; the r e s u l t i s a t t r i b u t e d p r i m a r i l y t o h e a t 
t r a n s f e r c h a r a c t e r i s t i c s . F o r a t r a n s i e n t on 
a s h o r t p e r i o d , the f i s s i o n h e a t is added qu ick ly , 
thus r e d u c i n g h e a t l o s s e s and c a u s i n g h i g h e r 
t e m p e r a t u r e s and m o r e r e a c t i o n . C o n v e r s e l y , 
a t r a n s i e n t on a long p e r i o d p e r m i t s m u c h h e a t 
l o s s , wi th l o w e r t e m p e r a t u r e s , and h e n c e l e s s 
r e a c t i o n . 

One of the func t ions of the i n - p i l e , 
m e t a l - w a t e r w o r k i s to e s t a b l i s h the c h a n g e s 
in g e o m e t r y tha t t ake p l a c e when the fuel s p e c i ­
m e n i s s u b j e c t e d to a r e a c t o r b u r s t of suff ic ient 
i n t e n s i t y to m e l t the m e t a l p a r t i a l l y or c o m ­
p l e t e l y . F o r e a c h of the r u n s wi th u r a n i u m 
w i r e s , f r o m 100 to 400 p a r t i c l e s w e r e coun ted 
and m e a s u r e d . The r e s u l t s in the f o r m of 
s i z e - f r e q u e n c y d i s t r i b u t i o n p l o t s a r e shown in 

F i g u r e s 66 t h r o u g h 69- F r o m t h e s e d i s t r i b u t i o n s , it i s ev iden t t ha t the 
l a r g e s t n u m b e r of p a r t i c l e s o c c u r in the s i z e r a n g e of about 2 to 1 6 m i l s . 
H o w e v e r , when the S a u t e r m e a n d i a m e t e r is c o m p u t e d , the l a r g e p a r t i c l e s 
and g lobu les e x e r t a m a j o r in f luence , so tha t the m e a n s u r f a c e to v o l u m e 
d i a m e t e r is c o n s i d e r a b l y l a r g e r t h a n the g e o m e t r i c m e a n . T h e s e c a l c u l a ­
t i ons a r e s u m m a r i z e d in Tab le 56. The i n c r e a s e in the ex ten t of r e a c t i o n 
wi th the s u r f a c e a r e a change is shown in F i g u r e 70. A p h o t o g r a p h showing 
the change in g e o m e t r y tha t took p l a c e for the t h r e e w i r e bund le is shown 

100 200 300 400 500 600 
REACTOR PERIOD, MILLISECONDS 

_ J \ I I I 
300 200 100 50 30 

REACTOR PEAK POWER, MEGAWATTS 

in F i g u r e 71 
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-

Figure 66 

Particle Size Frequency Distribution Plot 
For Run CEN-44 

304-millisecond period 
8 1% U HjO reaction 

. 

64-inil original diameter 

\::":"""""~~ 

uranium cylinder 

[::::::: :::!::i 
16 32 

Diameter mils 

256 
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Figure 67 

Particle Size Frequency Distribution Plot 
For Run CEN 42 

43 megawatt-second burst 
267-millisecond period 
7.5* U-H2O reaction 

n:.L „ 
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Figure 68 

Particle Size Frequency Distribution Plot 
For Run CEN 45 

44-meg3watt-second burst 
205-millisecond period 

9 3%U-H20 reaction 

64-mil original diameter 
uranium cylinder 

1 
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40 -

30 -

16 32 
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Figure 69 

Particle Size-Frequency Distribution Plot 
For Run CEN-41 

M-megawatt-second burst 
96-millisecond period 
1 7 . » U-H2O reaction 

• i 

|-64-mil original diameter 

1 , 
i I :":::•] , 

16 32 

Diameter, mils 

64 128 256 



Table 56 

PARTICLE SIZE DATA FROM URANIUM WIRE WATER TRANSIENTS 

Original diameter of wire • 64 mils 

original specific surface area -65 

Wire melted 
Reactor period milliseconds 
* U H2O reaction 
dsv diameter mils 

Aj specific surface area, ^^ J] 

Af area increase ratio 

CEN Transient Number 

43 

no 
515 
0 4 
96= 

65 

10 

44 

yes 
304 
8 1 
78 

77 

1 2 

42 

yes 
267 
7 5 
32 

188 

^9 

45 

yes 
205 
9 3 
33 

182 

2 8 

41 

yes 
96 
17 2 
17 

353 

5 4 

' Diameter of an equivalent sphere that has same surface to volume 
ratio as original wire 

6xvolume 
surface area 

dsv Sauter mean diameter • 

A . - ^ 
dsv 

, specific surface area after transient "s 
r" specific surface area before transient" A^ 

-

— 

• 

/ 

Figure 70 

Dependence of Extent of Uranium Water Reaction 
on Surface Area 

• ^ r 

^ r » 

1 1 1 1 1 1 1 

/ 

/ • 

1 1 

Specific Surface Area after Transient 
Specific Surface Area before Transient 

top view of original 
3 wire bundle 

side view of one 
wire before 
transient 

Figure 71 

View of Uranium Wire Fuel Cluster before and after 
Metal-water Transient CEN-46 

* • ^y^^^^iLX: " '̂' ** . • 

• ^ 4^ 

1/2" 
scale 

Consistent with the purpose of this p r o g r a m to simulate nuclear 
accidents closely, plans a re m p r o g r e s s for extending the work to p r e i r r a -
diated fuel specimens and to water at high p r e s s u r e . To date, two exper i ­
ments have been conducted with a high-burnup u ran ium-z i rcon ium alloy 
plate; however, the burs t s were not energet ic enough to achieve melt ing. 
These t rans ien ts will be repea ted at higher integrated powers . Some p r e ­
l iminary out-of-pile work has been done p repa ra to ry to conduction runs at 
elevated p r e s s u r e s . Considerat ion is also being given to testing multiplate 
fuel a s sembl i e s to approximate c lus te rs p resen t in actual r eac to r cores 



IV. REACTOR CHEMISTRY 

The neutron capture c ro s s sections of uranium-236 have been de te r ­
mined at neutron energ ies ranging from 0.36 to 1.73 Mev. The c ross s e c ­
tions var ied from 0.27 barn at 0.36 Mev to <0.I barn at 1\73 Mev, going 
through a maximum of 0.32 ba rn at 0.97 Mev and a min imum of 0.25 barn 
at 0.47 Mev. Work has begun on the determinat ion of the fast neutron 
capture c ro s s sections of neptunium-237 for monoenerget ic neutrons in the 
range from 0.4 to 1 .7 Mev. 

The Reactor Decontamination P r o g r a m has two principal object ives: 
I) to de te rmine exper imenta l ly in pi lot-plant equipment the degree of con­
taminat ion to be expected in the s team phases of a boiling water r eac to r 
sys tem in the event of fuel cladding fai lure , and 2) to find suitable methods 
of removing deposited activity from in ternal su r faces , should it be n e c e s s a r y 
because of excess ive radiat ion l eve l s . The pilot-plant equipment used for 
the f i rs t objective consis ts of a s ta in less steel type 304 loop that s imulates 
the action of a boiling water r e a c t o r . Fuel rup tures a r e s imulated by i n s e r t ­
ing t r a c e r act ivi t ies or i r r ad i a t ed meta l l i c u ran ium. In a para l le l effort, 
studies a r e being made in the l abora to ry to find suitable means of removing 
deposited ac t iv i t i e s . 

In l abora to ry s tudies , scouting exper iments indicated that oxalic or 
dilute sulfuric acids in conjunction with hydrogen peroxide have promis ing 
decontamination capabil i t ies for s ta in less s teel type 304 su r f aces . Modifi­
cations of the second step of the alkaline pe rmangana t e - c i t r a t e decontamina­
tion procedure to reduce the co r ros ivenes s on low alloy s teels did not 
impai r the abil i ty to decontaminate s ta in less s tee l . The modifications con­
s is ted of upward pH adjustments or the addition of inh ib i to rs . Ci t r ic acid 
alone was not ve ry effective as a de contaminant; peroxide additions improved 
the r e su l t s obtained. The addition of Delchem 2128A as a th i rd step in con­
junction with the alkaline pe rmangana t e - c i t r a t e p rocedure yielded somewhat 
improved decontamination over the conventional two-s tep p rocedure . 

Two s e r i e s of reproducibi l i ty runs were made with the s ta in less 
s teel type 304 pilot plant loop. In the f i rs t s e r i e s of th ree runs , s ta in less 
s teel type 304 sample s t r ips were used, whereas SAE type 1018 mild steel 
s t r ips were used in the second. Results a r e not yet avai lable . 
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A. Determination of Nuclear Constants 
(C. E. Crouthamel) 

1 . Fast Neutron Cross Sections 
(D. C. Stupegia, E. Dewell, and G. H. McCloud) 

Uranium-236 

Fast neutron capture cross sections have been determined for 
uranium-236 as a function of neutron energy. This nuclide is a product 
which accumulates in uranium-fueled reactors by the neutron capture of 
uranium-235. Its nuclear properties are therefore useful in various re­
actor calculations. The values obtained are plotted in Figure 72. The errors 
quoted are standard deviations. A report of this work has been submitted 
for publication in the Journal of Nuclear Energy. 

FIGURE 72 Neptunium-23 7 
NEUTRON CAPTURE CROSS SECTION OF URANIUM 236 

AS A FUNCTION OF NEUTRON ENERGY 

Work has begun on the determi­
nation of the fast neutron capture cross 
sections of neptunium-237 for mono-
energetic neutrons. This is a buildup 
product in reactors by way of the neu­
tron capture of uranium-236 and the 
(n,2n) reaction of uranium-238. The 
neutron source is the reaction 
Li(p,n)Be , using protons from the 
Van de Graaff accelerator. The neu­
tron energy range available extends 
between about 0.4 and 1.7 Mev. The 
cross sections will be determined by 
measuring the absolute activity of 

0 2 0 3 0 4 0 5 0 6 0 8 10 I 5 20 " •' 

NEUTRON ENERGY, Mev neptunium-23 8 produced in a known 
mass of neptunium-23 7 by a known flux 

of neutrons. Approximately 1 gram of neptunium-237 is available for this 
work. The absolute activity of the 2.1-day beta and gamma emitter, 
neptunium-23 8, will be determined by 47r beta counting, and the gamma-ray 
scintillation spectrometer will be calibrated against this assay. Neutron 
flux will be measured using a fission chamber, which counts fissions in a 
thin sample of enriched uranium. 

2. Capture and Fission in EBR-I, Mark III 

(C. E. Crouthamel and R. R. Heinrich) 

Samples of uranium-233, uranium-235, uranium-238, 
plutonium-239, and plutonium-240 have been irradiated in the fast breeder 
reactor EBR-I, Mark III, for a total of 800,000 kilowatt-hour s. Ten core 

n r 1 I I r^ 
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and blanket rods containing 5 6 samples and the outer blanket br ick contain­
ing 6 samples have a r r i ved from the Idaho s i te . Scheduling for the removal 
of samples from the rods and br ick has been completed with the Remote 
Control Division'and removal should commence in approximate ly three 
weeks . 

B. Reactor Decontamination 
(W. B. Seefeldt) 

1 . Labora tory Investigations 
(S. Vogler, H. Tyler ) 

The pr incipal objective of the l abora tory invest igat ions is to 
study and modify existing decontaminations or film removal p rocedures 
that have been developed by ei ther industry or other AEC con t r ac to r s . In 
genera l , developed p rocedures a r e applicable to the p r i m a r y c i rcui t s of 
p r e s s u r i z e d water r e a c t o r s , and modifications a r e d i rec ted toward use in 
the vapor spaces of boiling water r e a c t o r s . 

Current l abora to ry work has been concerned with the inves t i ­
gation of seve ra l new solutions as decontaminating reagents and the effect 
of modification of the alkal ine p e r m a n g a n a t e - c i t r a t e p rocedure on the de ­
contamination obtained. The new reagents a r e solutions of oxalic acid and 
hydrogen peroxide and a p r o p r i e t a r y m a t e r i a l developed indus t r ia l ly . The 
oxalic ac id-hydrogen peroxide r eagen t -based decontamination p rocedure 
is under study at Oak Ridge National Labora to ry for potential application 
in the Gas Cooled Reac tor . The alkaline permanganate method is under 
development at West inghouse-Bet t i s and Hanford. 

a. Scouting Exper iments 

The decontamination exper iments were per formed with 
samples of s t a in less s tee l type 304 from a loop run. Samples were used 
from both the vapor and liquid port ions of the loop. The exper iments were 
per formed by placing the contaminated meta l ( j inch x —inch) in the indicated 
solution (see Table 57) for a given per iod of t i m e . The solution was s t i r r e d 
by means of a p las t i c -coa ted s t i r r i ng bar and a commerc i a l magnet ic s t i r r ing 
unit. The re su l t s a r e s u m m a r i z e d in Table 5 7. The data indicate good de ­
contamination r e su l t s for oxalic acid containing hydrogen peroxide, and for 
dilute sulfuric acid containing both hydrogen peroxide and fluoride ion. 
These p r e l im ina ry data r equ i r e further cor robora t ion . It will a lso be n e c e s ­
sa ry to evaluate the co r ros ion r e s i s t a n c e of typical r eac to r m a t e r i a l s of 
construct ion to these r eagen t s . 
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T a b l e 57 

DECONTAMINATION OF STAINLESS S T E E L T Y P E 304 

Ac t iv i ty Leve l : Vapor S a m p l e s —5 x 10^ c p m 
Liquid Sample s ~10 c p m 

Reagent 

3 M HNO, 

'*> Step I 

10% a m m o n i u m c i t r a t e > Step 2 

0.5% KMnO, 
1% NaOH 

T e m p e r a t u r e 

(c) 

- 1 0 0 

~ 25 

85 

T i m e 
(hr) 

1 

4 

. 0.25 

0.25 M NazCOj 
0.25 M NaHCOj 
0.5 M H2O2 

0.5 M Na2C204 
0.5 M H2O2 

0.3 N H2SO4 

0.3 N H2SO4 
1 M H2O2 

0.3 N H2SO4 
1 M H2O2 
0.12 M N a F 

0.16 M H2C2O4 
1 M H , 0 , 

75 

75 

95 

95 

1 

0.5 

0.5 

95 

95 

0.5 

0.5 

D e c o n t a m i n a t i o n F a c t o r 

Liquid Vapor 

24 

44 

9 

27 

33 

>200 

>200 

b . Modi f i ca t ions of the Alka l ine P e r m a n g a n a t e - C i t r a t e 
P r o c e d u r e 

The unmodi f i ed t w o - s t e p a lka l i ne p e r m a n g a n a t e - c i t r a t e 
p r o c e d u r e for d e c o n t a m i n a t i o n of m e t a l l i c s u r f a c e s c o n s i s t s of the a p p l i ­
ca t ion of a s o d i u m h y d r o x i d e - p o t a s s i u m p e r m a n g a n a t e r e a g e n t fo l lowed by 
e i t h e r a m m o n i u m c i t r a t e o r c i t r i c a c i d . C o r r o s i o n e x p e r i m e n t s i n d i c a t e d 
tha t 10 p e r c e n t c i t r i c a c i d o r a m m o n i u m c i t r a t e at n o r m a l a c i d i t y (pH4 .8 ) 
w a s c o r r o s i v e to 1 p e r c e n t c h r o m i u m - 0 . 5 p e r c e n t m o l y b d e n u m - i r o n a l l o y . 
T h i s a l loy i s a m a t e r i a l of c o n s t r u c t i o n in the E x p e r i m e n t a l Boi l ing W a t e r 
R e a c t o r and i s c o n s i d e r e d r e a s o n a b l y t y p i c a l of low a l l oy s t e e l s u s e d in 
o t h e r r e a c t o r s . T h e s e t e s t s i n d i c a t e d tha t by e i t h e r r a i s i n g the pH of the 
c i t r a t e so lu t ion o r u s ing c o r r o s i o n i n h i b i t o r s a d e c r e a s e of the c o r r o s i o n 
r a t e to an a c c e p t a b l e l e v e l r e s u l t e d . The effect of t h e s e c h a n g e s in the 
p r o c e d u r e w a s no t ed by m e a s u r i n g the d e c o n t a m i n a t i o n of l o o p - p r o d u c e d 
s t a i n l e s s s t e e l s a m p l e s f r o m the v a p o r s e c t i o n of the l oop . The da ta 
a s s e n n b l e d in Tab le 58 i n d i c a t e no d e t r i m e n t a l ef fec ts on d e c o n t a m i n a t i o n 
of r a i s i n g the p H o f t h e c i t r a t e so lu t ion o r adding the i n d i c a t e d c o r r o s i o n 
i n h i b i t o r . 
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Table 5 8 

DECONTAMINATION OF STAINLESS STEEL TYPE 304 BY THE 
ALKALINE PERMANGANATE-CITRATE PROCEDURE 

Samples : Stainless Steel from Loop Vapor Space 

Sample Activity: <~'l x 10 gamma cpm 

F i r s t Decontamination 0.5 percent po tass ium permanganate 
Step: and 1.0 percent sodium hydroxide for 

4 hours at 25 C. 

Second Decontamination 85 C with the indicated r eagen t s , 
Step: f i rs t for a 15-minute exposure and 

then a 45-minute exposure . 

Decontamination Factor 

Reagent 15 Minutes 1 Hour 

10% ammonium c i t ra te 17 34 

10% sodium c i t ra te (pH 10) .34 50 

10% ammonium c i t ra te ^- , „„ 
l i % Rhodine 130 

10% sodium c i t ra te _ . 
l j % Rhodine 130 

Examinat ion of the res idua l activi ty indicated that slight 
amounts of z i rconium were p resen t in mos t spec imens . Occasional ly 
ruthenium was identified. 

c. Ci t r ic Acid as Decontaminating Reagent 

Several exper imen t s were per formed to de te rmine the ef­
ficiency of c i t r ic acid alone as a decontaminating reagent . The solutions 
used and the decontaminat ions obtained a r e indicated in Table 59. These 
p r e l im ina ry r e su l t s indicate that c i t r i c acid alone was not an exceptional 
decontaminating reagent . A m a r k e d improvement in the decontaminat ion 
was observed upon the addition of hydrogen peroxide . 



/ 
205 

Table 59 

DECONTAMINATION OF STAINLESS STEEL 
TYPE 304 WITH CITRIC ACID 

Samples : Stainless Steel type 304 from 
Loop Vapor Space 

•3 

Activity: '^5 x 10 cpm 

Time: 1 Hour 

T e m p e r a t u r e : 85 C 
Reagent Decontamination Fac tor 

1 0% ci t r ic acid 8 

41 1 0% c i t r ic acid 
3% H2O2 

10% sodium ci t ra te (pH 10) 
l4-% Rhodine 130 4 

Evaluation of Delchem 2128A* 

10 

Delchem 2128A is a newly developed and r e l e a s e d p r o p r i e ­
t a ry ma te r i a l for decontamination of s t a in less s teel su r f aces . A p rocedure 
was tes ted to de te rmine i ts sui tabil i ty for use in boiling water r e a c t o r s . 
The suggested procedure called for the following sequence of r e a g e n t s : 
Delchem 2128A at 126 C for one hour , alkal ine permangana te at 90 C for 
one hour , and finally 25 percent n i t r i c acid at room t e m p e r a t u r e for one-
half hour . Water r i n se s were used between r e a g e n t s . With a loop contami­
nated s ta in less steel type 304 sample , a decontamination factor of 360 was 
obtained. When the t e s t was repea ted minus the p r o p r i e t a r y reagent a d e ­
contamination factor of 11 0 was obtained. In a th i rd tes t s imi l a r to the 
second, substitution of ammonium c i t ra te at 85 C for the n i t r i c acid p r o ­
duced a decontamination factor of 90. A final tes t consist ing of the 
p ropr i e t a ry solution at 126 C followed by n i t r i c acid at room t e m p e r a t u r e 
yielded a decontamination factor of 1 3 . 

These r e su l t s indicated that the p r o p r i e t a r y solution yielded 
a slight i nc rease in meta l decontaminat ion when used in conjunction with 
alkaline permanganate , but when used without alkaline permangana te the 
p rop r i e t a ry solution showed no i n c r e a s e in meta l decontaminat ion. 

* P r o p r i e t a r y compound manufactured by Pennsylvania Salt 
Manufacturing Company. 



2. Loop Studies 
(D. Grosvenor , C. Bally) 

A s ta in less s tee l type 304 loop which s imula tes the action of a 
boiling water r eac to r has been ins ta l led in a shielded cell in o rde r to study 
the effects of fuel r u p t u r e s . It is of i n t e r e s t to know the amount and the 
kinds of fission products that will be d is t r ibuted through the sys t em in o rde r 
to a s c e r t a i n the degree to which maintenance might be impa i r ed in a prac t ica l 
sys t em should fuel cladding failure occur . 

Fuel rup tures a r e s imula ted in the loop by introducing i r r ad ia t ed 
meta l l i c u ran ium. Fiss ion products a r e r e l eased by the u ran ium as it co r ­
rodes in the ci rculat ing wa te r . DepositioA of activi ty in the s t eam disengag­
ing space is moni tored by inse r t ing a meta l l i c sample s t r ip into the loop; 
this is r emoved following a run, cut into convenient lengths , and counted in 
a 256-channel gamma scint i l lat ion s p e c t r o m e t e r . This is co r r e l a t ed with 
s imi l a r information obtained from liquid and condensed s t eam s a m p l e s . 

Loop runs previously r epor t ed have been made with s ta in less 
s teel sample s t r ips at an operat ing p r e s s u r e of 200 ps i , and s t eam veloc i ­
t i es of 0.8 f t / s e c . Both t r a c e r and mixed fission product ac t iv i t ies have 
been used . Curren t efforts a r e d i rec ted at determining the reproducibi l i ty 
of data obtained from the loop. A s e r i e s of th ree runs (Runs U3B, U3C, 
U 3 D ) was made under identical condit ions: ( l) s ta in less s tee l type 304 
sample s t r ip , (2) 200 psi p r e s s u r e , (3) 0.8 f t / s ec s t eam veloci ty, (4) liquid 
level of 1 7 to 20 inches above r e f e r ence , and (5) run t ime of 68 h o u r s . I r ­
radia ted u ran ium was the source of f ission product act ivi ty . A fresh sample 
s t r ip was placed in the loop for eve ry 68-hour exper iment . Resul ts a r e not 
yet avai lable . 

A second s e r i e s of two runs (U3E and U 3 F ) was made in which 
operat ing conditions were ident ical to those above except for the substi tution 
of mild s teel sample s t r ips (SAE 1018) for the s ta in less s t ee l . Resul ts from 
these exper iments a r e a lso unavai lable . 
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V. ROUTINE OPERATIONS 
(H. G. Swope) 

A. Waste P rocess ing 
( H . G. Swope, J. Harast , K. B r e m e r , B. Kullen and R. J a r r e t t ) 

The total volume of liquid radioact ive wastes p roces sed from 
October 1 through December 31, I960 was 20,659 gal lons. The methods 
used and volumes of each were as follows: 

P r o c e s s 

Evaporation and Concentration 
Neutralization of HF Wastes 
Absorption on Vermicul i te 

Total 

Gallons 

20,130 
325 
204 

20,659 

A summary of the amount of was tes p rocessed in I960 by var ious 
methods is shown in Table 60. 

Table 60 

SUMMARY OF LIQUID RADIOACTIVE WASTES PROCESSED DURING THE YEAR 1960 

Gallons of Waste Treated as Shown 

1960 
Quarterly 

Period 

Jan - Mar 

Apr - June 

Ju l y -Sep t 

Oct - Dec 

Totals 

Struthers-Welis Evaporator 

Reten­
tion 

Tanks 

2,320 

2,320 

1,540 

50O 

6.680 

Decon 
Soln 

10,210 

10,120 

7,875 

8,547 

36,752 

Misc 
Aque­
ous 

1,226 

1,536 

1,025 

1,811 

5,598 

GIF 
Pool 

Water^ 

700 

260 

360 

300 

1,620 

Cim-
Cool 

2,100 

935 

1,290 

1,345 

5,670 

Floe 

510 

510 

D-34 
Sludge 

1,320 

4,805 

2 630 

2,980 

11,735 

Regen 
Soln 

2,860 

2,180 

5,040 

Adams 
Filter 
Cake 

890 

1,275 

2,013 

1,049 

5,227 

30-Gallon 
Concentrator 

Evap 

Bottoms 

953 

1,638 

1,373 

1,387 

5,351 

Misc 

M 

31 

31 

Org 

440 

242 

1,108 

1790 

Ion-
Exchange 

Cation 
(HCR-H+I 

RT 

1900 

400 

4,240 

6540 

Fil­
t ra ­
t ion 

2 800 

7,220 

4,240 

14,260 

Floc-
cula-
tion 

1640 

1,360 

3,000 

Absorp­
tion 
on 

Vermi­
culite 

75 

446 

756 

204 

1,481 

HF 
Wastes 
Neu­
t ra l ­
ized 

110 

105 

325 

540 

Decay 

4,680 

4,680 

Totals 

26,684 

37,747 

31415 

20,659 

116,505 

a Includes water from fuel rod carrier. 

Abbreviations 
GIF = High-level Gamma-irradiation Facility 
RT • Retention Tanks 
HF • Hydrofluoric acid wastes 
EBWR • Experimental Boiling Water Reactor Wastes 

B. High-level Gamma- i r rad ia t ion Faci l i ty 
(H. G. Swope, J. Harast , N. Ondracek, R. Juvinall , G. Teats and 
V. Lemke) 

The year I960 was the fifth full year of operat ion of the Argonne 
High-level Gamma- i r rad ia t ion Faci l i ty . Table 61 s u m m a r i z e s I960 work 
in Rack M-1 . There were 9,300 samples (equivalent to a No. 2 sized can) 
i r rad ia ted in calendar year I960 as compared to 8109 in 1959; day units 
were 17,063 and 13,787, and total night units were 28,203 and 29,351 in 
i960 and 1959, respect ively. In addition 4,134 special dos ime t ry samples 
were run during the year . 



Table 61 

ARGONNE HIGH-LEVEL GAMMA IRRADIATION FACILITY 

Summary of Irradiations Performed in Rack M 1 During 1960 

1960 

January 

February 

March 

Apri l 

May 

June 

July 

August 

September 

October 

November 

December 

Totals 

No of Samples^ 

QMC 

455 

694 

1223 

557 

1027 

929 

462 

796 

886 

303 

561 

408 

8 301 

Industry 

0 

13 

6 

0 

0 

28 

39 

21 

72 

29 

27 

9 

244 

Educ 
Inst 

40 

0 

0 

80 

10 

24 

7 

203 

0 

0 

2 

16 

382 

ANL 

18 

13 

46 

41 

30 

34 

51 

41 

25 

24 

26 

24 

373 

Total Day Units in Radsb 

QMC 

613 

977 

1855 

899 

1575 

1080 

630 

1175 

1186 

484 

858 

581 

11913 

Industry 

0 

13 

11 

0 

0 

24 

71 

12 

77 

80 

54 

20 

362 

Educ 
Inst 

30 

0 

0 

73 

7 

12 

14 

286 

0 

0 

7 

32 

461 

ANL 

158 

120 

506 

339 

276 

604 

525 

212 

349 

373 

414 

351 

4 327 

Total Night Units in Rads" 

QMC 

21 

0 

192 

0 

0 

29 

87 

219 

0 

0 

78 

8 

634 

Industry 

0 

77 

3 

0 

0 

181 

581 

0 

431 

UOO 

431 

256 

3 060 

Educ 
Inst 

0 

0 

0 

0 

134 

0 

73 

0 

0 

0 

0 

0 
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ANL 

1700 

2 088 

2 651 

2 119 

1738 

2 991 

2 811 

1873 

2 036 

1466 

1062 

1767 

24 302 

^Equivalent to a No 2 sized can (3 7/16-in diameter x 4 9/16 in high) 

' ' includes loadings and reimmersions One unit 2 x 1 0 ^ rad 

In addition to the work done in Rack M-1 , a second rack, M-2 
(20-inch c i rcu la r rack) , was occasionally used. 


