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SMALL-SCALE DEMONSTRATION OF THE MELT REFINING 
OF HIGHLY IRRADIATED URANIUM-FISSIUM ALLOY 

by 

V. G. Tr ice , J r . , and R. K. Steunenberg 

ABSTRACT 

Five mel t refining demonstra t ion exper iments have 
been conducted with highly i r r ad ia t ed EBR-II prototype fuel 
to verify e a r l i e r data on fission product removals obtained 
with un i r rad ia ted and low-activi ty al loys. In each expe r i ­
ment , approximately 0.4 kg of uran ium-f i ss ium fuel pins 
i r r ad ia t ed to burnups ranging from 0.22 to 1.75 total atom 
percen t was me l t refined for 1 or 3 hr at 1400 C in a l i m e -
stabi l ized z i rconia crucible . 

The behavior of fission products was consis tent with 
the e a r l i e r r e s u l t s . F i ss ion product removals were over 
99 pe rcen t for krypton, xenon, iodine, ces ium, bar ium, and 
s t ront ium, over 95 percen t for y t t r ium, r a r e e a r t h s , and 
te l lu r ium, and zero for the noble m e t a l s . 

Because of the smal l scale of the exper iments and 
n e c e s s a r y exposure of the i r r ad ia t ed fuel to a i r in the cave 
facili ty, it was not possible to obtain definitive data on prod­
uct y ie lds . 

Swelling of the fuel pins and the assoc ia ted r e l ea se 
of f ission product gases during the heating cycle caused no 
difficulty in the mel t refining p roces s on this scale . 

I. INTRODUCTION 

The Exper imenta l Breeder Reactor No. 2 (EBR-Il) , located at the 
National Reactor Testing Station in Idaho, is a fast power b reeder reac to r 
designed to es tab l i sh the feasibil i ty of fast r e ac to r s for cen t ra l - s t a t ion 
power plants . It is an in tegra ted nuc lear power plant, incorporat ing the 
r eac to r and a fuel recycle p rocess ing facility. The spent fuel will be proc 
e s sed by pyrometa l lu rg ica l methods , and new fuel e lements will be fabr i ­
cated remote ly . 
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The fuel to be used in the f i r s t core loading of EBR-II contains a p ­
proximately 50 percent enriched uranium alloyed with 5 w /o noble meta l 
fission product e lements and is commonly r e f e r r ed to as uranium-five p e r ­
cent f iss ium.* The fuel pins, about — in. in d iameter , a r e clad with s ta in­
less steel thermal ly bonded by a smal l amount of sodium. 

The melt refining p rocess has been developed for the recovery of 
uraniuna from the f i rs t core loading of EBR-II . The pins a r e declad m e ­
chanically, chopped, and charged to a l ime-s tab i l ized z i rconia crucible in 
which they are melted and maintained at 1400 C in a liquid state under 
argon for a period of 3 to 4 hr . Approximately two-thirds of the fission 
products a re removed during this t rea tment through volatil ization, selective 
oxidation, and liquation, as i l lus t ra ted in Figure 1. The purified meta l 
product is top-poured to form an ingot from which new pins a re p repared 
by injection casting. A mixture of oxides and unpoured meta l remaining in 
the crucible as a skull is r ecovered by a separa te p rocess employing liquid 
metal solvents. 

Figure 1 

SIMPLIFIED SCHEMATIC ILLUSTRATION OF 
THE MELT REFINING PROCESS 

-ZIRCONIA CRUCIBLE 

•FISSION PRODUCT 
DROSS LAYER 

•MOLTEN U OR 
Pu ALLOY 

*Fiss ium is a widely used name for a mixture of fission product meta ls 
that a r e not removed by the mel t refining p roces s . In the mixture , 
these meta l s (molybdenum, ruthenium, rhodium, palladium, zirconium, 
and niobium) a r e approximately apportioned according to their yield in 
the fission p r o c e s s . 



The mel t refining p roces s offers p romise of achieving a reduction 
in the r ep rocess ing cost assoc ia ted with nuclear power. The principal 
cha r ac t e r i s t i c s of the p r o c e s s which a r e likely to resu l t in reduced costs 
a r e its simiplicity, compac tness , low volume of dry was tes , and capability 
for handling shor t -cooled fuels, with an attendant reduction in fuel 
inventor ies . 

The f i r s t studies of the mel t refining p roces s were conducted with 
uni r rad ia ted and low-activi ty uranium and uranium alloys.(1~3) Nearly 
complete removal of the following fission product e lements was achieved: 
r a r e ea r th s , y t t r ium, bar ium, s t ront ium, and cesium.(3) The noble meta l 
fission product e lements (molybdenum, ruthenium, rhodium, and palladium) 
were not removed.(4) In exper iments with inactive al loys, yields obtained 
by top pouring at full plant scale (lO-kg charge in a 5 .125-in . -diameter 
crucible) averaged 92.5 percent .(5) 

Five s m a l l - s c a l e (~0.4 kg) demonst ra t ions of the mel t refining proc 
ess were made with uranium-f ive percen t f iss ium fuel pins i r rad ia ted to 
burnups of 0.22 to 1.75 total atom percent . (Fully i r rad ia ted EBR-II fuel 
is expected to reach a maximum burnup of about 2.0 total atom percent . ) 
The p r i m a r y objective of the demonst ra t ions was to determine whether the 
same fission product behavior would be obtained in the melt refining of 
highly i r r ad ia t ed fuel as that observed in the previous studies with un i r ­
radiated and low-act ivi ty ma te r i a l . A secondary objective was to observe 
the behavior of highly i r r ad ia t ed fuel with respec t to other aspects of the 
mel t refining p r o c e s s , such as product yields, the handling of fission prod­
uct gases , and any p rob lems resul t ing from different physical p roper t i e s 
of the i r r ad ia t ed alloy. During the course of the investigations, some in­
cidental information was obtained on the removal of the highly radioactive 
skull from the crucible by a i r oxidation and the distr ibution of fission 
products between the oxidized skull and the crucible . 
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II. EXPERIMENTAL 

A. Equipment 

1. Cave Faci l i t ies 

The high-act ivi ty- level mel t refining exper iments were con­
ducted in the Chemical Engineering Senior Cave, which is an a i r - a tmosphe re 
facility with two high-level (kilocurie) cells and one low-level ce l l . ' " / The 
cave facil i t ies were of a conventional design, with the exception of four Ar ­
gonne Model 3 e lec t r ic manipulators ,(7) which markedly simplified the 
problems of remote operation. 

2. Melt Refining Furnace 

All mel t refining exper iments were conducted in the s ta inless 
steel , 140-l i ter be l l - j a r - enc losed furnace shown in F igures 2 and 3. A 
vacuum seal between the baseplate and the bell j a r was provided by a rub­
ber "O" ring gasket with a steel f rame for ease of remote handling. Ser­
vices were supplied through the base plate. 

Figure 2 

VIEW OF MELT REFINING FURNACE THROUGH CAVE WINDOW 

mm.fl 

(Photo Retouched) 

http://mm.fl


Figure 3 

VIEW OF MELT REFINING FURNACE WITH THE BELL JAR REMOVED 

REFEREMCi THERMOCOUPLE 

-••- **'• • ^ IMMERSION THERMOCOUPLE 

/ 

Induction heating was used for mel t refining, with the power 
supplied by a 10,000-cycle mo to r -gene ra to r to a 2 —-turn solid copper coil 
coupled to a 30-mil tantalum susceptor . For operation of a res is tance 
heated furnace (Figure 4), used for skull oxidation and sample fusions, 
l lO-v , 60-cycle power was also available inside the bell j a r . The necessa ry 
connections were provided for plat inum-plat inum, 10 percent rhodixim and 
chromel -a lumel thermocouples . 

Service lines through the baseplate provided for inlet gas , 
vacuum, and removal of radioactive gases . The inlet gas line terminated 
in a connection on the outside face of the cave. The vacuuin line was con­
nected to a mechanical pump (Kinney KC-15) located inside the cave a few 
feet from the furnace. 

Exhaust gases from the furnace were passed through charcoal 
beds for control of radioactive iodine. The charcoal beds were located on 
the discharge side of the vacuum pump and in the exhaust stack of the cave. 
Over 99 percent of the a tmosphere in the bell j a r , which contained the bulk 
of the radioactive gases r e l eased during mel t refining, was pumped to 
shielded gas - s to rage cyl inders , by means of the equipment shown in Figure 5. 



Figure 4 

SKULL OXIDATION FURNACE INSTALLED ON BASE PLATE OF 
THE MELT REFINING FURNACE 

(Photo Retouched) 
Figure 5 

RADIOACTIVE GAS TRANSFER SYSTEM 

A. GENCO-PRESSOVAC GAS PUMP 
(35 LITERS PER MINUTE FREE AIR DISPLACEMENT, 
25 MICRONS ABSOLUTE SUCTION PRESSURE) 

B. MODERNAIR SERIES "J"; MODEL 100 AIR COMPRESSOR 
(90 LITERS PER MINUTE FREE AIR DISPLACEMENT, 
100 PSI MAXIMUM DISCHARGE PRESSURE) 

CAVE 
^^--SHIELDING 

WALL 

L _ ^ 

ONE LITER 
SURSE TANK 

I 7 i 
LEAD SHIELDED 
GAS STORAGE 
CYLINDER 
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Both the gas pump and the s torage cyl inders were located outside the cave. 
The gas pump, a two-stage a r rangement consisting of a vacuum pump 
(Cenco P re s sovac ) in s e r i e s with a smal l compressor (Johnson Portable 
All Purpose Air Compressor Model MM60067-A), was capable of reducing 
the p r e s s u r e in the furnace to l O t o r r while delivering gas to the storage 
cylinder at 100 psig. Ai r -opera ted diaphragm valves (Crane Co. 150WOG) 
with neoprene sea ts were installed on gas service lines inside the cell 
close to the furnace. 

3. Crucible Assembly 

A scheinatic d iagram (Figure 6) shows the principal compo­
nents of the crucible assembly , i .e . , crucible , tantalum susceptor , silicon 
carbide insulation, z i rconia re ta iner , and zirconia cap. In Figure 3, the 
crucible assembly is shown instal led in the furnace with immers ion and 
reference thermocouples in place. The crucible assembly was mounted 
upon a cradle that could be rotated 120° for top pouring. 

Figure 6 

CRUCIBLE ASSEMBLY 

F. 
G. 

H. 
I, 
J. 

A. ZIRCONIA RETAINER 

B. 300 MESH SILICON CARBIDE INSULATION 
C. 30 MIL TANTALUM SUSCEPTOR 
D. FIBERFRAX RETAINER 
E. ZIRCONIA CAP 

TANTALUM HEAT SHIELD 
REFERENCE THERMOCOUPLE 
PROTECTION TUBE 
POURING SLOT 
CRUCIBLE 
IMMERSION THERyOCOUPLE 

Plat inum-pla t inum, 10 percent rhodium was used for both 
reference and i m m e r s i o n thermocouples . A smal l -d iamete r beryl l ia tube, 
of 4-m3xi OD and 2 -mm ID, se rved as a protection tube for the immers ion 
thermocouple . Beryl l ia was chosen for this function, in preference to 
either alumina or z i rconia , because of its superior chemical res i s tance to 
the molten uranium alloy and because it was not wetted by the alloy. 



12 

Dimensions and the chemical composition of the crucible 
(Norton Co. z i rconia RZ5601) a re presen ted in Table 1. The manufac tu re r ' s 
code, RZ5601, identifies the type of ref rac tory mix used and the method 
employed in the fabricat ion of the crucible . In the EBR-II Fuel Cycle 
Faci l i ty , cu r ren t plans call for the use of Norton Company Type 300SP 
zi rconia crucib les for the me l t refining p roces s . According to Norton, 
the same re f rac to ry mix is used in the manufacture of the RZ5601 and 
the 300SP c ruc ib les , and the difference between these crucib les is re la ted 
only to the method of fabricat ion. The RZ5601 crucible is formed by pneu­
mat ic ramming , whereas the 300SP crucible is formed by a combination of 
pneumatic ramming and hydraulic p res s ing . 

Table 1 

DIMENSIONS AND COMPOSITION OF 
ZIRCONIA CRUCIBLE 

Manufacturer Norton Company, Worces te r , 
Massachuse t t s 

Type 
Dimensions (in.) 

Height 
Outside d iameter 
Inside d iamete r 

Typical Composition 
Zirconium dioxide 
Calcium oxide 
Hafnium dioxide 
Silicon dioxide 
Aluminum oxide 
Titanium dioxide 
F e r r i c oxide 

(w/o)^ 

RZ5 

4 
2 
i | 

92.0 
4.5 
1.5 
0,9 
0.6 
0.3 
0.2 

2-Furnished by the Norton Company 

The RZ5601 crucible was selected for use in the high-act ivi ty-
level exper iments because of its super io r performance in p re l imina ry ex­
pe r imen t s in which the skull was t r ans fo rmed to a free-flowing powder by 
oxidation with a i r at 700 C for easy remova l from the cruc ib le . In p r e l i m ­
inary t r i a l s of the skull oxidation p rocedure , it was noted that 300SP c r u ­
cibles tended to d is in tegra te , thereby adding appreciable amounts of powdered 
crucible z i rconia to the pulver ized skull. The same oxidation t rea tment , 
however, had vir tual ly no effect on the integri ty of RZ5601 c ruc ib les . 



B. Uran ium-F i s s lum Alloy 

The uranium-five percent f iss ium pins used in the 0 .4-kg-sca le 
h igh-act iv i ty- level exper iments were identical with those p repa red for 
the f i rs t EBR-II core loading,except that a lower percentage enr ichment 
was used, 10.73 percent vs 47.5 percent , to conserve uranium-235. The 
composit ion of the alloy is given in Table 2. 

Table 2 

COMPOSITION OF URANIUM-5 PERCENT FISSIUM 
ALLOY F U E L USED IN HIGH-ACTIVITY-LEVEL 

EXPERIMENTS (BEFORE IRRADIATION) 

(Density at 25 C: 18.0 g/cu cm) 

Concentration, w/o 

Constituent 

Uranium-238 
Uranium-235 
Molybdenum 
Ruthenium 
Rhodium 
Pal ladium 
Zirconium 
Niobium 
Carbon 

Exper iments 
1 ,2 , and 3 

84.00 
10.73 

2.58 
2.11 
0.26 
0.19 
0.12 
0.01 

25 ppm 

Exper iments 
4 and 5 

84.94 
9.44 
2.80 
2.25 
0.27 
0.20 
0.09 
0.01 

To p r e p a r e the alloy pins , the constituent e lements were f i r s t 
mel ted in a z i rconia crucible and r ecove red as a mass ive ingot. The 
ingot was t r a n s f e r r e d to a special casting furnace, mel ted in a thor ia -
coated graphite c ruc ib le , and in ject ion-cas t into Vycor miolds to form 
0 .144- in . -d iameter pins. 

The unclad, un res t r a ined fuel pins , held in an a r r a y by Zircaloy 
s p a c e r s , were i r r ad ia t ed in s ta in less s teel capsules filled with sodium or 
NaK to provide for heat t r ans fe r . The pins used in Exper iments 1 and 2 
were i r r ad ia t ed in the CP-5 r e s e a r c h r eac to r . The conditions of i r r a d i a ­
tion: unper turbed t h e r m a l flux* and cen t ra l fuel t empera tu re were 1.6 x 
l O " nv and 240 C for the fuel pins used in Exper iment 1, and 3.7 x 10^^ nv 
and 400 C for the fuel pins used in Experimient 2. Frequent shutdowns of 

*Est imated per turba t ion fac to r s , relat ing the unperturbed flux to the 
effective flux in the fuel, were 0.361 for CP-5 and 0.392 for MTR. 
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Figure 7 

X-RAY PHOTOGRAPH OF URANIUM-FISSIUM FUEL 
PINS INSIDE MTR IRRADIATION CAPSULES 

(BEFORE IRRADIATION) 

the r eac to r , because of the r e s e a r c h 
act ivi t ies at the CP-5 , resul ted in 
t he rma l cycling of the fuel one or 
two t imes daily. The fuel pins used 
in Exper iments 3, 4, and 5 were i r ­
radiated in the Mater ia l s Testing 
Reactor (MTR) at the Idaho test ing 
station at an unperturbed the rmal 
flux of about 5 x 10^ nv and a cen­
t r a l fuel t empera tu re of about 550 C. 
The MTR- i r r ad ia t ed fuel was the r ­
mally cycled once every 15 days. 

NaK LEVEL-

FUEL PINS' 

The loaded CP-5 i r radia t ion 
capsules were 1.25-in. in OD by 
21 in. long, and they contained about 
400 g of alloy i m m e r s e d in 200 g of 
sodium. The MTR capsules were 
smal le r , of 1.125-in. OD by 16 in. 
long, with a fuel loading of about 
200 g in 100 g of NaK. An X-ray 
photograph of loaded MTR ir radia t ion 
capsules before i r radia t ion is p r e ­
sented in Figure 7. Two capsules 
of MTR- i r r ad ia t ed alloy were r e ­
quired for each me l t refining 
exper iment . 

ZIRCALOY 
SPACER P L A T E — 

Pins used in Exper iments 1 
through 4 were i r rad ia ted to l ess 
than one percen t burnup. These pins 
showed little swelling but were slightly 
warped. A g rea t e r degree of warping 
was observed in pins i r rad ia ted to 
1.75 percent burnup. (A short s e c ­
tion of one of these pins is shown in 
Figure 8.) In the case of the 1.75 p e r ­
cent burnup pins , some swelling was 
evident at points where the pins passed 
through holes in the Zircaloy spacer 
plates used to position them in the 
i r radia t ion capsule , probably as a 
resu l t of local hot spots caused by 
g rea t e r r e s i s t ance to heat t r ans fe r 
through the Zircaloy spacer than 
through the liquid NaK. 



Figure 8 

SHORT SECTION OF AN URANIUM-5 PERCENT 
FISSIUM FUEL PIN IRRADIATED TO 

1.75 ATOM PERCENT BURNUP 

(This fuel pin was i r rad ia ted unclad in a NaK-filled 
capsule at a centra l fuel t empera ture of about 550 C 
and was not warped before i r radiat ion. The photo­
graph was taken through the per iscope in the Chemi­
cal Engineering Senior Cave.) 

I 277 IN. 

(Photo 
Retouched) 

C. Exper imenta l P rocedure 

1. P repara t ion of Fuel for Melt Refining 

Sodium-filled capsules , in which the fuel used in Exper iments 1 
and 2 was i r radia ted , were opened in a i r . The tops of the capsules were 
cut off and the sodium was removed by submerging the opened capsule in 
a bath of molten paraffin at 150 C. As the sodium melted, it settled to the 
bottom of the bath and was shielded from contact with air by the protective 
paraffin cover. The fuel pins were washed with a kerosene-butanol m i x ­
ture and r insed with acetone to remove residual sodium and paraffin. At 
the completion of this t rea tment , a film of reaction products coated the 
fuel pins . 
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NaK-filled capsules used for the MTR i r radia t ions were opened 
under ni trogen and the NaK was poured off. The fuel pins used in Expe r i ­
ment 3 were washed with butanol and acetone to remove res idual NaK. 
Organic solvents were not used to wash the fuel pins for Exper iments 4 and 
5 because nitr idation ra te studies(8) indicated that t r a c e s of organic m a t e ­
r ia l may remain on the pins after washing with organic solvents. Instead, 
the res idual NaK was oxidized by means of a dilute oxygen (0.5 percen t ) -
nitrogen mix tu re . 

Oxide scale and loosely adhering react ion products remaining 
on the pins after removal of sodium "were removed by abras ion with a mix ­
ture consisting of 200 g of 30-mesh and 100 g of 10-mesh silicon carbide . 
Fuel pins and abras ive were tumbled for 45 min in a j a r mi l l under an a i r 
a tmosphere . After abrading, the pins had a dull grey lus te r and were free 
of visible oxide scale . 

To minimize exposure of the abraded fuel pins to a i r , they were 
sampled, weighed, loaded into a previously degassed crucible ,* and placed 
in the mel t refining furnace as quickly as possible. During these operations 
the fuel was exposed to a i r at a tmospher ic p r e s s u r e for about 2 hr . 

2. Melt Refining 

In Exper iments 1, 2, and 3, the furnace bell j a r was lowered 
immediately after the loaded crucible was installed in the furnace. The 
bell j a r was then evacuated and held under a p r e s s u r e of about 5|i for 
several hours (11.5, 17, and 66 hr , in Exper iments 1, 2, and 3, r e s p e c ­
tively). Argon was then added to the bell j a r to provide an iner t a t m o s ­
phere which was maintained at a p r e s s u r e somewhat higher than 
a tmospher ic during mel t refining. 

In p re l iminary exper iments with unirradiated fuel, it had been 
shown that holding the fuel pins under vacuum for severa l hours p r io r to 
mel t refining had a beneficial effect on the product yield. It is likely that 
the beneficial effect was the resu l t of the degassing of the bell j a r and the 
furnace components which had been exposed to the a i r a tmosphere of the 
cave while the crucible was being instal led in the crucible assembly . How­
ever, the yield data from the f i r s t th ree high-act ivi ty- level exper iments 
indicated that holding i r rad ia ted fuel under vacuum for an extended length 
of t ime was the cause of a reduction in the yield (see Table 11). This dif­
ference in behavior between uni r radia ted and i r rad ia ted fuel was at t r ibuted 
mainly to a significantly g rea te r degree of oxidation of the i r rad ia ted fuel 
by a i r while a vacuum {S-ji) was being maintained in the bel l jar^ . At 
5~fi p r e s s u r e , the leak ra te of the bell j a r was about 10 cu cm/min . Be­
cause of fission product heating the t empera tu re of the i r rad ia ted fuel was 

•Crucib les were degassed under vacuum (25 ji) for one hour at 1400 C. 



about 300 C. Thus, during the length of t ime that a vacuum was maintained 
in the bell j a r , the i r r ad ia t ed fuel at a t empera tu re of about 300 C was 
exposed to a continuous flow of a i r at 5-/i p r e s s u r e . It appears that under 
these conditions the i r r ad ia t ed fuel was oxidized to an extent that the yield 
was adverse ly affected. Therefore , in Exper iments 4 and 5, the procedure 
was modified so as to es tabl i sh an argon a tmosphere in the furnace in 
about 30 min. The furnace was twice evacuated to 5 /i and refil led with 
f resh argon to a p r e s s u r e of 600 t o r r . As the charge was heated, the p r e s ­
sure inc reased and remained at about 850 t o r r during the melt refining 
operat ion. 

Charges were heated to the mel t refining temiperature of 
1400 C at an average ra te of 20 c / m i n and held at that t empera tu re for 
3 hr in Exper iments 1 and 2 and for one hour in Exper iments 3 , 4 , and 
5. Purif ied mietal was r ecovered by top pouring into a graphi te-coated 
copper mold* in Exper imen t s 1, 2, 3, and 4 and into a graphite mold in 
Exper iment 5. 

3. Removal of Skull Mater ia l from the Crucible 

The skull remaining in the crucible , a miixture of scor ia and 
unpoured meta l , was isolated by breaking away the crucible in Expe r i -
men t3**and by oxidation with a i r in Exper iments 1, 2, 4, and 5. The 
skulls were oxidized in a smal l , r e s i s t ance -hea t ed furnace which was 
special ly cons t ruc ted for use under the mel t refining bell j a r . The skull 
oxidation furnace is shown in posit ion on the base plate on the mel t refin­
ing furnace in Figure 4. Crucibles containing the skulls were heated 
under vacuunn to 700 C. Air was then slowly admit ted to the bell j a r to 
an ult imate p r e s s u r e of about 700 t o r r , taking ca re to avoid t empera tu re 
excurs ions . The timie r equ i red for complete oxidation of i r rad ia ted skulls 
was 6 to 8 h r , and the t ime for un i r rad ia ted skulls was 10 to 12 hr . In 
both c a s e s , complete oxidation converted the skull to a free-flowing g ran ­
ulated product which could be poured from the crucible . Pa r t i a l oxidation, 
sufficient to f ree i r r ad i a t ed skul ls , r equ i r ed approximately 2 hr . 

4. Sampling and Analytical P r o c e d u r e s 

Three or four samples of each charge were obtained for analysis 
by breaking off sma l l p ieces from randomly selected i r r ad ia ted pins. The 
product ingots were sampled by removing smal l cas t pro t rus ions from the 
bottom and s ides . To obtain r ep resen ta t ive samples of the skull, it was 

*The copper mold was coated by painting with a colloidal suspension 
of graphite in water and then heating the mold under vacuum for 
one hour at 200 C. 

**In Exper iment 3, the skull was separa ted by breaking away the crucible 
to p e r m i t v isual examinat ion of the res idue . 



completely oxidized and the resul t ing oxide mixture was ground and blended 
in an e lec t r i c m o r t a r (Spex Mixer /Mi l l ) . Crucibles were also p repa red for 
sampling by grinding and blending in an e lec t r ic m o r t a r . Charge and ingot 
samples were dissolved in hot aqua regia . The ground and blended s a m ­
ples of c rucib les and oxidized skulls were fused with sodium carbonate at 
1050 C for 12 hr to pe rmi t aqueous dissolution. 

The p rocedures used to analyze aqueous solutions of samples 
for var ious components of i r r ad ia t ed fuel a r e summar ized in Table 3. 
Burnups were obtained by comparing m a s s spect rographical ly de termined 
uran ium-235, -236, and -238 concentrat ions before and after i r radia t ion. 

Table 3 

SUMMARY OF ANALYTICAL PROCEDURES 

Component 

Uranium 

Plutonium 

Molybdenum 

Rare Ea r th s and 
Yttrium (Group IIIB 
elements) 

Tel lur ium 

Zirconium 

Iodine 

Cesium 

Bar ium and Strontium 
(Group IIA elemients) 

Method of Separation 

Methyl isobutyl ketone ext ract ion 

Methyl isobutyl ketone extract ion 

Ext rac t ion of thiocyanate with 
butyl aceta te 

Di(2-ethylhexyl) phosphoric 
acid ext ract ion 

Prec ip i ta t ion as me ta l 

P rec ip i t a t ion as ba r ium 
f luorozirconate 

Carbon te t rach lor ide extract ion 

Tet raphenyl borate extract ion 

Prec ip i ta t ion as carbonate 

Method of 
Dete rminat ion 

Color imetr ic 

Radiochemical 

Color imet r ic 

Radiochemical 

Radiochemical 

Radiochemical 

Radiochemical 

Radiochemical 

Radiochemical 

Ruthenium Dist i l la t ion Radiochemical 
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III, RESULTS 

A. Behavior of F i ss ion Produc ts 

The fates of se lected fission products were studied to appra ise the 
capability of the mel t refining p roces s to remove fission products from the 
fuel at i r r ad ia t ion levels approaching the two percent burnup anticipated in 
EBR-II fuel. The dis t r ibut ions of f ission products among the purified 
product (ingot), the res idue re ta ined in the crucible (skull), and the crucible 
were determined. 

1. Removals 

Removal is expres sed as the percentage dec rease in the con­
centrat ion of a consti tuent of the charge , i .e. , 

CQ - Cj_ 
Removal = • -; x 100 , (1) 

^ c 

where C ,̂ and C^ a r e the concentra t ions in charge and ingot, respect ively . 

During i r rad ia t ion of the fuel, var ia t ions in neutron flux over 
the length of an i r r ad ia t ion capsule were as g rea t as 20 percent , and the 
f ission product content of random samples of the charge var ied accordingly. 
The average concentra t ion of a f ission product e lement in the charge could 
be obtained by averaging the concentrat ions of the element in a la rge number 
of charge samples . However, by using the following al ternat ive procedure , 
which requ i red the analys is of only a single random sample of the charge, a 
considerable amount of analyt ical work was avoided. 

The average concentrat ion of a fission product in the charge can 
be expres sed by the following equation: 

^0 = 1 ^ . U) 

where OQ is the average concentrat ion of a fission product 6 in the charge; 
6j and Ŵ  a r e the concentra t ion of 6 in segment j , and the weight of segment 

j , respect ive ly ; and W^ is the total weight of the charge . Since the ent i re 
charge was i r r ad ia t ed s imultaneously, for any per iod of pos t - i r r ad ia t ion 
cooling, 6j can be exp res sed by the equation* 

6j = AjZg , (3) 

* A derivat ion of Equation (3) is provided by LaPlante and Steunenberg.^°/ 
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where Aj is the r a t e of f ission of uran ium-235 in segment j , and Z^ is a 
function of the decay constant, f ission yield, cooling t ime, and the cycles of 
r eac to r i r rad ia t ion , and is v i r tual ly independent of neutron-flux var ia t ions 
of the magnitude encountered. Equation (3) is useful because it shows that 
the concentrat ion of a fission product in a segment of the charge can be ex­
p r e s s e d as a function of two independent va r i ab le s . The f i r s t independent 
var iab le , A^, is a function only of the ra te of i r rad ia t ion and, therefore , has 
the same value for all f ission products in segment j . On the other hand, the 
second independent var iab le , Zg , depends on the na ture of the fission product 
and, therefore , has a different value for each fission product. The impor tant 
cha rac t e r i s t i c of Zg is that it is not a function of the ra te of i r radia t ion; 
therefore , for a pa r t i cu la r f ission product, 6, the value of Z5 is the same 
in every fuel segment in the i r r ad ia t ion capsule . Therefore , the average 
concentrat ion of a f ission product in the charge (6c) can be obtained provided 
the average ra t e of f ission of uranium~235 (Ac) is known: 

6c = AcZg . (4) 

For those f ission products not removed by mel t refining (noble 
meta ls ) , inelting of the charge and cast ing of a homogeneous ingot effects 
the summation (2 6.:W4) specified in Equation (2). Hence, in the case of 
ruthenium,* a typical noble meta l , the concentra t ion of fission product 
ruthenium in the ingot, Ruj^, is p ropor t iona l to the concentrat ion of f ission 
product ruthenium in the charge : 

Rui = (R)(Ruc) .** (5) 

Combining Equations ( l ) through (4), the average concentrat ion of a fission 
product in the charge can be calculated as 

Ru. 

Data obtained in Exper imen t 4 (see Table 4) a r e used in the 
following sample calculat ion to i l lus t ra te the application of Equation 6. The 
object is to e s t ima te the ave rage specific beta activity, ^c» i^ the charge . 

*The concentration of Ru was chosen for use in the computations described in Equations (5) and (6) 
because of the simplicity of the analytical technique employed, and the precision and accuracy of 
the results obtained. 

**The proportionality constant R is the noble metal enrichment factor. It was required because the 
noble metal concentration was slightly higher in the ingot than in the charge due to separations 
effected by melt refining. Usually R was taken as the ratio (Moi)-^^/(Moc)w with molybdenum con­
centrations in weight percent. The error, attributable to irradiation level variation, in values of 
(MoQ)\f obtained from random samples of the charge was insignificant because, for a nominal 
one percent burnup, the amount of molybdenum produced by fission was less than five percent of 
the amount of molybdenum in the alloy. 
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In this case , the specific beta activity in four random samples var ied from 
1,085 to 1.35 ( a r b i t r a r y units) . The es t imate of jB̂ , based on Sample A is 

„ (1.35)(2.43)(3.87) „ 
^^ " (2.54)(4.33) " ^'^^ (7) 

The other three random samples yielded es t imates of 1.15, 1.18, and 1.12. 
Based on the mean of 1.15, the removal of beta activity in Exper iment 4 was 

1.15 - 0.195 
1.15 

X 100 = 83% (8) 

Table 4 

DATA USED TO CALCULATE REMOVALS OF BETA AND 
GAMMA ACTIVITIES IN HIGH-ACTIVITY-LEVEL MELT 

REFINING EXPERIMENT 4 

Sample 

1. Activity per g r a m of alloy 

( a r b i t r a r y units)^ 

a. Random charge samples 

1. Beta, .3j 
2. Gamma, '/j 

3. Ruthenium, Ru-

b. Ingot samples 

1. Beta, ^.j 
2. Gamma, 7^ 
3. Ruthenium, Ru£ 

2. Molybdenum concentrat ion, w/o 
a. Charge ( M o c ) ^ 

b. Ingot (Moj)-^y 

3. Es t ima te of average activity 
per g r a m of charge 
( a r b i t r a r y uni ts)^ 

a. Beta, ^^ 

b. Gamma, 7„ 

A 

1.16 

3.85 

D 

1.15 

4.03 

1.18 

4,09 

1,12 

4.05 

Mean 

1.35 
4.50 
4.33 

0.192 
3.52 
3.87 

2.43 

2„54 

1.415 
4.945 
4.545 

0.198 
3,57 
3.86 

2.46 

2,55 

1.212 
4.22 
3.81 

. 

= 
_ 

2.44 

*M 

1.085 
3.915 
3.575 

. 

_ 

-

2.41 

,m 

_ 
» 

-

0.195 
3.54 
3.86 

2.44 

2.54 

1.15 

4,01 

^ The a r b i t r a r y units a r e convert ible to conventional activity units by 
application of appropr ia te factors of 10 and counter cor rec t ions . 
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Fiss ion product removals observed in the five demonstrat ion 
experiments appear in Table 5. No consis tent effect of activity level or 
duration of mel t refining is apparent . Removals of iodine, cesium, and 
bar ium and s t ront ium were g rea te r than 99 percent in al l exper iments in 
which the behavior of these e lements was studied. The removal of total 
r a r e ear ths and y t t r ium was in excess of 99 percent in the f i r s t four runs 
and 97 percent in Exper iment 5, Tel lur ium separat ion was 99 percent or 
g rea te r in Exper iments 3, 4, and 5, and more than 95 percent in Expe r i ­
ments 1 and 2. The overal l removal of beta-act ive fission products 
ranged from 81 percen t in Exper iment 2 to 84 percent in Exper iments 3 
and 5, 

T a b l e 5 

FISSION PRODUCT ItEKIOVALS IN H I G H - A C T I V I T Y - L E V E L M E L T 
REFINING E X P E R I M E N T S AT 1400 C 

E x p e r i m e n t No. 

C h a r g e Wt (g) 
Burnup ( p e r c e n t of to t a l a t o m s ) 
Cooling (day) 
To ta l Act iv i ty (c)'^ 
Specific Act iv i ty ( c / g ) ^ 
Dura t ion of Melt Refining (hr) 
F i s s i o n P r o d u c t R e m o v a l s ( p e r c e n t ) " 

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

R e m o v a l of Act iv i ty ( p e r c e n t of 
To ta l G a m m a Act iv i ty 
To ta l Beta Act iv i ty 

total) 

1 

387.6 
0.56 

42 
1170 

3.0 
3 

, 9 9 
95 

9 
99 
99 
99 

10 
82 

7 

392.3 
0.22 

28 
1970 

5.0 
3 

.•99 
96 
18 
c 
c 
c 

14 
81 

3 

362.5 
0.74 

14 
3800 

10.5 
1 

,.>99 
99 
20 

, . 9 9 
c 
c 

18 
84 

4 

364.2 
0.87 

35 
3600 

9.9 
1 

99 
• 99 

11 
,> 99 

99 
,> 5̂9 

12 
83 

5 

382.2 
1.75 

25 
5350 

14.0 
1 

97 
^99 

28 
99 
c 

•99 

25 
84 

^ E q u a t i o n (4) was u s e d to c a l c u l a t e t h e s e da ta . 

" F i s s i o n p r o d u c t r e m o v a l s w e r e d e t e r m i n e d by r a d i o c h e m i c a l a n a l y s i s of c h a r g e 
and ingot s a m p l e s . P e r c e n t rej-noval equa l s 

, , Cone inaot » , „„ 
1 - -^ TT^ X 100 

Cone c h a r g e 

'̂  Datum was not obta ined. 

Substantial var iabi l i ty was noted in the remova l of z i rconium 
activity, which var ied from nine percent in Exper iment 1 to 28 percent in 
Exper iment 5, However, these data a r e not necessa r i ly indicative of a r e ­
duction in the z i rconium content of the alloy. Instead, they may reflect 
isotopic exchange between radioact ive zirconium in the molten alloy and 
inactive zirconium in the z i rconia crucible . The behavior of z irconium is 
d iscussed under a separa te heading. 



2. Distr ibut ion of F i ss ion Produc ts , Uranium, and Plutonium 

In Exper iments 4 and 5, the skull and crucible were separa ted 
and analyzed to de te rmine the dis tr ibut ion of uranium, plutonium, and fission 
products within these f ract ions . Alternat ive methods of separat ion of the 
skull f rom the crucible were used. The skull produced in Exper iment 4 was 
observed to be par t ia l ly oxidized after severa l hours of exposure to a i r and 
to be separa ted from the crucible . During the period of a i r exposure, the 
skull t empe ra tu r e was about 250 C as a resu l t of fission product heating. 
These compara t ive ly mild conditions proved adequate to free the skull from 
the crucible but not to oxidize completely a button of unpoured metal . After 
t r ans fe r of the par t ia l ly oxidized skull to a s ta inless s teel crucible , the oxi­
dation was completed by heating the skull at 700 C in air for 7 hr . Separation 
of the skull f rom the crucible in Exper iment 5 was accomplished by complete 
oxidation of the skull a t 700 C in a i r which resul ted in the production of a 
free-flowing powder which was poured from the crucible .* In both exper i ­
ments , the oxidized skulls were homogenized in an e lec t r ic m o r t a r before 
sampling. 

Crucibles were p r e p a r e d for sampling in the following manner . 
After f i r s t breaking the crucibles into smal l p ieces , batches of fragments 
were ground to a powder in an e lec t r i c mor t a r and the severa l batches were 
combined and blended in a j a r mi l l . 

Di rec t dissolut ion of the re f rac tory skull and crucible samples 
in aqueous media was a t tempted but proved unsat isfactory; therefore , the 
samples were conver ted to a m o r e soluble form by fusion with sodium c a r ­
bonate at 1050 C for about 12 hr . The h igh- tempera tu re t r ea tmen t s during 
oxidation and fusion may have affected the concentration of the more volati le 
fission products . Therefore , with the exception of cesium, data were not 
obtained for e lements that were suscept ible to volati l ization during sample 
prepara t ion . 

Distr ibut ion data obtained in Exper iments 4 and 5 appear in 
Table 6, These data a r e based on chemical (color imetr ic) analyses for 
u ran ium and molybdenum, and on rad iochemica l analyses for all other 
components. In every case , the actual r ecovered weight of the fraction 
(ingot, oxidized skull, or crucible) was used in distr ibution calculat ions. 
Where analyt ical data were not obtained, no cor rec t ion was made for m i s s ­
ing data in making m a t e r i a l balance summat ions . 

A s imi la r technique for removing mel t refining res idues is planned 
for use in the EBR-II Fuel Cycle Facil i ty, The oxidizing a tmosphere 
will probably be a mix ture of argon and oxygen. 



Table 6 

DISTRIBUTION DATA OBTAINED IN HIGH-ACTIVITY-LEVEL MELT 
REFINING EXPERIMENTS 4 AND 5 

Dis t r ibut ion, pe r cen t of amount charged 

Gonstitu 

Uranium 

Plutonium 

Molybdenum 

Zirconium 

Ruthenium'^ 

Total R a r e E a r t h s 

Te l lu r ium^ 

e n t 

and Yt t r ium ' ' 

Ba r ium and S t ron t ium" 

C e s i u m " 

Gamma Activi ty 

Beta Activi ty 

E x p e r i m e n t 
N o . 

4 
5 

4 
5 

4 
5 

4 
5 

4 
5 

4 

5 

4 
5 

4 

5 

4 
5 

4 

5 

4 
5 

Ingot 

74 
73 

70 
a 

77 
75 

66 
53 

a 
74 

1 
Z 

1 
1 

0 
0 

0 
a 

65 
54 

13 
12 

Oxidized 
Skull 

24 
26 

2 5 
a 

24 
24 

33 
43 

a 
25 

67 
8 3 

66 
68 

23 
15 

a 
3 

33 
38 

56 
70 

Crucible 

a 
1.5 

a 
a 

a 
a 

a 
3 

a 
1 

16 
14 

6 
5 

73 
78 

36 

19 

6 
3 

21 
16 

Total Accounted for 
pe r cen t of charge 

98 
100.5 

95 
a 

101 
99 

99 
99 

a 
100 

84 

99 

73 
74 

96 
93 

36 
22 

104 
95 

90 
98 

^ Datum was not obtained. 

Data w e r e obtained by r ad iochemica l ana lys i s . 

Numer ica l express ions of uncertainty were not included in 
Table 6 because, in most cases , they could not be es t imated accurate ly . 
However, the e r r o r derived from analyt ical technique did not exceed 
three percent for those constituents determined color imet r ica l ly and 
five percent for those determined radiochemical ly.* Weighing e r r o r s were 
negligible for the ingot and crucible but may have been significant for the 
oxidized skull because of the probable loss of some of the powdery ma te r i a l 
during handling opera t ions . However, the m a t e r i a l balances obtained for 
uranium and molybdenum suggest that oxidized skull losses were minor . 
Replicate sampling provided an overal l tes t for e r r o r , including e r r o r s 
generated by sample inhomogeneit ies.** In general , the samples were 

'All comments relative to uncertainities relate to the 95 percent confidence level. 

At least three random samples of charge, skull, and crucible were obtained. The precision of the 
data obtained from these samples was estimated by application of the methods of small-sample 
statistics. 



r ep resen ta t ive for those e lements p r e sen t in m a c r o amount (p re i r rad ia t ion 
components of the alloy, i .e . , u ran ium, molybdenum, zirconium, and 
ruthenium), but were not r ep resen ta t ive for some fission products , the 
analyses of which showed considerable var iabi l i ty . 

Excel lent m a t e r i a l balances were obtained for uranium, 
molybdenum, z i rconium, and ruthenium. Molybdenum, a typical noble meta l , 
showed a slight enr ichment in the ingot, from 2.44 to 2.54 w/o in Expe r i ­
ment 5 (see Table 4), as a consequence of preferent ia l oxidation of a smal l 
percentage of the uranium. Evidence of some metal loss by absorpt ion in 
the crucible , 1.5 pe rcen t in the case of uran ium and one percen t in the case 
of ruthenium, is provided by distr ibutions noted in Exper iment 5. 

Rare ea r th s , y t t r ium, te l lur ium, bar ium, s t ront ium, and cesium, 
p re sen t in the alloy as a r e su l t of fission of uranium-23 5, corapr ised about 
50 percen t of the total amount of f ission products . Mater ia l balances for 
these e lements were re la t ive ly poor, reflecting var ia t ions of as much as 
20 percen t in ana lyses of rep l ica te samples . Accordingly, dis tr ibut ion data 
p resen ted for these e lements should be regarded as semiquanti tat ive. 

The group IIIB fission product elemients, r a r e ea r ths and y t t r ium, 
dis t r ibuted la rgely to the skull. However, an appreciable portion, about 
15 percent , of the group IIIB activity was found in the crucible . Uncer ta in­
t ies of about 20 pe rcen t in the ana lyses of these e lements in the charge , 
skull, and crucible were sufficient to account for the incomplete ma te r i a l 
balances in Exper imen t 4. 

Most of the t e l lu r ium activity was found in the skull with a smal l 
portion, about six percent , d is t r ibuted to the crucible . Essent ia l ly identical 
d is t r ibut ions , with incomplete m a t e r i a l ba lances , were observed in the two 
exper iments . The var iabi l i ty in analyt ical data was not sufficiently g rea t to 
account for the incomplete m a t e r i a l ba lances . 

Within the l imi ts of analyt ical e r r o r , com.plete raa te r ia l balances 
were obtained for the group IIA fission products , ba r ium and s t ront ium. The 
bulk of these eleraents d is t r ibuted to the crucible ; however, about 20 percen t 
remained in the skull. 

The incomplete m a t e r i a l balance for ces ium is consis tent with 
previous data which indicated that substant ia l removal of ces ium occur red 
by volatilization!3) during mel t refining. A smal l amount ( three percent) 
was found in the oxidized skull in Exper iment 5, and a considerable amount 
was re ta ined by the cruc ib le . The difference in the ces ium content of crucible 
samples in Exper imen t s 4 and 5, 36 percen t in Exper iment 4 as compared 
with 19 percen t in Exper imen t 5, may be at t r ibutable to the a l ternat ive p r o ­
cedures used to s epa ra t e the skull f rom the crucible . In both cases the skull was 
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freed by a i r oxidation, but a higher t e m p e r a t u r e was used in Exper iment 5 
(700 C) than in Exper iment 4 (~250 C), Thus, a g r ea t e r amount of ces ium 
may have been los t by volat i l izat ion during the p repara t ion of samples in 
Exper iment 5. 

Plutonium was b red in the fuel by uran ium-238 neutron capture . 
Its dis t r ibut ion to ingot and skull was noted in Exper iment 4. The r e p r o ­
ducibility of plutonium analyses was about ±5 pe rcen t for charge and ingot 
samples , and ±10 pe rcen t for oxidized skull samples . About 70 percen t of 
the plutonium in the charge d is t r ibuted to the ingot and about 25 percent to 
the skull. The data show no significant difference between the distr ibution 
of uran ium and plutonium. 

3. Distr ibut ion of Zirconium 

In al l exper iments radioact ive z i rconium showed some depletion 
in the ingot, and m a t e r i a l balances (see Tables 6 and 7) showed a co r re spond­
ing enr ichment in the skull. In Exper imen t 5, in which the distr ibution of 
fission products to the crucible was observed, the percentage of the f ission 
product z i rconium re ta ined in the crucible was g rea t e r than the percentage 
retent ion of f ission product ruthenium, a noble me ta l (see Table 6), P r e ­
vious studies have shown that, in the absence of carbon, z i rconium behaves 
as a typical noble me ta l with no pre fe ren t ia l dis tr ibut ion, 19) 

Table 7 

COMPARISON OF DISTRIBUTIONS OF RADIOACTIVE 
ZIRCONIUM AND URANIUM IN HIGH-ACTIVITY-LEVEL MELT 

REFINING EXPERIMENTS 

Distr ibution, pe rcen t of charge 

Exper imen t 
No, 

2 

3 

4 

5 

Frac t ion 

Ingot 
Skull 
Crucible 

Ingot 
Skull 
Crucible 

Ingot 
Skull 
Crucible 

Ingot 
Skull 
Crucible 

Radioactive 
Zirconium 

57 
37 

a 

42 
57 

a 

66 
33 

a 

56 
43 

3 

Uranium 

69 
29 

a 

52 
46 

a 

74 
24 

a 

73 
26 
1.5 

3-Datum was not obtained. 



Although the z i rconium can be removed by liquation of the 
carbide,19/ the p r e i r r ad i a t i on carbon content of the alloy, 25 ppm, in the 
p re sen t exper iments was probably too low to have much effect on the solu­
bility of z i rconium, and in Exper iment 5 there was not enough carbon to 
r eac t with 28 pe rcen t of the approximately 3000 ppm zirconium in the i r ­
radia ted fuel. However, in the f i rs t t h ree exper iments , organic solvents, 
which were used to remove sodium or NaK from the charge, were a pos ­
sible source of carbon. Because of the intense radiat ion levels , the organic 
solvents probably were degraded to some extent, and a nonvolatile carbon­
aceous res idue may have survived the charge prepara t ion procedure . There 
fore, in Exper iments 4 and 5, the p rocedure was a l t e red to el iminate the 
use of organic solvents , and it is evident f rom the movement of z i rconium 
in these exper iments that the use of organic solvents in pr ior exper iments 
had l i t t le or no effect on z i rconium distr ibution. 

Charge and ingot samples f rom Exper iment 5 were examined 
for evidence of the r emova l of radioact ive z i rconium by isotopic exchange 
with inactive z i rconium from the c ruc ib le . The ra t ios of radioact ive z i r -
coniuna to total z i rconium for two randomly selected charge samples and 
one ingot samiple were 1.1, 1,1, and 1,0, respect ive ly . These ra t ios a r e 
indicative of isotopic exchange, but, because of the degree of uncertainty, 
the difference between charge and ingot is of a low level of significance. 
F u r t h e r m o r e , a difference in these ra t ios of about 25 percent is requi red 
to account completely for radioact ive z i rconium remova l by isotopic ex­
change in Exper imen t 5, Although these data a r e consis tent with an isotopic 
exchange mechan ism, it appea r s likely that carbide liquation contributed to 
the separa t ion of z i rconium. 

B. Melt Refining Yields* 

1. Expe r imen t s with Unir radia ted Fuel Alloy 

It was recognized f rom the outset that it would not be feasible 
to obtain yield data that a r e d i rec t ly applicable to the EBR-II Fuel Cycle 
Faci l i ty because of the smal l scale of the exper iments , the different con­
ditions of i r rad ia t ion , and the unavoidable exposure of the i r rad ia ted fuel 
pins to a i r in the cave facility. However, s eve ra l exper iments were con­
ducted with un i r r ad ia t ed fuel alloy in an effort to examine some var iab les 
which were cons idered likely to affect the yield. These exper iments af­
forded a compar i son of yields obtained with un i r rad ia ted fuel pins which 
had been subjected to var ious t r ea tmen t s p r io r to mel t refining, and they 
provided a bas i s for compar ing the behavior of un i r rad ia ted and high burn-
up fuel a l loys . 

In al l the exper iments with un i r rad ia ted u ran ium-f i s s ium fuel, 
a piece of meta l l ic c e r i u m equivalent to 0,6 w /o of the alloy was added to 
the pins charged to the mel t refining crucible in o rde r to simulate the r a r e 

* The melt refining yield is defined as the amount of purified metal recovered by top pouring, 
expressed as a percentage of the weight of alloy charged. 
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ear th fission products that would be p re sen t in i r r ad ia t ed fuel. Prev ious ly 
repor ted r e su l t s ' ^ / had shown that on a 2 - to 10-kg scale this amount of 
ce r ium caused the mel t refining yields to be lowered from about 97 percen t 
to 93 percent . Unpublished r e su l t s f rom 52 melt refining runs on a 10-kg 
scale showed that the ave rage yield was the same in 48 runs in which the 
cerium, was added separa te ly to the charge as in four runs in which the 
ce r ium had been incorpora ted previously as a consti tuent of the u ran ium-
f iss ium alloy. 

The r e su l t s of th ree exper iments in which the fuel pins were 
subjected to no specia l t r e a tmen t p r i o r to mel t refining a r e l is ted as 
Experim.ents A-1 through A-3 in Table 8. The average yield was 89.5 p e r ­
cent. The fact that this yield is about th ree percen t lower than the yields 
r epor t ed for exper iments on a 2 - and 10-kg scale is a t t r ibuted p r i m a r i l y 
to the l a r g e r ra t io of wetted crucible a r e a to charge weight!^/ (approximately 
0.09 sq c m / g as compared with 0.031 to 0.056 sq c m / g for the l a r g e r - s c a l e 
exper iments ) . 

Table 8 

E F F E C T OF PRIOR OXIDATION ON MELT REFINING YIELDS 
FOR UNIRRADIATED URANIUM-FISSIUM FUEL PINS 

Charge: ~400 g 
Melt Refining 

T e m p e r a t u r e : 1400 C 
Duration of 

Melt Refining: 3 hr 
Crucible : L ime-s t ab i l i zed z i rconia , 

Norton Type RZ5601 

Conditions of 
Heating in Air 

Exper iment 

A - 1 
A-2 
A-3 
B - l 
B - 2 
B - 3 

Temp (C) 

not heated 
not hea ted 
not heated 

110 
150 
200 

Time (hr) 

65 
65 
65 

(% 
Yield 

of charge) 

91.7 
88.2 
88.7 
85.2^ 
72.3^ 
46.8^ 

^ Loose oxide sca le was removed with a nylon b rush before 
mel t refining 



Since the p r e s e n c e of ox ide c o a t i n g s on the fuel p ins is known 
to h a v e an a d v e r s e effect on the m e l t r e f in ing yield,! '*) e x p o s u r e of the i r ­
r a d i a t e d p i n s to a i r in the cave f ac i l i t y w a s a m a t t e r of c o n c e r n . * E s t i m a t e s 
h a v e b e e n m a d e of the t e m p e r a t u r e s t h a t w i l l r e s u l t f r o m f i s s i o n p r o d u c t 
d e c a y h e a t for i r r a d i a t e d E B R - I I fuel p ins in v a r i o u s c o n f i g u r a t i o n s . ! •'•0) 
T h e s e e s t i m a t e s , when a p p l i e d to the cond i t i ons e n c o u n t e r e d in the p r e s e n t 
s tudy , i n d i c a t e d t h a t t he i r r a d i a t e d fuel p i n s would r e a c h t e m p e r a t u r e s of 
abou t 80 C in s p r e a d a r r a y s du r ing h a n d l i n g , abou t 150 C a f t e r they w e r e 
l o a d e d in the z i r c o n i a c r u c i b l e , and abou t 300 C when the c r u c i b l e w a s 
p l a c e d in the i n s u l a t e d c r u c i b l e a s s e m b l y . 

T h r e e m e l t r e f i n ing e x p e r i m e n t s w e r e p e r f o r m e d wi th u n i r r a d i ­
a t e d p i n s w h i c h had b e e n h e a t e d in a i r . In t h e s e e x p e r i m e n t s ( s e e E x p e r i ­
m e n t s B - l t h r o u g h B - 3 , T a b l e 8), no e f for t was m a d e to r e m o v e the ox ide 
f i lm , o t h e r t han b r u s h i n g off the l o o s e s c a l e . It i s a p p a r e n t tha t the m e l t 
r e f in ing y i e l d d e c r e a s e d m a r k e d l y a s the cond i t i ons of p r i o r ox ida t ion w e r e 
i n c r e a s e d in s e v e r i t y . 

S ince the i r r a d i a t e d fuel p ins w e r e coa t ed wi th s o d i u m or NaK 
a f t e r r e m o v a l f r o m the i r r a d i a t i o n c a p s u l e , t hey w e r e e i t h e r t r e a t e d wi th 
o r g a n i c s o l v e n t s o r e x p o s e d to oxygen u n d e r c o n t r o l l e d cond i t i ons b e f o r e 
they w e r e h a n d l e d in the a i r a t m o s p h e r e of the c a v e . Both t r e a t m e n t s r e ­
su l t ed in the f o r m a t i o n of a l a y e r of r e a c t i o n p r o d u c t s on the fuel p i n s . 

In E B R - I I , s o d i u m i s u s e d to effect a t h e r m a l bond b e t w e e n the 
fuel p in and i t s s t a i n l e s s s t e e l c o n t a i n e r . The fuel p ins which wi l l be m e l t 
r e f i n e d in the E B R - I I F u e l P r o c e s s i n g F a c i l i t y a r e e x p e c t e d to be c o a t e d 
wi th s o d i u m . The effect on the m e l t r e f i n ing y i e l d of a s o d i u m coa t ing in 
the fuel p i n s h a s b e e n s tud i ed . The p r e s e n c e of a s o d i u m coa t ing had no 
effect on y i e l d p r o v i d e d the s o d i u m - c o a t e d fuel p ins w e r e no t e x p o s e d to an 
o x y g e n - c o n t a m i n a t e d a t m o s p h e r e p r i o r to m e l t r e f in ing . H o w e v e r , when 
s o d i u m - c o a t e d fuel p i n s t ha t h a d b e e n e x p o s e d to an o x y g e n - c o n t a m i n a t e d 
a t m o s p h e r e w e r e m e l t r e f i ned , the a v e r a g e y i e l d in a s e r i e s of 2 - k g - s c a l e 
e x p e r i m e n t s w a s r e d u c e d about t en p e r c e n t . ( 1 6 , 1 7 ) No r e d u c t i o n in y i e l d 
a s a c o n s e q u e n c e of a s o d i u m coa t ing on the fuel p ins is e x p e c t e d m the 
E B R - I I F u e l C y c l e F a c i l i t y b e c a u s e the s o d i u i n - c o a t e d fuel p ins wi l l be 
h a n d l e d in an a r g o n a t m o s p h e r e . H o w e v e r , in the p r e s e n t w o r k i t w a s not 
p o s s i b l e to avo id the e x p o s u r e of the s o d i u m - o r N a K - c o a t e d fuel p ins to 
a i r . T h e r e f o r e , i t w a s n e c e s s a r y to d e v e l o p a p r o c e d u r e for c l ean ing the 
fuel p ins b e f o r e t hey w e r e m e l t r e f i n e d . 

T h r e e m e l t r e f in ing e x p e r i m e n t s ( E x p e r i m e n t s C - 1 , C - 2 , and D) 
w e r e c o n d u c t e d w i th u n i r r a d i a t e d fuel p i n s which , p r i o r to m e l t r e f i n ing , 
h a d b e e n c o a t e d wi th r e a c t i o n p r o d u c t s by f i r s t soak ing t h e m in NaK and t h e n 
w a s h i n g t h e m wi th o r g a n i c s o l v e n t s . Af t e r be ing c o a t e d wi th r e a c t i o n 
p r o d u c t s , the fuel p i n s w e r e t u m b l e d in a j a r m i l l con ta in ing s i l i c o n c a r b i d e 
g r i t to c l e a n t h e m . With the e x c e p t i o n of the NaK soak , t h e s e o p e r a t i o n s 

* This problem will not exist lu the EBR-II Fuel Cycle Facility because ol the argon atmosphere. 
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were conducted in a i r . The exper imenta l conditions employed and the yields 
obtained in the three exper iments a r e presen ted in Table 9. Also appearing 
in Table 9 a r e the conditions used and the r e su l t s observed in an exper iment 
(Exper iment C-3) that employed fuel pins that had been carefully polished 
with emery cloth. The surfaces of the pins used in Exper iment C-3 had a 
br ight shiny metal l ic lus te r and the mel t refining yield was 86.7 percent . 
The yields were about th ree percent lower in Exper iments C-1 and C-2 for 
which the pins had been coated with reac t ion products and abraded with s i l ­
icon carbide gri t . The yield in Exper iment D, in which the fuel pins had 
undergone an identical p re t rea tmen t , was slightly higher than that obtained 
in Exper iment C-3 . The fuel pins used in Exper iments C - 1 , C-2, and D 
were free of visible react ion products after they had been abraded with 
si l icon carbide gri t , but the surfaces of the pins had a dull metal l ic lus te r 
r a the r than the bright shiny finish which was obtained in Exper iment C-3 by 
polishing the pins with e m e r y cloth. Before t r ea tmen t with NaK and organic 
solvents, the uni r rad ia ted fuel pins mel t refined in Exper iment C-2 were 
exposed to a i r at 150 C for 16 hr . Visual inspection of the fuel pins after 
they had been exposed to heated a i r indicated that the surface of the pins 
had been oxidized. The yield in Exper iment C-2 of 84.2 percent was 
prac t ica l ly the same as the yield of 84.0 percen t in Exper iment C-1 

T a b l e 9 

E F F E C T O F VARIOUS P R E T R E A T M E K T S ON M E L T R E F I N I N G 
YIELDS F O R UNIRRADIATED URANIUM-FISSIUM F U E L PINS 

M e l t Refining 
T e m p e r a t u r e : 1400 C 

C r u c i b l e ; L i n i e - s t a b l i z e d z i r c o n i a , 
N o r t o n T y p e RZ5601 

D u r a t i o n of 
C h a r g e Wt M e l t Ref ining Yie ld 

E x p e r i m e n t (g) (hr) P r e t r e a t m e n t of P i n s (% of c h a r g e ) 

C-1 419.4 3 Soaked in NaK, w a s h e d 84.0 
wi th o r g a n i c s o l v e n t s , 
a b r a d e d wi th SiC g r i t . 

C-2 397.5 1 H e a t e d in a i r a t 150 C 84.2 
for 16 h r , s o a k e d in 
NaK, w a s h e d w i th o r g a n i c 
s o l v e n t s , a b r a d e d wi th 
SiC g r i t . 

C -3 359.6 33- P o l i s h e d wi th e m e r y c lo th 86.7 
to a b r i g h t sh iny f in ish . 

D 398.1 3 ^ Soaked in NaK, w a s h e d wi th 87.2 
o r g a n i c s o l v e n t s , a b r a d e d 
wi th SiC g r i t . 

^ Me l t r e f i n ing c r u c i b l e r e c l a i m e d f r o m an e a r l i e r e x p e r i m e n t wi th t r a c e r - l e v e l 
fuel a l loy . 

b M e l t r e f in ing c r u c i b l e r e c l a i m e d f r o m h i g h - a c t i v i t y - l e v e l E x p e r i m e n t 2; a c t i v i t y 
l e v e l e s t i m a t e d to be a b o u t o n e - t e n t h of t h a t p r e s e n t in E x p e r i m e n t 2. 



in which fuel pins had been given the same p re t r ea tmen t except that they had 
not been exposed to heated a i r . The r e su l t s of this s e r i e s of exper iments 
(Experim.ents C - 1 , C-2, C-3 , and D) indicated that by tumibling the u n i r r a d i ­
ated pins with si l icon carbide gr i t in a j a r mi l l oxide scale and NaK-organic 
solvent react ion products could be removed to the extent that the res idua l 
amounts remaining on the pins would not significantly affect the mel t ref in­
ing yield. 

In Exper iment D, the effect of an intense radiat ion field at the 
molten me ta l - z i r con i a interface was investigated by mel t refining un i r r ad i ­
ated fuel pins in a highly radioact ive crucible which had been rec la imed 
from the h igh-ac t iv i ty- leve l Exper iment 2 by heating the crucible in a i r ,* 
The fuel pins had been soaked in NaK, washed with organic solvents, and 
abraded with sil icon carbide . The resul t ing yield of 87.2 percent on mel t 
refining was not significantly different from those obtained in the other 
exper iments with un i r rad ia ted alloy. These r e su l t s indicate that an activity 
level corresponding to about one-tenth of that p resen t in the high-act ivi ty-
level Exper iment 2 had no significant effect on the yield. It was therefore 
believed likely that any reduction in yield obtained in the high-act iv i ty- level 
exper iments was probably a r esu l t of changes occurr ing in the fuel during 
i r rad ia t ion and handling, and was not a consequence of the p resence of 
activity during mel t refining. 

2. High-ac t iv i ty- level Exper iments with I r rad ia ted Fuel 

Compared with the average yield of approximately 85 percent 
obtained in the exper iments in which un i r rad ia ted fuel pins (see Table 9) 
were p r e t r e a t e d in a manner s imi la r to that used for the i r r ad ia ted pins, 
the yields with the highly i r r ad i a t ed fuels were lower by about 10 to 15 p e r ­
cent in Exper imen t s 1, 2, 4, and 5, and by 33 percent in Exper iment 3. 

Evidence suggesting some correspondence between the amount 
of a i r exposure of i r r ad i a t ed alloy and subsequent pouring difficulties upon 
mel t refining is summar i zed in Table 10. In the f i r s t four exper iments , 
the c ruc ib les , with skull intact, were examined after mel t refining. Smooth, 
continuous c r u s t s , completely covering the volume previously occupied by 
the mel t , were observed in the skulls f rom the f i r s t th ree exper iments . It 
appeared that the r ecove red meta l had poured through smal l c racks in the 
c rus t . Pour ing difficulties were encountered in these exper iments to the 
extent that the amount of meta l r ecove red in the f i r s t a t tempt to pour was 
compara t ive ly low in Exper iments 2 and 3, and nil in Exper iment 1. The 
p rocedures used to r ecove r the mel t refined meta l a r e l is ted in Table 10. 

Studies of the reac t ion of molten uranium with zi rconia under conditions 
r ep resen ta t ive of mel t refining suggest that the react ion products a r e 
u ran ium dioxide and oxygen-deficient z i rconia . Visual observat ions 
indicate that r e s to ra t i on to s to ich iometr ic z i rconia is acconaplished 
by heating in a i r . ( l l ) 



Table 10 

CORRESPOMDENCE BEW.EEN AIR EXPOSURE OF IRRADIATED FUEL AND POURING DIFFICULTIES UPON MELT REFINING^ 

High-activity-lewl 
Experiment No Comments on Air Exposure!) 

3-1/2 hr exposure to air at 
760 torr and 11-1'2 hr expo­
sure to air at 5 X 10"'torr 

2-hr exposure to air at 760 torr 
and 17-hr exposure to air at 
5 X 10"3 torr 

2-hr exposure to air at 760 torr 
and 66 hr exposure to air at 
5 X 10-3 torr 

Air exposure kept to a practical 
minimum by the use of argon 
blanketing whenever feasible 

2-hr exposure to air at 760 torr 

Description of Pouring Difficulties and 
Other Pertinent Observations 

A layer of slag on the surface of the melt prevented pouring 
on the first attempt The crucible and contents were cooled 
to about 200 C then reheated to above 1400 C and a pour 
was obtained apparently through fissures m the surface 
crust 

A layer of slag on the surface of the melt hindered pouring 
On the first attempt to pour a yield of 54 percent was obtained 
The crucible and contents were cooled to aliout 200 C then 
reheated to above 1400 C and a second pour provided an 
additional yield of 15 percent The layer of surface slag was 
still present after the second pour 

A layer of slag on the surface of the melt hindered pouring 
No additional metal was recovered in an attempted second pour 

A layer of slag on the surface of the melt apparently hindered 
pouring This layer ruptured upon pouring and about half the 
layer was still present after pouring 

No pouring difficulties "̂  

Yield 
{% of chargei 

72 4 

69 3 

73 6 

72 7 

^The fuel pins were melt refined under an argon atmosphere in a zirconia crucible for 3 hr in Experiments 1 2 and 3 and for 
one hour in Experiments 4 and 5 

liThese comments apply to air exposure after the polishing of the fuel pins with silicon carbide grit 

CThe melt refining residue was not examined therefore no comments based on visual observations can be made relative to the 
presence or absence of a surface slag layer 

The skuUproduced in Exper iment 3 was removed by breaking away 
the crucible .* As maybe seen in Figure 9, the volume previouly occupied by 
the mel t appeared to contain a ma t r i x of oxidized and unpoured metal . 

F igure 9 

SKULL PRODUCED IN HIGH-ACTIVITY-LEVEL EXPERIMENT 3 

(photograph taken through per i scope in the 
Chemical Engineering Senior Cave) 

t 
l in 

(Photo Retouched) 

*The residues were exposed to air for several hours before the furnace was opened. 
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In h igh-act iv i ty- level Exper iment 4 argon blanketing was e m ­
ployed whenever possible in an effort to reduce exposure to a i r while the 
pins were being weighed, sampled, and loaded into the crucible . The yield 
shown in Table 11 was obtained on the f i r s t a t tempt at pouring. However, 
a res idua l surface c rus t covering about half of the melt cavity was observed 
when the furnace was opened.* In Exper iment 5, the operating procedure 
was revised to reduce exposure of the alloy to a i r and the yield was again 
obtained on the f i r s t a t tempt to pour. 

Table 11 

YIELDS OBTAINED IN HIGH-ACTIVITY-LEVEL 
MELT REFINING EXPERIMENTS AT 1400 C 

Exper iment 
No. 

1 

I 

3 

4 

5 

Charge Wt 
(g) 

387.6 

39Z.3 

362.5 

364.2 

382.2 

Buriiup 
a /o 

0.56 

0.22 

0.74 

0.87 

1.75 

Activity Level 
of Charge 

(c/g) 

3.0 

5.0 

10.5 

9.9 

14.0 

Duration of 
Melt Refining 

(hr) 

3 

3 

1 

1 

1 

(% 
Yield 

of Charge) 

72.4 

69.3 

52.2 

73.6 

72.7 

* The res idues were exposed to a i r for severa l hours before the 
furnace was opened. 



IV. DISCUSSION AND CONCLUSIONS 

A. Phys ica l Charac te r of I r r ad ia ted Alloy 

Fuel-handl ing p rocedures in the EBR-II Fue l Cycle Faci l i ty include 
mechanica l decladding, chopping the i r r ad ia t ed uranium-five percen t f i s -
sium pins into l- i - in. sect ions, dumping of the chopped pins into a 5-|--in. 
(inside d iameter ) z i rconia c ruc ib le , and me l t refining under argon at 
1400 C.(IO) Changes in the physical p roper t i e s of the fuel as a r e su l t of 
i r r ad ia t ion may affect these opera t ions . Hardness , b r i t t l eness , and the 
tendency of i r r ad i a t ed fuel to shat ter on impact a r e factors which could 
prove t roublesome in chopping opera t ions . Other p rope r t i e s , such as the 
coefficient of t h e r m a l expansion and especial ly the swelling phenomenon 
c h a r a c t e r i s t i c of i r r ad i a t ed alloy,! ^^/ were of concern because of the pos ­
sibility that the expanding pins may exer t sufficient force to b reak the 
crucible . These possible sources of operat ional difficulties were examined 
qualitatively during the h igh-ac t iv i ty- leve l exper iments . 

Few data a r e available on the physical p roper t i e s of un i r rad ia ted 
uranium-f ive percen t f i ss ium alloy, and even fewer on the physical p rop ­
e r t i e s of highly i r r ad ia t ed alloy. At room t empera tu re the un i r rad ia ted 
alloy is roughly s imi la r to cas t i ron in ha rdness and ductility. As cas t 
and rapidly cooled, the ha rdness of the alloy at room tenaperature is about 
200 VHN (Vickers Hardness Number) according to Zegler and Nevittl-^^) 
and about 125 VHN according to Sailer et al.(14) The difference in the two 
numbers may be a function of the percentage retent ion of the re la t ively 
soft gamma phase in the samples tes ted. The ductility, as nneasured by 
the elongation tes t , was negligible, although considerable s t r e s s was r e ­
quired to f rac ture the alloy.(14) At 690 C the alloy was no longer br i t t le 
but flowed readi ly under light s t r e s s ( l 4 ) and had tensi le p roper t i e s quite 
s imi la r to those of soft (annealed) copper . 

As a r e su l t of i r rad ia t ion , the Rockwell A ha rdness of re ta ined 
gamma uranium-f ive percent f i ss ium (as ca s t and rapidly cooled) in­
c r e a s e d f rom a value of 45 for the un i r rad ia ted fuel to a value of 70 for 
the i r r ad i a t ed fue l . ^^ / This i nc r ea se in ha rdness is s imi la r to that r e ­
sulting f rom a phase t rans format ion f rom re ta ined gamnaa to alpha 
uranium.! 14) NQ data a r e available on the tensi le p rope r t i e s of the i r ­
radia ted alloy, but exper ience in the h igh-ac t iv i ty- level exper iments 
showed the i r r ad i a t ed pins to be very b r i t t l e , easi ly broken into sma l l e r 
pieces ( s imi la r to a c e r a m i c ma te r i a l ) , and prone to fragmentat ion under 
compress ive s t r e s s in a vise or on sharp impact . 

Upon heating through the t e m p e r a t u r e in terval f rom about 650 to 
900 C, i r r ad i a t ed uranium-f ive pe rcen t f i ss ium pins undergo an i r r e v e r s ­
ible d i ame t r i ca l expansion of about 47 pe rcen t and r a r e gas f ission prod­
ucts a r e completely r e l eased . ! 12) To de termine the dimensional changes 
in the lo"wer p a r t of the tenaperature range over which swelling occurs , a 
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l - | - - in . s e c t i o n of a l l o y i r r a d i a t e d t o 1.75 a / o b u r n u p * w a s h e a t e d u n d e r 
a r g o n t o 700 C a n d h e l d a t t h a t t e m p e r a t u r e f o r o n e h o u r . P h o t o g r a p h s of 
t h e p i n b e f o r e a n d a f t e r h e a t i n g ( s e e F i g u r e 10) s h o w a n i r r e v e r s i b l e d i a ­
m e t r i c a l s w e l l i n g w h i c h a m o u n t e d t o 2 0 . 6 p e r c e n t a n d a n i n c r e a s e i n l e n g t h 
w h i c h a m o u n t e d t o 1 4 . 4 p e r c e n t . 

F i g u r e 10 

S W E L L I N G O F I R R A D I A T E D U R A N I U M - 5 P E R C E N T 
F I S S I U M A L L O Y U P O N H E A T I N G T O 700 C 

A l l o y : U r a n i u m - 5 p e r c e n t f i s s i u m i r r a d i a t e d 
t o 1.75 a / o b u r n u p . 

T r e a t m e n t : A l l o y h e a t e d i n a r g o n to 700 C, m a i n ­
t a i n e d a t t h i s t e m p e r a t u r e f o r o n e h o u r , 
a n d t h e n c o o l e d t o r o o m t e m p e r a t u r e 

Before Heating After Heating 

0.147 IN. ir —*•! !•«-0,177 m. 

1.277 IN. 1.460 IN. 

(Photo Re touched) 

It a p p e a r s un l ike ly tha t the m e l t re f in ing c r u c i b l e in the E B R - I I 
F u e l Cyc le F a c i l i t y wi l l c r a c k a s the c h a r g e i s b r o u g h t to t e m p e r a t u r e b e ­
c a u s e of swel l ing of the p i n s . As loaded (chopped p ins wi l l s i m p l y be 
d u m p e d into the c r u c i b l e ) , the p ins a r e r andon i ly o r i e n t e d and the void 
s p a c e of m o r e t h a n 75 p e r c e n t in the c r u c i b l e i s a m p l e to a c c o m m o d a t e 
swe l l i ng . If the i n c r e a s e in h a r d n e s s upon i r r a d i a t i o n is m e r e l y i nd ica t ive 
of a t r a n s f o r m a t i o n to a l p h a - p h a s e u r a n i u m and the h o t - h a r d n e s s v a l u e s of 

*The pin s e l e c t e d for t h i s d e m o n s t r a t i o n w a s f r o m the b a t c h of i r ­
r a d i a t e d a l loy u s e d in E x p e r i m e n t 5. 



uni r rad ia ted alloy a r e applicable, at 700 C the alloy would be soft (Vickers 
Hardness Number of 125 at room t empera tu re and 7 at 700 C), ductile, and 
its ul t imate s t rength would be low.!!^) Under these conditions the alloy 
upon expansion should flow into the available void space. This conclusion 
was supported by the fact that there was no case of crucible cracking in any 
of the five h igh-ac t iv i ty- level exper iments . 

Another indication of the softness and ductility of i r r ad ia t ed alloy in 
the t e m p e r a t u r e range of g ros s swelling was obtained from observat ions of 
the i m m e r s i o n thermocouple protect ion tube used in the mel t refining ex­
pe r imen t s . This fragile bery l l ia tube, 4 m m in outside d iameter and 2 mm 
in inside d iameter , was deeply imbedded in the m a s s of pins and was subject 
to s t r e s s e s which might have developed during the heating cycle. In the five 
exper iments , there was only one malfunction of the i m m e r s i o n t h e r m o ­
couple, and in this case its behavior was more indicative of e lect ronic dif­
ficulties than of mechanica l fai lure of the protect ion tube. 

B. Behavior of F i s s ion Produc t s 

1. Removals 

The r e s u l t s of the h igh-ac t iv i ty- level exper iments general ly 
confirmed the data f rom previous studies of the mel t refining p r o c e s s . 
Nearly complete r emova l s were noted for the r a r e ea r ths and y t t r ium, 
ba r ium and s t ront ium, te l lur ium, iodine, and ces ium. The noble e lements 
molybdenum and ruthenium were not removed. As anticipated, krypton and 
xenon appeared in the a rgon a tmosphere used for mel t refining and were 
pum.ped to shielded s torage tanks . The following va r i ab le s , over the ranges 
indicated, had no significant effect on the extent of f ission product removal : 
(l) the duration of mel t refining f rom 1 to 3 hr , (2) total fuel burnup between 
0,22 and 1.75 a /o , (3) activity level f rom 3.0 to 14.0 c /g , and (4) charge 
p repara t ion p rocedures for the r emova l of NaK or sodium from the pins . 
These p rocedures entai led the use of organic solvents in Exper iments 1, 
2, and 3, and control led a i r oxidation in Exper iments 4 and 5. 

The r a t e s of f ission product r emova l a r e believed to be affected 
by the geomet r ic differences between s m a l l - s c a l e and l a r g e - s c a l e mel t r e ­
fining equipment. Although identical r e su l t s were obtained in sma l l - s ca l e 
exper iments of I- and 3-hr duration, the longer 3-hr per iod specified for the 
plant operat ion is bel ieved to be n e c e s s a r y because of the longer diffusion 
paths that the f ission products mus t t r a v e r s e to r each the crucible wall 
where oxidation o c c u r s . The percentage of ce r ium re ta ined during the mel t 
refining of un i r rad ia ted fuel has been c o r r e l a t e d with the duration of mel t 
refining and the ra t io of the wetted crucible a r e a to the charge weight.(3) 
On the bas i s of this cor re la t ion , one hour of mel t refining on the 0.4-kg 
scale used in these exper iments is approximate ly equivalent to 3 hr of mel t 
refining in the p lan t - sca le c ruc ib le . 



2. Distr ibution to Skull and Crucible 

An auxi l iary liquid meta l p rocess is cur rent ly being developed 
for the r ecove ry of u ran ium from mel t refining skulls . The feed m a t e r i a l 
to this p r o c e s s is the granular product produced during remova l of the skull 
m a t e r i a l f rom the crucible by oxidation.* The used crucibles a re d iscarded 
as was te . It was therefore of in t e re s t to determine the distr ibution of f i s ­
sion products between the oxidized skull ma te r i a l and the cruc ib le . 

Since the skull cons is ts of oxide and a var iable amount of un­
poured meta l , the re la t ive amounts of noble meta l and other fission products 
in the skull depend upon the pouring efficiency during mel t refining. T h e r e ­
fore, the f ission product dis t r ibut ion data shown in Table 6 for high-act ivi ty-
level Exper iments 4 and 5 probably show a higher percentage of noble 
meta l s ( r ep resen ted by ruthenium) in the skull than would be expected on the 
plant sca le , for which the pouring efficiency should be higher . Those f ission 
products that a r e removed by mel t refining would be expected to dis t r ibute 
among the ingot, skull , and crucible in approximately the same propor t ions 
in the s m a l l - s c a l e exper iments and in the p lant -sca le p r o c e s s . 

A significant amount of the fission product activity, about 20 p e r ­
cent of the beta and 5 percen t of the gamma, was found in the crucible . 
Fede r et al.,!^) in an ear ly review of the mel t refining p r o c e s s , expressed 
the opinion that a port ion of the m o r e volati le fission products probably 
would diffuse into the cruc ib le , and confirmation of this point was provided 
by la ter work.(3) Thus the r e su l t s of the h igh-act iv i ty- level exper iments , 
showing roughly 75 percen t of the b a r i u m and 30 percent of the ces ium in 
the c ruc ib le , can be explained on the bas i s suggested by F e d e r . The r e t e n ­
tion in the crucible of 15 pe rcen t of the r a r e ea r th s , one pe rcen t of the 
ruthenium, and 1.5 pe rcen t of the uranium,** is a t t r ibuted to trapping of 
oxide and possibly some me ta l in the wall of the re la t ively porous cruc ib le . 

C, Melt Refining Yield 

In the h igh-ac t iv i ty- leve l exper iments the yields were consistently 
lower than those obtained with un i r rad ia ted fuel pins under equivalent mel t 
refining conditions. The pouring difficulties that were encountered and the 
appearance of the skulls f rom the h igh-ac t iv i ty- leve l exper iments suggested 
that a layer of oxidized m a t e r i a l on the surface of the molten me ta l had 

*A gaseous naixture composed of 80 v / o argon and 20 v /o oxygen is 
p resen t ly being used as the oxidant. 

**The s m a l l - s c a l e r e su l t s cannot be extrapolated direct ly to the plant-
scale operat ion because of the difference in geometr ic fac tors . Un­
published r e su l t s of studies of the remova l of skulls from plan t -sca le 
c ruc ib les by oxidation of the res idue with a mixture of argon and 
oxygen show the u ran ium re ta ined in the crucible to be 0.05 to 0.2 p e r ­
cent of the uran ium in the mel t refining charge . 



in ter fered with the pouring operat ion. Since the yield was not affected con­
sistently ei ther by the i r rad ia t ion level, between 0.22 and L75 a /o burnup, 
or by the activity level, between 3.0 and 14.0 c /g , it does not appear that 
insoluble f ission product oxides were a significant source of the oxide layer . 
On the other hand, the r e su l t s in Table 10 showing the correspondence be ­
tween the extent of oxidation of the i r r ad ia t ed alloy and the pouring diffi­
culties upon mel t refining does indicate that the p resence of oxidized uranium 
contributed to a dec rease in the yield. 

Although the oxide formed on the i r r ad ia t ed fuel pins p r io r to mel t 
refining undoubtedly resu l ted in lower yie lds , a phenomenon pecul iar to the 
i r r ad ia t ed pins is believed to have had an even g rea t e r effect. The i r r a d i ­
ated pins , when heated through the t empera tu re in terval from 650 to 900 C, 
undergo a d iamet r i ca l expansion of about 47 percent , ! 12) while un i r rad ia ted 
pins expand less than 2 percen t under s imi la r conditons.( 13) The g ross ex­
pansion of the i r r ad ia t ed pins appears to cause the oxide coating to slough 
off the pins in the form of f ragments which tend to float to the surface of the 
naolten meta l . In cont ras t , oxide coatings on the un i r rad ia ted pins tend to 
r emain intact as the pins melt , forming cyl indr ical "pin shel ls ." 

Evidence in support of this hypothesis is provided by comparing the 
mel t refining skull produced in Exper imen t E with un i r rad ia ted fuel pins 
with one obtained from high-ac t iv i ty- leve l Exper iment 3. The 355-g charge 
of the un i r rad ia ted fuel pins was heated in a i r to red heat, cooled, lightly 
abraded to remove loose oxide, combined with 0.6 g of i r r ad ia t ed alloy 
(0.56 a /o burnup),* and mel t refined for 3 hr at 1400 C. A yield of 55 p e r ­
cent was obtained. The skull, shown in F igure 11, contained a m a s s of 
cyl indr ical pin shells but no surface c rus t , indicating that as the fuel 
melted it col lected in the bottom of the crucible and left behind oxide 
shells in the shape of the or iginal p ins . However, in h igh-ac t iv i ty- level 
Exper iment 3, in which a s imi la r yield was obtained (52.2 percent ) , the 
skull had a surface c rus t , and as shown in F igure 9, appeared to consis t 
of a m a s s of pin shell f ragments and unpoured meta l ; no coxnplete pin 
shells were vis ib le . 

D. Significance of Resul t s to Melt Refining in the EBR-II Fue l Cycle 
Faci l i ty 

Because of exper imenta l l imi ta t ions , it was n e c e s s a r y to conduct 
the h igh-ac t iv i ty- leve l exper iments on a reduced scale (about 0.4 kg cona-
pared with approximate ly 10 kg in the EBR-II Fue l Cycle Faci l i ty) , Since 
geometr ic factors will differ grea t ly ,** the snaal l -scale r e su l t s cannot be 

* T r a c e r level activity was included because it was originally thought 
that compar i son of f ission product dis tr ibut ion data from the two 
exper iments might be useful in in terpre t ing the r e s u l t s . 

**For example , the crucible surface a r e a in contact with molten meta l 
per g r a m of fuel (sq cm/g) is about 0.03 for the ful l -scale crucible 
compared with about 0.09 for the s m a l l - s c a l e c ruc ib le . 



e x t r a p o l a t e d d i r e c t l y to the p l a n t - s c a l e o p e r a t i o n . H o w e v e r , the r e s u l t s 
of the s m a l l - s c a l e e x p e r i m e n t s shou ld p r o v i d e a guide to p r e v e n t i v e o r 
c o r r e c t i v e m e a s u r e s if d i f f icu l t ies a r e e n c o u n t e r e d in the p l a n t - s c a l e naelt 
r e f in ing of i r r a d i a t e d fuel . 

F i g u r e 11 

SKULL PRODUCED IN EXPERIMENT E 

( P h o t o g r a p h t a k e n t h r o u g h p e r i s c o p e in 
the C h e m i c a l E n g i n e e r i n g Senior Cave) 

(Photo Re touched) 

In the E B R - I I p l a n t - s c a l e o p e r a t i o n , it i s r e a s o n a b l e to expec t that 
the y i e l d s wi l l be h ighe r than t hose found in the s m a l l - s c a l e e x p e r i m e n t s 
u ' i th i r r a d i a t e d fuel. F u l l - s c a l e m e l t re f in ing r u n s wi th u n i r r a d i a t e d al loy 
have g e n e r a l l y r e s u l t e d in y i e l d s e x c e e d i n g 95 p e r c e n t , l ^ j a s c o m p a r e d 
wi th y i e l d s of about 85 p e r c e n t for s m a l l - s c a l e c o n t r o l expe r inaen t s wi th 
u n i r r a d i a t e d a l loy . 

The r e d u c t i o n in y i e ld a s s o c i a t e d with i r r a d i a t i o n of the fuel in 
s m a l l - s c a l e e x p e r i m e n t s w a s the r e s u l t of ineff icient pour ing which, in 
t u r n , a p p e a r e d to be r e l a t e d to the p r e s e n c e of a l a y e r of ox id ized u r a n i u m 
on the s u r f a c e of the m o l t e n m e t a l . A p p a r e n t l y , th i s s u r f a c e l a y e r w a s 
m a i n l y c o m p o s e d of f r a g m e n t s of u ran iuna oxide frona the i r r a d i a t e d p ins 

\*^ 



which had been handled in an air a tmosphere p r io r to naelt refining. Since 
the a tmosphere of the EBR-II Fue l Cycle Faci l i ty is argon,* no reduction 
in yield as a r e su l t of exposure to a i r is expected. 

SUMMARY 

Five 0 .4-kg-sca le h igh-act iv i ty- level exper iments were conducted 
to denaonstrate the EBR-II mel t refining p roces s and to revea l any dif­
ficulties that might r e s u l t frona the use of highly i r r ad ia t ed fuel. The 
alloy, 10 pe rcen t enr iched uranium containing 5 percent f iss ium, was i r r a d i ­
ated to total burnups of 0.22 to 1.75 a /o and was then mel t refined in a l i m e -
stabil ized z i rconia crucible at 1400 C for 3 hr in Exper iments 1 and 2, 
and for one hour in Exper iments 3, 4, and 5. F o r purposes of compar i ­
son, s eve ra l additional exper iments were conducted in the same equip­
ment with un i r rad ia ted alloy. 

The fission product renaovals obtained in the naelt refining exper i ­
naents with highly i r r ad i a t ed fuels confirmed those from ea r l i e r studies 
with inactive and lo-w-activity fuel. The re su l t s showed no significant 
dependence on burnup, radiat ion level, or the duration of naelt refining. 
Ra re ea r ths and y t t r ium, te l lur ium, iodine, cesiuna, and ba r ium and 
strontiuna were renaoved, whereas the noble naetals rutheniuna and naolyb-
denuna were not removed. The fission product z i rconium showed isotopic 
exchange with the inactive z i rconium in the c ruc ib le . Small amounts of 
carbon contanaination probably resu l ted in the r emova l of some zi rconium 
as the carb ide . 

Compared with the experinaents with un i r rad ia ted fuel, the mel t 
refining yields for the highly i r r ad i a t ed alloys were lower by 15 to 30 p e r ­
cent. These lower yields were the r e su l t of less efficient separat ion of 
purified naetal because of the p resence of a surface c r u s t which hindered 
top pouring. The fornaation of this c r u s t appeared to be cha rac t e r i s t i c of 
highly i r r ad i a t ed but not of un i r rad ia ted fuel, and was at t r ibuted to expo­
sure of the i r r ad i a t ed fuel to a i r before melt refining and to an accunaula-
tion of oxide f ragments on the surface of the mel t . Gross expansion of the 
i r r ad ia t ed pins during heating is believed to have caused the oxide f rag-
naents to slough off the surface of the p ins . It is expected that the effect 
of these c r u s t s on the yield will d iminish as the scale of mel t refining is 
i nc reased and that pouring difficulties frona c r u s t formation will be less 
likely to occur in the EBR-II Fue l Cycle Fac i l i ty because of i ts argon 
a tmosphere . 

Cer ta in physical p roper t i e s of highly i r r ad i a t ed uraniuna-5 percent 
f i ss ium alloy which may have an effect on operat ions in the EBR-II Fue l 

*The design of the a tmoshpere-pur i f ica t ion sys tem is based on main­
taining impur i ty levels at or below 5 ppm water vapor, 20 ppm oxygen, 
and five pe rcen t ni t rogen in the a tmosphe re . ! 1*̂ ) 



Cycle Fac i l i ty were observed qualitatively. The i r r ad ia ted pins, subject 
only to self-heating by the decay of radioact ive fission products , were very 
br i t t l e , were easi ly broken into sma l l e r pieces (s imi lar to a ceranaic 
naaterial) , and tended to shat ter under compress ive s t r e s s in a vise or on 
sharp impact . The g ros s swelling phenonaenon that is cha rac t e r i s t i c of 
i r r ad i a t ed u ran ium-5 percent f i ss ium upon heating through the t empera tu re 
in terva l frona about 650 to 900 C was of concern because of possible c ru ­
cible danaage. In the five exper iments with highly i r rad ia ted fuel, there was 
no case of crucible cracking, probably because of the lack of s t rength of the 
alloy at these t e m p e r a t u r e s . 
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