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THE EBR-1 MELTDOWN - PHYSICAL AND METALLURGICAL 
CHANGES IN THE CORE 

by 
J . H. Kittel, M. Novick and R. F . Buchanan 

ABSTRACT 

As a resu l t of the par t ia l meltdown which occurred in 
EBR-1 on November 29, 1955, it was neces sa ry to remove 
the core assembly from the reac to r and to separa te the en­
riched fuel section f rom upper and lower unenriched blanket 
sec t ions . A t e m p o r a r y cave was constructed on top of the 
r eac to r in o rde r to remove the core assennbly, and at this 
tinne about one-fourth of the fuel e lements were removed. 
In o rde r to per form further d i sassembly operat ions under 
l e s s hazardous conditions, the core assembly was shipped 
from the Idaho Division of Argonne National Laboratory, at 
the National Reactor Test ing Station, to the Lemont, Illinois, 
site of the Labora tory , where disassennbly was completed in 
a protect ive a tmosphe re . It was found that approximately 
40 to 50% of the co re had mel ted and reached t empe ra tu r e s 
ranging between approximate ly 850°C and 1400°C, and that 
the mol ten port ion had separa ted into three c lear ly defined 
zones cha rac te r i zed by different po ros i t i e s . Densit ies of the 
zones ranged from 2.5 to 15.4 g m / c m , depending upon the 
degree of poros i ty . It was a l so found that molten fuel alloy 
had t raveled upward 5 inches and downward 3 inches between 
the blanket r o d s . Chemical and m a s s spectrographic analyses 
indicated that re la t ively li t t le mixing occurred in the core 
during the per iod in which it was molten, that the fuel alloy 
which penetrated the blanket sect ions originated p r imar i ly 
from the outer pa r t of the molten zone, and that the blanket 
did not enter the molten phase . Observat ions during d i s a s ­
sembly of the core and subsequent simulated meltdown ex­
pe r imen t s indicated that the porous s t ruc ture which formed 
in the molten core could have resu l ted from the vaporizat ion 
of entrained NaK. 

INTRODUCTION 

EBR-I (Exper imenta l Breede r Reactor No. 1) is a NaK-cooled, 
solid-fuel fast r eac to r built to de te rmine and invest igate factors which a r e 
impor tan t to the development of a fast b r eede r sys tem. The reac to r , which 
is shown in c r o s s section in F igure 1 and whichhas b e e n d e s c r i b e d i n d e t a i l 
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previously,^ '' was designed and built by Argonne National Labora tory and 
put into operat ion by the Labora tory at the National Reactor Test ing Station 
in Idaho in 1951 with a core of enr iched unalloyed uran ium. The fuel slugs 
had been p repa red by rolling at 300°C, followed by quenching from the beta 
phase, a p rocedure which had been shown to great ly reduce the dimensional 
instabil i ty which uran ium displays when subjected to irradiation.^'^^ This 
f i rs t core produced over 3 x 10 k i lowat t -hours of heat . 

During the period of t ime w^hen the r e a c t o r was operating with i ts 
f i rs t loading, exper iments at Argonne National Labora tory showed that 
cast ings of u ran ium - 2 w/o zi rconium alloy were capable of much bet ter 
pe r formance under i r r ad ia t ion than beta-quenched unalloyed uranium.i-^/ 
Fuel specimens made of the u ran ium-z i r con ium alloy were not only m o r e 
r e s i s t an t to i r r ad ia t ion growth, but a lso were free of the i r radia t ion- induced 
surface roughening which c h a r a c t e r i z e s beta-quenched uranium.(4) Ac ­
cordingly, in the ea r ly pa r t of 1954, a second core was instal led which had 
been fabricated by centrifugally cast ing uran ium - 2 w/o z i rconium alloy 
for both fuel and blanket slugs.(5) At this t ime cer ta in other changes were 
a lso made in the design of the s ta in less s teel jackets which contained the 
fuel s lugs . 

F igure 2 shows a drawing of a typical fuel e lement used in the s e c ­
ond loading. The fuel section was made up of two 4-̂  in. long ba re s lugs, 
93.21% enriched, which were separa ted by a 0.005-in. thick s ta in less s tee l 
spacer . The lower blanket slug, a l so 4-4 in. long, was made of unenriched 
uran ium and was encased in a drawn-on s ta in less s teel jacket . The upper 
blanket section, a l so of unenriched uranium, consisted of two Sf- in . long 
slugs encased in a single drawn-on s ta in less s teel jacket . The fuel slugs 
were separa ted f rom the jacketed blanket slugs by 0.005-in. thick s ta in less 
steel s p a c e r s . The d iameter of the jacketed blanket slugs and the ba re 
fuel slugs was 0,384 in. Surrounding these slugs was a 0.012-in. thick NaK 
annulus and a s ta in less s teel outer jacket with a 0.021-in. wall. As men­
tioned previously, both the fuel and blanket slugs were made of centrifugally 
cas t u ran ium - 2 w/o zi rconium alloy. As can be seen from Figure 2, nu­
m e r o u s possible contacts a r e p re sen t for u ran ium and s ta inless steel to 
interdiffuse. When the EBR-I was in i ts ini t ial design s tages , in 1947 and 
1948, a study was made of the diffusion p rob lems in this reac tor . !" ) It was 
found that u ran ium and s ta in less s teel were among the two e lements which 
diffused into each other mos t rapidly, and F igure 3 shows a typical diffusion 
zone between u ran ium and s ta in less s teel which developed after six days at 
700°C. Diffusion zones a lso formed at t e m p e r a t u r e s as low as 500°C, a l ­
though at a s lower r a t e . 

An addit ional considerat ion p resen ted by the close proximity of the 
s ta in less s tee l is the fact that the u ran ium forms low-melt ing eutect ics 
with the three main consti tuents in s ta in less s teel , namely, i ron, nickel and 
chromium. These eutect ics mel t a t t e m p e r a t u r e s f rom 270° to 400°C lower 



than the melt ing point of unalloyed uran ium. It was anticipated, therefore , 
that should any ser ious overheat ing occur in the reac tor a eutectic would 
very likely form between the u ran ium fuel slugs and the jackets in which 
they were contained. However, the economic advantage of using s ta inless 
s teel was such that the reac tor was constructed of this alloy, and a special 
heat of Type 347 alloy was made for this purpose. '^) 

Although the second core per formed quite sat isfactori ly with regard 
to dimensional stabil i ty of the fuel and blanket slugs under i r radia t ion , an 
inc reased posit ive react iv i ty tennperature coefficient was noted. The pos­
sible origins of the inc reased coefficient were subsequently investigated by 
operat ing the r eac to r with var ious core t e m p e r a t u r e s , amounts of excess 
react ivi ty, e tc . On November 29, 1955, exper iments at high core t e m p e r a ­
ture and with a shor t r eac to r per iod culminated in a par t ia l meltdown of the 
fuel. The c i r cums tances surrounding the experiment , which resul ted in 
damage to the core assembly , and an analys is of the incident itself have 
been descr ibed elsewhere(S'9) and will not be repeated he re . 

This r epo r t de sc r ibes the procedure by which the damaged core 
a s sembly was removed from the reac to r ear ly in 1956 and how, a few 
months la ter , the fuel sect ion was d i sassembled from its upper and lower 
blanket. The descr ip t ion is given in some detail to aid as much as possible 
o thers who might be confronted with a s imi la r operat ion. The p r i m a r y pur ­
pose of the repor t , however, i s to desc r ibe the physical and meta l lu rg ica l 
changes which were noted in the core as d i sassembly proceeded. 

REMOVAL OF THE CORE FROM THE REACTOR 

Following the incident and after a reasonable decay t ime, an at tempt 
was made to remove the blanket and core e lements from the r eac to r . All 
of the outer blanket rods were removed in the conventional manner by with­
drawing them into the t ransfer coffin above the reac tor tank. There was no 
difficulty and no indication of any damage was noticed. 

The next s tep involved removing the rods from the core . Corner 
e lements which contained blanket m a t e r i a l again came free with no evidence 
of overheat ing. However, when it was at tempted to remove the rods con­
taining fuel from the outer rows of the la t t ice , considerable force was r e ­
quired, and damage to the jackets was observed. It was then decided to lift 
the core out a s a complete unit and d i sa s semble it outside the reac to r tank. 
For tunate ly , it has been ant icipated in the or iginal design of the reac tor 
that si tuations could a r i s e where fuel e lements nnight become too dis tor ted 
for no rma l r emova l , so the r e a c t o r was designed in such a way that the en­
t i r e core a s sembly could be lifted out of the tank and thus be access ib le 
from al l s i de s . 
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Since the expended core was ve ry radioact ive , it was real ized that 
it would be n e c e s s a r y to work through a shield wall with the assembly in a 
cell with controlled venti lat ion. Therefore , it was decided to build this 
t empora ry cave above the r eac to r tank on the permanent shield top. 

Measurements of the core activi ty indicated that 30-in. thick walls 
would be sufficient for l imited acces s t ime . Since portable shield blocks 
from the Borax-III r eac to r would become available during the unloading of 
fuel e lements from that r eac to r for r ep roces s ing , it was decided to wait 
for them in the construct ion of this cel l . The blocks measu red 60 in. 
X 30 in. X 15 in. and were readi ly handled by means of the building overhead 
c r ane . 

The front face was const ructed of s tandard concre te building blocks 
and included two 18-in. square by 36-in. thick shield windows. Access 
holes were provided in the front face to line up with d i sassembly points on 
the c o r e . Two Model 8 m a s t e r - s l a v e manipula tors were instal led to allow 
remote opera t ions . The windows were borrowed from an existing facility 
at EBR-I , and the manipu la tors were borrowed from a cave at the Lemont, 
Il l inois, site of Argonne National Labora to ry . Inside dimensions of the cell 
iTieasured 14 ft long by 5 ft wide by 12 ft high with 30-in. thick walls and a 
36-in. thick face. 

A b racke t consist ing of a f rame work of 6-in. I beams was con­
s t ructed to support the a s s e m b l y during the cutting operat ion in the cave, 
and the top of the cell was closed with 1-in. thick s teel plate . 

F igure 4 shows the construct ion pr ior to the building of the front 
face. Steel pans were placed on the floor of the cave and at a position i m ­
mediate ly under the location the core would occupy when it was supported 
by the s teel s t r u c t u r e . Sodium lights v/ere borrowed from one of the hot 
cells in EBR and ins ta l led. The completed cave appea r s in F igure 5. 

The venti lat ion sys tem consis ted of two type 25 Fg media p r e -
f i l t e r s , two 24 in. x 24 in. CWS absolute f i l ters in pa ra l l e l and a 3700-cfm 
centrifugal fan. This fan was one which normal ly served in the emergency 
r eac to r cooling sys t em. Its d i scha rge was piped to the exhaust stack on 
the EBR building. 

INITIAL CORE DISASSEMBLY 

When the cave was completed and the n e c e s s a r y tools had been 
const ructed, the initial d i sa s sembly operat ion was begun. The f i r s t step 
involved the remova l of as much as poss ible of the NaK coolant which was 
trapped in the r eac to r tank. This was accompl ished by drawing it up into 
a portable tank to which a vacuum had been applied. The second step was 
the lifting of the a s sembly out of the tank by nneans of the building crane 
and placing it on the support stand provided in the cave . 



Figure 6 shows the appearance of the core assembly after the r e ­
maining NaK had been allowed to oxidize. Before the core rods were 
access ib le , the bottom plate and the hexagonal separa to r , shown in this 
figure, had to be removed. Bottom nuts were unscrewed by means of 
special wrenches through which torque could be applied from the outside 
of the cave. The bottom plate was removed with little difficulty, as shown 
in F igure 7. 

At this point the hexagonal sepa ra to r which enclosed the fuel s e c ­
tion should have slipped off eas i ly . However, it proved to be held tightly 
to the core and had to be cut off. This was accomplished by dri l l ing a 
ve r t i ca l row of holes down one corner , a s shown in F igure 8, and splitting 
it open. When this was done the sepa ra to r came off easi ly . 

Subsequently, at the Lemont site of the Laboratory, the hexagonal 
sepa ra to r was split down each corner to provide specimen m a t e r i a l for 
de terminat ion of the effects of i r r ad ia t ion on the mechanical p roper t i e s 
of the s ta in less s tee l . F igure 9 shows a photograph of the six in ter ior 
faces of the sepa ra to r , and i t can be noted that the ma te r i a l formed du r ­
ing the t empera tu re excurs ion had alloyed superficially with the separa to r 
in cer ta in a r e a s , pa r t i cu la r ly on sides 2, 4, and 6. 

The appearance of the damaged core after removal of the hexagonal 
s epa ra to r is shown in F igu re 10. The molten core alloy was found to have 
extruded into the coolant channels and to have finally solidified into a m a s s 
surrounding the fuel section and molded into shape by the separa tor can. 
The solidified nnaterial was heavily covered with oxides of NaK. 

The p r o c e s s of removing individual rods was then undertaken. This 
was done by cutting thenn off at the by -pass section immediate ly below the 
lowest plate of the assembly , using saber saws . These were operated 
through a c c e s s holes in the front face of the shield. As each rod was cut 
off it was placed in a p r epa red thimble in a coffin which had been located 
in the cave. This was then lifted out, and the thinnble and rod were t r a n s ­
fe r red to the regula r rod s torage a r e a . Using this method, the ent i re 
outer row and pa r t of the second row were removed. Several of these fuel 
e lements were sent to the Lemont site of the Labora tory where they were 
d i sassembled and examined. 

Typical fuel rods f rom this group a r e shown in F igures 11 and 12. 
Although the outer jackets were damaged on mos t of the fuel e lements in 
the outer row, as shown in F igure 11, it was evident that any jacket melt ing 
resul ted from external causes , ra ther than from the fuel slugs which they 
contained. This is c lear ly shown in F igure 13, in which can be seen an un­
damaged s ta in less s tee l spacer between fuel slugs contained in an outer 
jacket which had been subjected to mel t ing damage. Had these par t icu la r 
slugs overheated, the spacer , being at the center of the fuel section, would 
have formed a eutectic before any jacket damage occur red . 
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Additional evidence that the fuel in the outer row of e lements did 
not par t ic ipa te in the molten phase is shown in F igure 14. Here, the dam­
aged jacket shown in F igure 13 has been peeled back to expose one of the 
fuel slugs, and it can be noted that the surface of the slug and the in ter ior 
surface of the s ta in less s teel jacket have not been affected by the meltdown. 
For the outer row of fuel e lements , therefore , it appear s that the fuel t em­
pe ra tu r e did not exceed about 850° to 950°C, which have been repor ted( l^ / 
to be the lowest t e m p e r a t u r e s at which uran ium and s ta in less s teel form a 
liquid phase for shor t heating pe r iods . 

The appearance of the core a s sembly after removal of the outer 
fuel elennents is shown in F igure 15. It is evident that severe melt ing 
damage had occur red in the fuel section, which had slumped somewhat so 
that the lower half was tightly packed with solidified m a t e r i a l . The upper 
half, on the other hand, contained numerous cav i t i es . Evidently many of 
the j acke t s , af ter forming a molten phase with the fuel slugs they contained, 
sloughed off and left the par t ia l ly dissolved fuel st i l l m o r e or l ess in p lace . 
It was subsequently learned during final d i sas sembly that the par t ia l ly d i s ­
solved fuel sti l l in position was confined general ly to the second row of 
fuel e lements , i .e . , the row next to the ou te rmos t row. Moving inwardly 
from the second row, damage was more extensive. 

After the core a s sembly had been reduced to the 153 fuel e lements 
shown in F igure 15, it was apparent that the faci l i t ies at the r eac to r si te 
were not adequate for further operat ions to be conducted in a safe manne r . 
The pyrophoric na ture of the damaged core p resen ted a ser ious fire hazard , 
a condition which was further aggravated by the p r e sence of la rge amounts 
of entrained NaK. After s eve ra l smal l NaK f i res were observed in debr i s 
resul t ing from removal of the outer fuel e lements , i t was decided to stop 
further d i sas sembly operat ions at the Idaho site and to ship the core a s ­
sembly to the Lemont site of the Labora tory , where m o r e complete hot 
l abora tory faci l i t ies existed and where d i sa s sembly could be completed in 
an ine r t a tmosphe re . Accordingly, as shown in F igure 16, a s ta inless steel 
thimble was pulled up and supported around the a s sembly , leaving the upper 
par t of the rods v i s ib le . Argon gas was allowed to fill the thimble to p r e ­
vent f i r e . Saber saws were again used to cut through the ent i re a ssembly 
below the bottom plate , and al l remaining fuel e lements were sawed through, 
permi t t ing the a s sembly to drop into the thimble as shown in F igure 17. 

Although one-fourth of the 52 k i lograms of U originally p resen t m 
the r eac to r had been rennoved, the remaining 39 k i l o g r a m s , fused into an 
a s sembly of smal l volume and wel l - re f lec ted from top and bottom, p r e ­
sented a shipping problem because of the hazard of accidenta l cr i t ica l i ty , 
a condition which now had to be considered in addition to the pyr,ophoric 
hazard mentioned above. In o rde r to ship the core a s sembly under safe 
conditions the a s sembly shown in F igure 18 was cons t ruc ted . It cons is ted 
of a container jus t l a rge enough to hold the thimble and core a s sembly 
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shown in F igure 17. The flange c losure was completed with a flexitallic 
gasket so that an iner t a tmosphe re , once placed in the container to prevent 
f i res , could be maintained indefinitely after the flange was bolted down. 
The container was surrounded by a cage which physically prevented any 
reflecting surface, including the shipping cask, from approaching the con­
ta iner within l e s s than 10 inches . The shipping cask, which i s shown in 
F igu re 19, was made with 4-in. thick lead walls and with in ter ior dimensions 
jus t la rge enough to accomodate the cage assennbly. The outer edge of the 
shipping cask lid was gasketed with neoprene and tightly bolted to prevent 
entry of l iquids. The shipping cask, which weighed 10,800 lb, had an ex­
t e rna l d iameter of 40 in. and stood 43 in. high. As an additional safety 
m e a s u r e , using a neutron source , multiplication measu remen t s were made 
during the loading of the core a s sembly into the shipping cask. 

FINAL CORE DISASSEMBLY 

A cave capable of containing 10,000 cur ies of 1-Mev gamma activity 
•was made avai lable for final d i s a s sembly of core at ANL. This cave has 
been descr ibed e lsewhere .'•'• •'•) Although the cave was not designed for gas -
tight operation, it was apparent that the final d i sassembly operations had to 
be conducted in an a tmosphere of low oxygen content. Accordingly, the 
Model 6 manipula tors with which the cave was equipped were removed and 
Model 8 manipula tors , booted for min imum air in- leakage,U^) were in­
s ta l led. All por ts and other openings into the cave were taped shut or 
gasketed as r equ i red . A t r i a l run, with a negative p r e s s u r e in the cave 
of 0.05 in. water , showed approximate ly 1-cfm in- leakage of a i r . 

It was hoped that opera t ions could be conducted in an a tmosphere 
containing as much as 2% oxygen. This amounted to a ten-fold dilution of 
a i r leaking into the cave, so that approximately 10 cfm of iner t gas would 
be requ i red while opera t ions were in p r o g r e s s . Poss ib le iner t gases na r ­
rowed to a choice between argon, hel ium, and dry ni t rogen. The above ra te 
of gas flow, coupled with the amount requi red to purge the cave at the s t a r t 
of each day ' s opera t ions , ruled out the use of relat ively expensive argon. 
Helium appeared a t t rac t ive because i ts high the rmal conductivity would 
help quench incipient f i r e s . However, supply problems a rose because of 
the r emoteness of a ra i l siding, and del ivery by t ruck of adequate amounts 
of hel ium could not be es tabl i shed. This left only nitrogen, which fortunately 
is available with a dew-point of -70°F in large quantities and at low cost in 
the Chicago a r e a . Although uran ium is not iner t in nitrogen.(^ ^) the r e ­
act ion ra te is substant ial ly l e s s than in a i r . A piping sys tem was then in­
stal led to run ni t rogen through a flowmeter and into the cave from loaded 
t r a i l e r s del ivered by the commerc ia l suppl ier . Equipment was instal led in 
the cave to m e a s u r e and r eco rd oxygen content and to m e a s u r e humidity. 
Subsequently, after d i sa s sembly operat ions had begun, it was found that 
me ta l f i res were st i l l occur r ing with the cave a tmosphere at 2% oxygen. 
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The ni trogen flow ra te was therefore inc reased to 20 cfm to maintain the 
oxygen level between 1 and 1.5%. With the increased flow rate the re la t ive 
humidity of the cave a tmosphere ranged from 1.6 to 2 .1%. 

Ins t ruments were a l so instal led to continuously m e a s u r e in the cave 
with portable probes g a m m a - r a y and neut ron- rad ia t ion in tensi t ies , t e m p e r a ­
ture , and a i r - b o r n e par t icu la te activity. F igure 20 shows some of the in­
s t rumentat ion outside the cave. A number of special tools were placed in 
the left a r ea of the cave for d i sassembly operat ions , as shown in F igure 21 . 
The tools included an e lec t r i c impact chisel , hydraul ical ly operated equip­
ment including a chisel , pipe cut ter , and v i se , and grappling tools to handle 
the core a s sembly which weighed approximately 250 lb. In order to protect 
the cave window from flying fragments of meta l , a safe ty-glass window was 
instal led at the front of the a r e a . 

It was decided to sea l the fuel p ieces , after they were separa ted 
from the unenriched blanket, into cans containing approximately 1 k i logram 
of m a t e r i a l . For this purpose a Mett ler type K-5 balance reading di rect ly 
to 2000 g rams was instal led in the right a r e a of the cave, along with a 
remote ly operated can sea le r and about 100 cans, approxinnately 3 in. in 
d i ame te r and 2 in. high. F igure 22 shows an o v e r - a l l view of this a r e a of 
the cave. Views of the method by which the fuel cans were loaded and the 
can sea ler a r e shown in F igu re s 23 and 24. As shown in F igure 22, this 
a rea of the cave was separa ted from the d i sassembly a r e a by a part i t ion 
approximately two feet high. It was subsequently found that each fuel can, 
when loaded and sealed, showed a gamma activity at one-inch distance of 
about 100 r / h r . L a r g e r cans , 3 in. in d i ame te r and 10 in. high, were used 
for containment of blanket m a t e r i a l . Loading of typical blanket m a t e r i a l 
is shown in F igure 25, 

The cr i t ica l i ty hazard was handled by a r rang ing bench tops so that 
the core could not be reflected by more than one adjacent surface (in 
addition to the at tached upper and lower blanket sect ions) . The cage in 
which the core was shipped was instal led in the cave as shown in F igure 21, 
both to help with the avoidance of c r i t ica l i ty and to provide a f i re-safe 
vault for overnight s to rage . Finally, hydrogenous m a t e r i a l was also ex= 
eluded from the cave because of cr i t ica l i ty cons idera t ions . The only ex­
ceptions were hydraul ic oil l ines which were instal led so that in the event 
of leakage they could not empty into the cave by gravi ty . 

After the cage a s sembly was placed in the cave and the protect ive 
a tmosphere es tabl ished, the container in which the core a s sembly had been 
shipped was opened. The appearance of the top of the core assembly is 
shown in F igure 26. It was found that m o s t of the fuel e lements could be 
broken off near the junction between the upper blanket and the fuel section. 
Accordingly, the upper pa r t s of most of the fuel e lements were removed 
individually, without removing the fuel section and lower blanket from the 
thimble and cage a s sembly in which they were placed at the Idaho s i te . 



Since one of the main purposes of d i sassembly was to separa te and 
recover the enriched fuel, each upper rod section, after being removed 
from the cage a s sembly , was par ted so a s to separa te any remaining fuel 
from the blanket. A few rods were removed from the outer row which were 
re la t ively undamaged, and the fuel and blanket sections in these rods were 
separa ted by cutting with the remote ly operated pipe cutter through the 
outer jacket near the junction of fuel and blanket, as shown in Figure 27. 
The remaining rods were too badly damaged for this operation, however, 
so they were cut with the hydraul ic chise l . All cuts with the chisel were 
made about one-half inch above the junction of fuel and blanket to ensure 
that all enriched m a t e r i a l was removed from the blanket s c r ap . Separation 
of fuel and blanket m a t e r i a l was verif ied by means of radiation m e a s u r e m e n t s . 

During removal of the upper blanket section, it was observed that 
considerable amounts of molten fuel had penetrated into the coolant pa s ­
sages between the outer jackets of the upper blanket. A clump of upper 
blanket rods nea r the center i s shown in F igure 28, and it can be noted 
that the max imum upward t r ave l was approximately five inches . This 
m a t e r i a l was eas i ly detached fronn the s ta in less s teel jackets and, as 
shown in F igure 29, no evidence of melt ing damage was observed, as was 
the case in the jackets of the outer fuel section shown in F igure 13. 
F u r t h e r m o r e , as near ly a s could be deter inined by observation, no evi­
dence could be seen of the unenriched blanket alloy slugs being damaged 
by mel t ing . 

The only upper fuel e lement sections which could not be detached 
from the r emainder of the core a s sembly were three special rods, each of 
which contained ch rome l - a lume l thermocouples . These wi res , which were 
f i rmly embedded in the fuel section, were to prove invaluable in furnishing 
a convenient means of at taching the lifting crane in the cave to the balance 
of the core assembly , which was now es t imated to weight approximately 150 1b. 

By means of the thermocouple wi re s , the fuel section and lower 
blanket were then lifted from the cage assembly , as shown in Figure 30. 
The appearance of the core a s sembly a t this stage is shown in F igure 31. 
A cut was then made with the impact chisel through the horizontal midplane 
of the fuel section (the 1-^-in. level in F igure 31). A photograph of the c r o s s 
section thus obtained is shown in F igure 32. It was observed that two 
dis t inct sponge-l ike zones of porosi ty had formed, with a well-defined 
boundary between them containing white oxides of NaK. The inner zone was 
cha rac te r i zed by pores ranging up to about 1/4 in. in d iameter , along -with 
seve ra l l a r g e r cav i t ies . The pores in the outer zone were much smal le r , 
with a max imum size not exceeding about l / l 6 in. Many of the freshly 
opened pores in each of the two zones were observed to contain NaK. The 
s t ruc tu re of the m a t e r i a l in both zones showed no t r a c e s of the or iginal 
fuel e lement components , so that alloying appeared to be complete . The 
m a t e r i a l in both zones, pa r t i cu l a r ly the center zone, was friable and eas i ly 
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broken, and exhibited no t r a c e s of ductili ty. It was observed that the the r ­
mocouple wi res mentioned above were intact and unalloyed with the solid­
ified fuel alloy in which they were embedded. Although their bra ided glass 
insulation was gone, it apparent ly prevented contact and subsequent alloying 
between the molten phase and the w i r e s . The fact that the wires were intact 
indicated that the center of the fuel section had not exceeded 1400°C, the 
approximate melt ing point of ch romel and a lumel . 

Measuremen t s of the radioact ivi ty of the exposed c ross section 
gave a reading of 700 r / h r at 1 in. A thermocouple probe was used to 
m e a s u r e the t empe ra tu r e in voids nea r the center of the m a s s . A reading 
of 2°C above ambient was obtained. 

The next p a r t of the core a s sembly that was removed was about half 
of the lower blanket rods . As was the case with the upper blanket sect ion, it 
was found that the lower blanket rods broke away from the fuel sect ion, as 
shown in F igures 33 and 34. Also, as was the case in the upper blanket, 
the coolant pa s sages in the lower blanket were filled with solidified m a t e r i a l 
from the fuel sect ion. It was noted that this m a t e r i a l when freshly broken 
was black, but on standing for an hour or two becanne covered with white 
oxide. The m a t e r i a l had moved downward between the outer j acke ts for 
varying dis tances depending upon the distance from the center of the r e a c ­
to r . The max imum downward t rave l was approximate ly three inches and 
occu r r ed at the center of the r e a c t o r . The solidified m a t e r i a l could easi ly 
be removed from the outer jackets of the lower blanket sect ion, and, as 
shown in F igure 35, no nnelting damage was observed . 

The half of the fuel section f rom which the lower blanket had been 
removed, sho-wn project ing upward in F igu re s 33 and 34, was then split off 
to make a ve r t i ca l c r o s s sect ion of the lower half of the core a s sembly , 
shown in F igure 36. The junction between fuel and lower blanket is at the 
64-in. level of the adjoining sca le . This section showed that the lower side 
of the coarse and fine sponge-l ike zones t e rmina t ed abrupt ly and that the 
lower pa r t of the fuel section consis ted of a dense , re la t ively non-porous 
m a s s . This m a t e r i a l could be f r ac tu red only with difficulty because it was 
tough and sonnewhat ducti le . It was obse rved that this m a t e r i a l evidently 
a l so contained entrapped finely d i spe r sed NaK. When freshly broken it 
showed a br ight s i lvery appearance , which turned dark within about a m in ­
u te . Severa l hours l a t e r , if sufficient oxygen were p re sen t , the black 
product , which was perhaps n i t r ides or sub-oxides of NaK, was rep laced 
with nornnal white oxide. 

This dense zone was found to contain at l ea s t 12 or 15 par t ia l ly 
dissolved fuel slugs which were jumbled together nea r the center line of 
the r e a c t o r . Although th ree fuel slugs can be seen in the photograph in 
F igure 36, the piece of m a t e r i a l shown in F igure 37 shows m o r e c lea r ly 
the random manner in which the fuel slugs were embedded in the dense 
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m a t e r i a l . Severa l fuel slugs which were separa ted from adjoining ma te r i a l 
a r e shown in F igure 38. All had a cha rac t e r i s t i c point on one end. It is 
probable that these fuel slugs originated from the upper fuel section and 
were held in place until much of the fuel alloy had entered the molten phase 
and dripped from the lower end, thus accounting for the point on one end. 
Several l a rge voids were a l so found in the dense zone, as shown in F igure 39. 

The remainder of the core d i sassembly was accomplished with no 
additional unusual fea tures of i n t e r e s t being found. 

Based on observat ions and m e a s u r e m e n t s made on the core itself 
during d i sa s sembly and on photographs, an a r t i s t ' s recons t ruc t ion of a 
ve r t i ca l sect ion through the damaged core was made as shown in F igure 40. 
Also shown in the figure a r e what a r e considered to be the most rel iable 
values of dens i t ies of the var ious a r e a s . The grea te r density of the pa r ­
t ial ly dissolved fuel slugs evidently permi t ted them to fall completely 
through the nnolten volume, and they finally came to r e s t at the bottom of 
the fuel sect ion. It appeared that between 40 and 50% of the volume of the 
fuel sect ion had entered a molten phase during the meltdown, and that the 
shape of the molten volume approximated that of a prola te spheroid. 

METALLOGRAPHIC STUDIES 

During d i sassembly opera t ions at Argonne National Laboratory , the 
five r ep resen ta t ive samples shown in F igure 41 were removed for me ta l ­
lographic s tud ies . The locations from which these samples were taken, a s 
well as 27 chemical samples which will be d iscussed in the next section, 
a r e l is ted in Table I. F igu r e s 42 and 43 show approximate locations in the 
core from which all samples were removed. 

P r i o r to meta l lographic examination or chemical ana lys is , the den­
sity of each sample was m e a s u r e d by deternnination of weight loss in CCI4. 
As expected, a wide range of densi t ies was observed, depending upon the 
region of the core a s sembly fronn which samples were taken. It was r e a l ­
ized, however, that density de te rmina t ions by i m m e r s i o n would show 
ficti t iously high values for the m o r e porous m a t e r i a l s because of the pene­
t ra t ion of i m m e r s a n t into open p o r e s . A ma te r i a l balanceVl4) rnade for the 
meltdown a lso showed that the porous zones could not be as dense as indi­
cated by the i m m e r s i o n t e s t s . By measur ing the amount of m a t r i x re la t ive 
to voids in meta l lographic sect ions of the porous samples , shown in 
F i g u r e s 44 through 48, and assuming the density of the m a t r i x to be 
15.4 gm/cnn (the average densi ty shown by samples from the nonporous 
m a s s ) , bulk densi t ies of the porous a r e a s were obtained. The mos t r e ­
l iable densi ty values obtained for each of the zones in the damaged core 
have been summar ized in F igu re 40. If the l a rge r cavit ies in the fuel 
sect ion were taken into account, even lower densi t ies than those indicated 
in that p a r t of the core in F igure 40 would be obtained. 
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A few minutes after r emova l of porous samples f rom the protect ive 
cave a tmosphere into a i r of no rmal composition and humidity, the samples 
were observed to begin exuding oxides of NaK, as shown in F igure 49. Since 
these oxides a r e highly deliquescent , considerable mo i s tu r e collection a lso 
occur red , which then reac ted in termi t tent ly with the entrapped NaK. Meta l ­
lographic sect ions a lso became covered with NaK oxides soon after polishing 
was stopped. 

F igures 50 through 54 show the m i c r o s t r u c t u r e s p resen t m the five 
meta l lographic s a m p l e s . The samples were al l cha rac te r i zed by a two-
phase s t ruc tu re , which in some samples appeared to be near a eutect ic 
composit ion. The two phases which formed the eutectic a r e believed to be 
analogous to UFe2 and U^Fe, which form a eutect ic m the U-Fe system.(15) 
The re la t ive amounts of each phase p resen t in the samples depended upon 
their original location in the c o r e . Thus, samples 29 and 30 from the 
porous zones, shown in F igures 50 and 51, contained an excess of the "UFe2" 
phase, sample 31 from the m a t e r i a l between the lower blanket rods , shown 
in F igure 52, appeared to be near the actual eutectic composition, and the 
dense samples 32 and 33, shown in F igures 53 and 54, contained la rge 
amounts of the "U^Fe" phase . 

Resul ts of m i c r o h a r d n e s s t e s t s using a Vickers diamond indenter 
and a 1-kg load a r e given in Table II. The solidified m a t e r i a l formed d u r ­
ing the meltdown was found to be significantly ha rde r than the undissolved 
fuel spec imen. The solidified m a t e r i a l adher ing to the undissolved fuel 
showed in te rmedia te ha rdness r ead ings . 

CHEMICAL AND MASS SPECTROGRAPHIC ANALYSES 

As mentioned ea r l i e r , a total of 27 samples were removed from the 
damaged core for chemical ana ly se s . Original locations of the samples a r e 
l is ted in Table I and shown in F igu re s 42 and 43 . All samples were analyzed 
for i ron and potass ium, with r e su l t s a s shown m Table III. It was a s sumed 
that the nickel and chromium would be in the same proport ion to the i ron in 
the samples as they were in the or iginal s ta in less s teel , and that the sodium 
would be p resen t in proport ion to the potass ium as it was in the or iginal 
eutectic NaK. On this bas i s , the i ron contents shown in Table III should be 
multiplied by 0.26 to obtain chromiunn content and by 0.19 to obtain nickel; 
s imi la r ly the po tass ium values should be mult ipl ied by 0.28 to obtain sodium. . 
It was general ly noted that when al l known and calculated meta l l i c cons t i ­
tuents were totaled, l e s s than 100% composit ion was obtained. The d i s ­
crepancy is believed to be due to oxide contamination which was observed 
on mos t of the s a m p l e s . 

The wide var ia t ions of i ron content in the samples indicated that the 
core was far from being chemical ly homogeneous, even within a r e a s of like 
s t ruc tu re and densi ty . Evidently, even though alloying was apparent ly 



complete, the amount of mixing was not sufficient to homogenize the alloy. 
Considering only the volumes of s ta in less s teel and fuel alloy present in 
the core before meltdown, the theore t ica l composition of an alloy fornned 
from the fuel section in the core would be 7.23% iron. Actually, the a v e r ­
age analyzed composition in the mel ted-down section was 7.87% iron. The 
extra i ron probably came from the jackets of outer fuel e lements , such as 
that shown in F igure 13. 

The potassiunn analyses confirm the observat ions made during 
d i sa s sembly and on meta l lographic specimens in that they show that the 
samples taken contained up to 35 volume percent NaK. Actually, this 
figure would be higher had a sampling technique been available which 
would have re ta ined the NaK in surface pores in the samples . 

As shown in Table III, some of the samples were selected for m o r e 
complete ana lyses , including uran ium, m a s s spect rographic analyses of the 
u ran ium and plutonium, and radiochemical analyses of Ce^ and Pu^^^. The 
p r i m a r y purpose of the m o r e complete analyses was to provide information 
on the re la t ive movement of the fuel alloy during the t ime it was molten. 

Fo r example, the ra t io of Ce to uranium in a sample of i r rad ia ted 
fuel is a d i r ec t indication of the a tom burnup in the sample, and since the 
radia l and longitudinal fission d is t r ibut ions before meltdown w^ere known in 
the co re , i t was hoped that Ce de te rmina t ions in the damaged core would 
provide information as to the or igin of m a t e r i a l displaced from the fuel 
section into the blanket . It was found that the Ce content of the solidified 
m a t e r i a l in the blanket sect ions and lower par t of the core was lower than 
the ave rage content at the center of the co re . The resu l t s indicate, t h e r e ­
fore, that the fuel m a t e r i a l which entered the blanket probably originated 
from the outside of the fuel sect ion. F u r t h e r m o r e , the higher content of 
Ce in the cen te r of the fuel sect ion compared to the outside indicates 
that l i t t le nnixing occu r r ed dur ing the per iod when the fuel section was 
nnolten. 

When the r e a c t o r mel ted down, 10.5 g r a m s of plutonium in some . 
exper imenta l spec imens were p r e s e n t in the fuel section in hole No. 58, 
approximate ly 1-3/4 in. f rom the cen te r l ine. Since no t r ace of these 
specimens could be found during d i sassembly , it was a s sumed that they 
had entered the mol ten fuel al loy. As originally constituted, the plutonixim. 
in the samples contained 94.96% Pu^^^, 4.73% Pu^"*", 0,30% Pu^^\ and 
0,012% Pu . In cont ras t , the plutonium produced by neutron capture in 
the U in the fuel i s essen t ia l ly pure Pu^^'.(l°) Therefore , de terminat ion 
of the Pu^ ° re la t ive to Pu^^' in the chemical samples might a lso provide a 
means of t r ac ing the movement of the molten fuel, as this ra t io would 
original ly have been highest in the vicinity of the exper imenta l plutonium-
bear ing s p e c i m e n s . , ' • 
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It was found that the Pu content of the sample of fuel alloy which 
entered the lower blanket was l ess by a factor of 100 than that shown by the 
samples from the fuel sect ion. A m a s s spect rographic analys is was not 
made on the sample from the upper blanket, due to insufficient m a t e r i a l . 
The re la t ive Pu content of the m a t e r i a l at the bottom of the core was 
sinnilar to that in the cen te r . These resu l t s indicate that the fuel m a ­
te r ia l which en te red the lower blanket departed from the fuel section at an 
ear ly stage in the meltdown, i .e . , before the plutoniunn from the exper i ­
mental spec imens a r r i v e d at the bottom of the fuel sect ion. In con­
t radict ion to the resu l t s descr ibed ea r l i e r from the Ce^** ana lyses , the 
fact that the re la t ive Pu concentrat ion was the same at the bottom of 
the fuel section as at the center indicates that some mixing did occur in 
the molten volume. 

Corrobora t ion of the r e su l t s obtained by m e a s u r e m e n t of the ra t io 
of Pu^^ to Pu^^' was obtained by rad iochemica l determinat ion of Pu^^*. 
Since this isotope would be formed p r ima r i l y by an (n, 2n) react ion with 
Pu^^^, the concentrat ion of Pu^^* would be propor t ional to the total amount 
of Pu^^ p r e s e n t . Since the comiposition of the plutonium in any case would 
be predominant ly Pu^^', the determinat ion of Pu^^*, which is re la t ively easy 
because of i t s high specific act ivi ty, furnishes a convenient method of de­
termining re la t ive concentrat ions of total plutoniunn. The Pû ^® analyses 
showed that the concentrat ion of plutonium was significantly higher in the 
fuel section as compared to m a t e r i a l which en te red the upper and lower 
balnkets . 

The m a s s spec t rographic ana lyses of the u ran ium samples taken 
from the damaged region of the core verif ied e a r l i e r observat ions made 
during d i sassembly that the unenr iched blanket had par t ic ipa ted to a neg­
ligible extent in the meltdown. The m a s s spec t rographic analyses of the 
u ran ium also enabled another determinat ion of the re la t ive movement of 
the naolten fuel. The U^̂ ^ depletion in this case se rved as a t r a c e r , since 
the var ia t ion of this quantity as a function of posit ion in the core was known 
before the meltdown. As might be predic ted , measurennents of U de­
pletion in the samples co r robora t ed the indications furnished by the Ce 
analyses and again showed that extensive mixing did not occur in the 
molten volume and that the fuel which entered the blanket regions o r ig i ­
nated from the outer pa r t of the fuel sect ion. 

SIMULATED MELTDOWN EXPERIMENTS 

The origin of the porous s t ruc tu re in the center of the damaged 
core could not be definitely es tabl i shed with any of the m e a s u r e m e n t s or 
analyses made upon the m a t e r i a l . Two explanations for the porous s t r u c ­
ture which gained widest acceptance were (1) r e l e a se of fission gas , and 
(2) vaporizat ion of NaK ent ra ined in the molten fuel. Calculat ions indicated 



that , if a t e m p e r a t u r e of 1200° C were a s s u m e d to have developed during 
the meltdown, the la t te r mechan i sm would produce far m o r e gas than could 
be obtained even with complete fission gas r e l e a s e . Also, as mentioned 
e a r l i e r , it had been observed that many of the pores in the solidified m a ­
t e r i a l were filled with NaK. To invest igate the NaK mechanism more com­
pletely, two exper iments were pe r fo rmed in which an alloy s imi la r to the 
composition of the solidified fuel in the damaged core was poured into 
NaK.(17) 

In the f i r s t exper iment , an alloy of uranium - 2 w/'o zirconium alloy 
and s ta in less s teel with final composit ion s imi la r to that result ing from 
the meltdown was p r e p a r e d and was observed to mel t near 860° C. A charge 
of 176 g r a m s of this alloy, jus t above the melt ing point, was poured into NaK 
at 400° C in a 1-g-in. d iameter mold. A casting with a smal l amount of po­
ros i ty was obtained with a density of 16.0 gm/cm^. F igures 55 through 57 
show the poros i ty and m i c r o s t r u c t u r e which was obtained. It can be noted 
that the m i c r o s t r u c t u r e of this cast ing, shown in F igure 57, is not unlike 
that shown in F igure 54, which is the m i c r o s t r u c t u r e of a sample taken 
from the denses t zone in the damaged co re . 

In the second exper iment , an a t tempt was made to i nc rease the 
poros i ty of the cast ing by reducing the mold d iameter to 1/2 in. and by 
using the m o r e fluid eutectic al loy, u ran ium - 12 w/'o i ron . In this exper i ­
ment a porous m a s s was obtained, s i m i l a r in cer ta in r e spec t s to the s t r u c ­
tu re observed in the actual meltdown. The density of the second casting 
was m e a s u r e d to be 13.9 gm/'cm^ by i m m e r s i o n in CCI4 and 10.6 gm/cm^ 
by meta l lographic sectioning and m e a s u r e m e n t . The poros i ty in this cas t ­
ing and the m i c r o s t r u c t u r e of the miaterial a r e shown in F igures 58 through 
60. The m i c r o s t r u c t u r e of this cast ing, shown in F igure 60, shows some 
s imi l a r i t i e s to that observed in samples from the porous zones of the me l t ­
down, shown in F igu re s 50 and 51 . 

On the bas i s of the above exper iments , plus observat ions made 
during d i sassembly , it i s bel ieved that the porosi ty which developed in the 
damaged EBR-I co re could have resu l ted from vaporizat ion of NaK en­
t ra ined in the mol ten fuel alloy and subsequent expansion of the vapor . 

CONCLUSIONS 

1. As a r e su l t of the t e m p e r a t u r e excurs ion on November 29, 1955, 
approximate ly 40 to 50% of the fuel sect ion of EBR-I mel ted and reached 
t e m p e r a t u r e s from a min imum of approximate ly 850° C to a maximum of 
l e s s than 1400° C. 

2. The mol ten zone cons is ted of a cent ra l col\imn of coarse porosi ty 
su r rounded at the s ides and top by a zone of finer poros i ty . Underlying both 
porous a r e a s was a re la t ive ly dense m a s s of m a t e r i a l in which was em­
bedded a number of par t i a l ly d issolved fuel s lugs . 



3. Although the upper and lower blanket rods were surrounded with 
molten fuel alloy which was ejected from the fuel section, nei ther the blan­
ket slugs nor the jackets in which they were contained entered the molten 
phase . 

4. Relat ively l i t t le mixing apparent ly occu r r ed in the fuel sect ion 
during the per iod in which it was molten, and the molten fuel alloy which 
entered the blanket sect ions appeared to have originated p r i m a r i l y from 
the outer p a r t of the molten zone. 

5. Observat ions during d i sassembly of the core and subsequent 
s imulated meltdown exper iments indicated that the porous s t ruc tu re which 
formed in the molten core could have resu l ted from the vaporizat ion of 
entra ined NaK. 
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Table I 

LOCATION OF AREAS IN WHICH METALLOGRAPHIC AND CHEMICAL SAMPLES 
WERE TAKEN (SEE ALSO FIGURES 42 AND 43) 

Sample No. 

1 
3 
6 

18 
26 
29 

4 

17 
19 
21 
27 
30 

5 
7 

8 
10 

U 
12 
15 

14 
24 
25 
31 

9 
13 

36 

20 
23 
33 

22 
32 

28 

L o c a t i o n 

Coarse Sponge 
Same 
Same 
Same 
Same 
Coarse Sponge 

J u n c t i o n Between Coarse and Fine %>onge 

Fine Sponge 
Same 
Same 
Same 
Same 

S o l i d i f i e d M a t e r i a l Near Oute r Row of Fuel E lements , Near Midplane of Fuel S e c t i o n 
Same 

S o l i d i f i e d M a t e r i a l Near Ou te r Row of Fuel Elements , Near Bottom of 
Same 

S o l i d i f i e d M a t e r i a l on O u t s i d e of Lower B l a n k e t J a c k e t s , J u s t Under 
Same 
Same 

Same, F u r t h e r Down 
Same 
Same 
Same 

Same, Near L imi t of Downward T rave l 
Same 

S o l i d i f i e d M a t e r i a l on O u t s i d e of Upper Dl ank«t Jacket ^ 

Non-Porous Mass a t Bottom of Fuel S e c t i o n 
Same 
Same 

Same, P l u s Some P a r t i a l l y D i s s o l v e d Fuel 
Same 

P a r t i a l l y D i s s o l v e d Fuel Slug 

Fuel S e c t i o n 

Fuel S e c t i o n 

Table II 

MICROHARDNESS VALUES OBTAINED ON SAMPLES FROM EBR-I CORE. 
FIVE DETERMINATIONS WERE MADE ON EACH SPECIMEN, USING A 

1-KG LOAD AND A VICKERS DIAMOND INDENTER. 

Sample 
No. 

29 

30 

31 

Hardnes s , 
DPH 

431 

446 

456 

S t a n d a r d 
D e v i a t i o n 

±33 

±15 

±2 5 

32 

32 

33 

Sample 
No. 

( f u e l ) 

( a d j o i n i n g 
m a t e r i a l ) 

Ha rdnes s , 
DPH 

301 

384 

444 

S tanda rd 
D e v i a t i o n 

±12 

±15 

±25 



Table III 

CHEMICAL AND MASS SPECTROGRAPHIC ANALYSES OF SAMPLES FROM DAMAGED CORE ASSEMBLY 
SEE TABLE I AND FIGURES 42 AND 43 FOR LOCATIONS FROM WHICH SAMPLES WERE TAKEN 

Sample 
No. 

1 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
17 
18 
19 

20 
21 
22 
23 
24 
25 
26 
27 
28 

36 

K, % 

1.7 
0 .53 
0 , 6 0 
0 ,24 
0 .74 
0 . 0 3 
0 .02 
0 .13 

0 .52 
0 .50 
0 .59 
0 . 4 3 
0 .75 
0 .29 
0 .34 

<0 .02 
0. 12 

0 .017 
0 .22 

<0 .02 
0 ,07 
1.2 
0 . 1 
0 .02 
0 .02 

<0.02 

0 .065 

Fe, % 

6.98 
8 .26 
8 .62 
7 . 2 1 
6 .75 
9.47 

10 .47 
8 .96 

8 .06 
8 .06 
9 .68 
8 .44 
7 .34 
9 .58 
6.90 
8 .57 

14.25 

7 .55 
8.05 
8.39 
6 . 7 1 
6 .63 
5.04 
7 .30 
8.98 
0 .50 

3 . 0 1 

U, % 

74 .7 
83 .8 

8 8 . 5 

82 ,9 

73 .0 

90 .2 

Cel44 

cpm/mg U^^^ 

1.2 X 10^ 
8 .9 X 10^ 

3.9 X 10^ 

1.5 X 106 

2 . 2 X 106 

% of Uranium P r e s e n t 

U234 

1.14 
1.13 

1,14 

1.15 

1.15 

1.12 

1.16 

U235 

92 .55 
92 ,57 

92 ,92 

93 .15 

92 .67 

92 .88 

9 2 . 7 1 

U236 

0 .244 
0 .246 

0 .252 

0 ,256 

0 .243 

0.235 

0 .245 

U238 

5.97 
6 . 0 3 

5 .67 

5 .42 

5.92 

5.75 

5 .72 

p , 2 3 8 ( b ) 

2 . 0 9 
2 . 1 4 

0 ,48 

2 . 0 1 

0 , 5 1 

% of 

p„239 

95,06 

99 .9 

9 5 . 1 0 

P l u t o n i u m P r e s e n t 

p„240 

4 .67 

0 .04 

4 . 6 3 

p„241 

0 .253 

0 .262 

p„242 

0 .015 

(a) Counting date: March 21, 1957. 
(b) Reported as per cent alpha activity with Am 



Figure 1. Horizontal cross section of EBR-I at the reactor midplane. 
(Dimensions are given in inches.) 
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Figure 2. Simplified drawing of a typical fuel element from the 
EBR-I second loading. The diameter of the assembled 
fuel element is 0.U5 in. 
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Figure 3. Intermetallic compound layers formed as a result of 
interdiffusion between uranium and Type 3l+7 stainless 
steel after six days at 700°C. Total thickness of the 
layers is O.OOI8 in. 
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Figure k. Construction of temporary cave above EBR-I before closure of front face. The top 
of the reactor is shown at the center of the cave floor. After lifting the core 
assembly from the reactor tank, it was suspended from the bracket shown at the 
upper left. 
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Figure 5. Completed temporaiy cave built over EBR-I for removal of 
core assembly. 
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Figure 6. Core assembly after removal of blanket rods. The fuel 
section is enclosed in the hexagonal separator. 
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Figure 7- Core assembly after removal of bottom plate. The tips 
of the fuel rods in the hexagonal sepsirator are visible. 
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Figure 8. Holes drilled in hexagonal separator to facilitate re­
moval from core assembly. 
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Figure 9- Interior surfaces of hexagonal separator, showing superficial alloying 
of molten phase with separator, particiilarly on sides 2, k, and 6. 
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Figure 10. Dameiged EBR-I core after removal of hexagonal 
separator. 
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Figiure 11. Typical fuel element from the first (outer) row of the damaged EBR-I core. 
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Figure 12. Typical fuel element from the second row of the damaged EBR-I core. 
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Figure 13. Fuel element from outer row of damaged EBR-I core assembly, 
showing that although the outer jacket has been severely 
damaged by melting, the stainless steel spacer between 
adjacent fuel slugs is undamaged. 
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Figure Ik' The stainless steel jacket shown above in Figure 13 has been 
peeled back, and it can be noted that the surface of the fuel 
sliig and the interior surface of the jacket were unaffected 
by the meltdown. 
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Figure I5. Damaged EBR-I core after removal of outer fuel elements. 
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Figure l6. Thimble used to contain damaged core. 
Argon gas is being led into the thimble 
by the tube on the left. 
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Figure 17. Appearance of c
ore assembly after all re 

maining fuel rods had been 
sawed through. 
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Figure 18. Gas-tight container and cage assembly used for shipment of 
the damaged EBR-I core assembly. 
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Figure 19. Lead cask used to ship the damaged EBR-I core assembly. 
The cask is k5 inches high, kO inches in diameter, and 
weighs 10,800 lb. 
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Figure 20. View of some of the Instrumentation outside the cave used for final diaassembly of the 
EBR-I core. The equipment at the left recorded air-borne particulate activity in the 
cave atmosphere. The equipment at the center recorded oxygen level in the cave atmos­
phere. Other instruments, not visible, measured nitrogen flow rate, temperature, 
humidity, and gamma and neutron levels in the cave. 
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Figure 21. Area in left part of cave used for disassembly of EBR-I core. The top of the cage as­
sembly used for shipment, shown in Figure 18, is at the lower left. The device in the 
center background is a pipe cutter, and the object in the right background is a hydravilic 

' chisel. An electric impact chisel is suspended at the extreme right. All powered equip­
ment was remotely operated. 
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Figure 22. Area in right part of cave used for weighing and sealing cans of separated enriched 
material. The numbered bottles in the foreground were used for chemical samples. 
A partition at the left divided this area of the cave from the disassembly opera­
tions in the left area. 
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Figure 23. Typical piece of fuel being loaded into a storage can. 
After each filled can was weighed it was moved to the 
can sealer shown in Figvire 2k-
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Figure 2k. Remotely operated equipment shown sealing a can of enriched 
fuel. 
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Figure 25. Procedure used for loading unenriched blanket material. 
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Figure 26. Appearance of the top of the damaged EBR-I core before final disassembly operations were started. 
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Figure 27- Remotely operated pipe cutter being used to cut outer jacket on a fuel element near 
the junction of fuel and blanket. The blanket section at the right end of the 
element has already been removed with the pipe cutter, eind the tip of a fuel slug 
is visible. 
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56 
Figure 28. Clump of upper blanket rods from near the 

center of the core assembly. The blsjiket 
section begins about one-half in. above the 
lower end, and it can be noted that the molten 
fuel alloy has moved upward between the rods 
for approximately 5 i"̂ * 
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Figure 29* Stainless steel outer jacket from the upper blanket. The 
left end originally was attached to the fuel section. Most 
of the adhering fuel alloy has been removed, and it can be 
noted that the jacket does not appear to have been damaged 
by melting. 
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Figure 30. Use of thermocouple wires embedded in the fuel section to 
lift the fuel eind lower blanket assembly from the thimble 
used for shipping. 
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Figure 31. Appearance of the damaged EBR-I core after ronoval of the 
upper blanket section. 
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Figure 32. Cross section of damaged EBR-I core at the midplane of the fuel section. 
Two distinct sponge-like zones are present. Thermocouple wires in the 
fused mass are undamaged. 
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Figure 33. Side view of core assembly after partial removal, of lower bleuiket section. 
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Figure 3l+. Bottom of fuel section, after partial removal of lower 
blanket rods. 
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Figure 35. Stainless steel outer jacket from the lower 
blanket. The upper end was originally at­
tached to the fuel section. Most of the 
adhering fuel alloy has been removed, and 
it can be noted that the jacket does not 
appear to have been damaged by melting. 
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Figure 36. Vertical cross section of the lower half of the core. The 

junction between fuel and lower blanket is at the 6-l/k in. 
level. 
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Figure 37* Partially dissolved fuel slugs embedded in dense material 
from near bottom of fuel section. 
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Figure 38- Partially dissolved fuel slugs separated from adjoining material. 
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Figure 39« Illustration of voids which were found in the dense zone in 

the lower fuel section. 
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Figure 40. Artist's reconstruction of a vertical cross section through the damaged EBR-I core. 
The most reliable values for the densities of the various areas are shown at the left. 
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Figure 4l. Appearance of samples removed for metallographic examination. Reading left to right, 
sample numbers arej top, 31 and 32J bottom, 33, 29, and 30. Locations from which the 
samples were taiten are given in Table I. 
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Figure 42• Approximate location of samples taken from a horizontal cross 
section of the core for chemical analyses and metallographic 
stvidies. 
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Figure 43. Approximate location of samples taken from a vertical 
cross section of the core for chemical ansilyses and 
metallographic studies. 
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Figure 44. Typical porosity in sample No. 29, from coarse 
sponge zone. 

Typical porosity in sample No. 30, from fine 
sponge zone. 
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Figure 46. Typical porosity in sample No. 31, from material 
between blanket rods. 
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Figure 47* Porosity in material adhering to partial 1y dis­
solved fuel slug, in sample No. 32. 
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Figure 48. Typical porosity In sample No. 33, from high-
density zone. 
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Figure 49- Exudation of NaK oxide and resiiLting deliquescence in porous samples removed from damaged core. 
From left to right, the samples are from the coarse sponge zone, the fine sponge zone, and material 
solidified between lower blanket rods. 
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Figure 50. Mlcrostructure in sample No. 29> from coarse 
sponge zone. The light phase is believed to 
be analcgous to UFe2 and the dark phase aaalogous 
to U^Fe. 
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Figure 51- Mlcrostructure in sample No. 30, from fine sponge 
zone. The light phase is believed to be analogous 
to UFeg and the dark phase analogous to U^e-
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Figiire 52. Microstructtire in sample No. 31, from material 

between blanket rods. The light phase is be­
lieved to be analogous to UFe2 and the dark 
phase analogous to U^e. 

Figure 53. Microstructure of sample No. 32, showing junction 
between embedded fuel slug and adjoining material. 
The undissolved fuel slug is shown in the upper 
half of the photograph. The light phase is believed 
to be axialogous to UFe2 and the dark phase analogous 
to U^Fe. 
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Figure 54. Microstructure in sample No. 33, from high-
density zone. The light phase is believed 
to be analogous to UFe2 and the dark phase 
analogous to UgFe. 
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Figure 55- Cross section of first casting made by pouring 
uranium-stainless steel alloy into NaK. A small 
amount of NaK was trapped in the casting, 
evidenced by the traces of NaK oxide. 
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Figure 56. Porosity in casting shown In Figure 55. 
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Figure 57- Mlcrostiructvire of casting shown in Figure 55* 
The light phase is believed to be analogous to 
lIFe2 and the dark phase analogous to U^Fe. 
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Figure 58. Cross section of second casting made by pouring uranium-
iron alloy into NaK. 
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Figure 59* Meta l lographic s e c t i o n of above c a s t i n g . 
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Figure 6o. Microstructure of casting shown in Figure 58. 
The light phase was identified as UFeg and the 
dark phase is believed to be U^e. 
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