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EXAMINATION OF JACKETED URANIUM SLUGS FROM THE 
LOS ALAMOS FAST REACTOR "CLEMENTINE" 

by 

S. H. Pa ine , W. F . Murphy and F . L. Brown 

ABSTRACT 

Examinat ion of clad uran ium ref lector slugs which 
failed by rupture and swelling during the f i rs t year of oper ­
ation of Clementine revealed no anisotropic damage to the 
u ran ium because of burnup or the rmal cycling. The cladding 
was found to be of h igh-su lphur - f ree-machin ing steel , and it 
is postulated that t he rma l s t r e s s e s caused welding flaws to 
open enough to pe rmi t seepage and cor ros ive attack upon the 
u ran ium cores by the reac to r coolant (mercury ) . 

A. INTRODUCTION 

The ini t ial loading of the Los Alamos (LASL) fast r eac to r , popularly 
known as "Clement ine ," included in i ts core section a number of ref lector 
slugs of no rma l u ran ium. At the t ime (March 1949) the r eac to r was f i rs t 
brought to full power, '1) the instabi l i ty of uranium under t he rma l cycling 
and i r rad ia t ion was beginning to rece ive careful attention by reac tor d e ­
s i g n e r s . Therefore , when sticking of control rods began to be experienced 
about a year la ter j the r eac to r was opened and the fuel and ref lector slugs 
were examined. Two of the la t te r were found to be "b l i s te red" or swollen 
enough to stick in the fuel lat t ice cage and to requ i re special p rocedure for 
r emova l . One of them proved to have a ruptured can, the other a slight 
swelling at one end. Because of this experience the core was modified to 
el iminate all u ran ium slugs, under the assumption that the dis tor t ions were 
typical of the behavior to be expected.^ '-^/ 

The two slugs, together with one which gave no trouble in removal , 
were shipped to Argonne National Labora tory for examination to de te rmine , 
if poss ible , the cause of fa i lu re . Findings were t ransmi t ted to Los Alamos 
by cor respondence . However, the project l i t e ra tu re gives no record of this 
work, and leaves the impres s ion that the damage is that which normal ly 
would be expected in gamma-ex t ruded uranium.^ ''̂ z This repor t , therefore , 
se t s forth the r e su l t s of the investigation from the severa l l e t t e r s and m e m ­
oranda avai lable, and is the final r eco rd of the ANL study p r o g r a m . 

In view of the perraanent d i sas sembly of Clementine in 1953^ / and 
the fact that liquid sod ium-po tass ium alloy technology has made unlikely 
the design of mercu ry -coo led r e a c t o r s in the future, the investigation is 
now of h i s tor ic i n t e r e s t only. 



B . M E T A L L U R G I C A L AND IRRADIATION HISTORY OF SLUGS 

The b a s i c s lug a s s e m b l y i s d r a w n in F i g u r e 1, and the t e c h n i c a l 
d e t a i l s of i t s f a b r i c a t i o n , a s r e p o r t e d in the l i t e r a tu r e , ^^^ a r e g iven in 
Append ix A. The m a i n c o r e w a s a | x 5^ in . s lug a u g m e n t e d by a f i l l e r 
p i e c e , a p p r o x i m a t e l y - J in . long, bo th p r o b a b l y of g a m m a - e x t r u d e d u r a n i u m . 
The can w a s of m i l d s t e e l , m a c h i n e d to 0 .020 - in . t h i n - w a l l d i m e n s i o n s f r o m 
round s t o c k . T h e r e w e r e s o m e u n c e r t a i n t i e s in m e t a l l u r g i c a l def in i t ion of 
the m a t e r i a l s used . ' ' ' 

F igure 1. Sectional Drawing Showing Slug Assembly 

Steel Can 

(0.020 in. thick) 

F i l l e r Slug 

(0.647 X 0.345 in. lon| 

Main Core Slug 

(0.647 X 5.500 in. long) 

In f a b r i c a t i o n , the a s s e m b l y ( t w o - p i e c e c o r e , c a n and an end plug) 
w a s coa ted with a l u b r i c a n t and pushed t h r o u g h a d ie to obta in t ight con tac t 
b e t w e e n can and c o r e . The can w a s then t r i m m e d and a nonfluxed a r c weld 



was made around the end cap. All operat ions were done in a helium a tmos ­
p h e r e . Those slugs used in the r e a c t o r passed careful Zyglo and helium 
leak t e s t s . 

The a s s e m b l i e s were reported^^ ' to have received a total of 19,000 kwh 
exposure in Clementine in a fast flux of approximately 5 x 10 nv per watt . 
In the one year period of operat ion it was es t imated that the r eac to r had been 
brought up to power about th ree t imes a day. Because of this the slugs r e ­
ceived 500 to 800 the rma l cycles f rom 25°C to approximately 150°C, in addi­
tion to fission and fast neutron damage . 

The burnup due to fission is r e p o r t e d ^ ) to be 1.4 x 10^^ atoms in each 
580-gram uranium slug, 4% of these being U-235 a toms . This would amount 
to one a tom in each 100,000, or 0.001% total atom burnup. The same value is 
obtained from the kwh and nv per watt data mentioned in the preceding p a r a ­
graph if the effective fast f ission c r o s s section for U-238 is taken to be 
0.3 ba rn . This value is not unreasonable , and in any event could not exceed 
0.6 ba rn . Therefore , the upper l imit for total a tom burnup is 0.002%, with a 
probable value of approximately 0.001%. 

C. EXAMINATION AFTER IRRADIATION 

The th ree slugs received at ANL for examination were identified as 
Nos. 141, 205 and 236. Sl-ug No. 141 was swollen and had a longitudinal 
split in i ts s tee l can, extending from the welded end a dis tance of 25-in. along 
the length. The end cap at the weld was near ly completely girdled by a c i r ­
cumferent ia l c rack and was very eas i ly broken loose, after which the small 
u ran ium filler piece in the core fell out. This slug had been radiographed 
at LASL, and a profusion of surface bumps on the main core piece had been 
noted.w) Slug No. 205 had stuck in the r eac to r , but was received intact . 
There was ve ry slight visual evidence of a bump approximately l|- in. from 
its welded end. Slug No. 236 was without detectable visual flaws. However, 
careful m e a s u r e m e n t of i ts d i ame te r by means of a nnicrometer revealed 
that it, too, had a bump on it, somewhat c loser to the welded end than 
No. 205, and a lmos t as l a rge . Length and d iameter measu remen t s a r e given 
in Table I. 

Damage to Uranium Cores 

After the d imensions had been measu red , the jackets were carefully 
removed from all s lugs . The 0 .1-cur ie total activity of each was low 
enough to pe rmi t using a hack saw to girdle the ends of the cans and score 
them longitudinally by hand, using lead br icks to shield the ope ra to r s . Ex­
amination of the can from the ruptured slug will be descr ibed in the next 
sect ion. 



TABLE I 

Dimensional Measurements of Slugs after Irradiation 

Dimension 

Length ^ 

Diameter ^ 

Average 

At Bumps 

As 

Ruptured 
Slug 
141 

_ 

_ 

-

Received ( 

Stuck 
Slug 
205 

6.1012 
±0.0020 

0.6878 
±0.0002 

0.696 to 
0.698(3) 

m.) 

F r e e 
Slug 
236 

6.0743 
±0.0015 

0.6875 
±0.0004 

0.689 to 
0.695(5) 

After Removal of Can (in.) 

Ruptured Slug 141 

Before 
Pickling 

5.507 
+ 0.002 

0.645 to 
0.656 

0.657 to 
0.660(2) 

After 
Pickling 

5.4952 
±0.0004 

0.6412 
±0.0004(7 

0.645 to 
0.650(3)' 

Stuck 
Slug 
205 

5.5152 
±0.0030 

0.6466 
±0.0002 

0.648 to 
0.649(4) 

F ree 
Slug 
236 

5:5051 
±0.0030 

0.6471 
±0.0002 

0.648 to 
0.652(4) 

^ Averages based on 5 measurements . 
" Based on 10 to 14 measurements , except as indicated otherwise in parentheses . 

The overa l l appearances of the decanned slugs and of the smal l 
u ran ium filler plug from the ruptured slug a r e shown in Figure 2. The 
appearances of surface detai ls a r e seen bet ter in Figure 3. The core of 
the failed slug was covered with bumps and erosion. It had been s i lver -
plated before assembly , whereas the other two cores were unplated. In 
F igures 3-b and 3-c may be seen the small bumps on the surfaces of the 
la t te r slugs which were associa ted with the out-of-roundness of their r e ­
spective cans , noted above. Careful measu remen t s (Table I) showed these 
i r r egu l a r i t i e s to be the only ones p resen t on the surfaces of the c o r e s . 
They had the same genera l appearance as the smal le r surface bumps on 
the ruptured slug, except for the absence of s i lver plating, but equipment 
was not available whereby they could be studied more cr i t ical ly . 

Two regions of damage on the ruptured slug core appeared char ­
ac te r i s t i ca l ly different. 1) The end in the vicinity of the jacket rupture 
had no large bumps, was heavily eroded and had a dull gray, oxidized 
appearance (Figure 2-b) . The smiall filler plug had a s imi lar appearance . 
It was also noted that, on this piece, the surface closest to the weld had 
considerable m o r e eros ion than the surface in contact with the main core 
slug (Figure 2-a) . 2) At posit ions remote from the rupture the damage 
took the form of many d i sc r e t e bumps between which could be seen tool 
m a r k s originally left on the core surface by the machining operat ion. 

After photography and dimensional measu remen t s , the bumped a rea 
of the ruptured slug core was scraped to obtain a sample for chemical 
ana lys i s . The bumps were seen to be composed of gray ma te r i a l which 
readily ignited when dis turbed, giving off pyrophoric f lashes . Spectro-
analysis of the crud revealed it to be p r imar i l y uranium and si lver , but 
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Figure 2. Appearances of Uranium Slugs after Removal of Cans (IX), 
a) Three views of end filler from Slug 141 (ruptured), 
b), c), d) Main cyl inders from Slugs 141, 205 and 236, 
respect ive ly . 
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Figure 3. Enlarged Views of Stripped Slugs, a) Profuse bumping of rup­
tured Slug 141. b) c) The only i r r egu la r i t i e s noted on Slugs 205 
and 236. 
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• • there were , in addition, a modera te content of bar ium and silicon, l e s se r 
amounts of aluminum, calcium, iron, magnesium, manganese, lead and tita­
nium, and a very smal l amount of chromium. Surprisingly, only a t race of 
m e r c u r y was repor ted , although drople ts of the liquid metal were p resen t 
in the sc rap ings . 

The core of the ruptured slug was next pickled in 50% aqueous ni t r ic 
acid for a total of ten minutes . The s i lver plating and ra ised bumps were 
attacked and removed quite rapidly, leaving a matte metal l ic surface in 
which pits occupied the positions of all the bumps. Pickling was stopped 
before the react ion went to an end. F igure 4 shows the appearance of the 
slug after it was washed and dr ied . The s tereo permi t s seeing in three 
dimensions the pits and res idual nonmetall ic gray ma te r i a l contained by 
them. A c ro s s section through one of the pits is seen in Figure 7. The 
grain s t ruc tu re of the uranium is coarse and typical of gamma extruded 
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Figure 4. S te reomacrograph of the Core of Ruptured Slug 141 after Acid 
Pickling. 



m a t e r i a l . It is of in te res t to note that the cor ros ive attack which formed 
this pit was t r ansgranu la r , with preferent ia l action in cer ta in definite d i ­
rect ions in the g ra ins . 

Data from Ruptured Jacket 

Steel in all cans and end plugs proved to be fer romagnet ic . The 
appearance of the end cap removed from the ruptured slug is recorded in 
F igure 5. Its inner surface was covered with a coating of crud, some of it 
black and v i t reous , and some s imi la r to that on the filler plug. The glassy 
black ma te r i a l proved to be insoluble in aqua regia, and analysis indicated 
that it contained appreciable amounts of bar ium and manganese . 

9051, 9054 2X 9048, 9049 5X 
a) b) 

F igure 5. Views of End Cap from Ruptured Slug 141. a) As removed from 
slug, showing inner v i t reous deposit , and small blowhole in outer 
weld, b) After peeling can back to weld line, showing blowholes 
and "flakes" along same . 



The welded c losure of the end (Figure 5-a) seemed visually sound, 
except for a hint of a surface pit where the a rc had been s t ruck. However, 
it was p repa red for fur ther study by carefully peeling back the smal l r ing 
of attached can m a t e r i a l so that the line of fusion all around the end cap 
could be examined m o r e cr i t ica l ly for points of leakage. Two blowholes 
were found adjacent to each other; one of these extended through the thick­
ness of the can (0.020 in.) and had apparent ly formed a leak from outside to 
ins ide . The inner surface of the hole was discolored (Figure 5-b) and the 
d iscolora t ion continued inside along the side of the end plug toward the 
u ran ium. Several flakes in the weld were a lso observed, one of which 
(Figure 5-b) was d iscolored in such a way as to suggest leakage. 

Examination of the s teel can in the vicinity of the rupture showed a 
br i t t l e type of f rac ture in this m a t e r i a l . It was impossible to flatten out a 
cut section of the jacket without breaking it along the rolling di rect ion. 
Hardness of the m a t e r i a l was Rockwell 15T 88.8 to 89-9 (Rg 86-90 con­
ver ted) , which is considerably higher than would be expected in annealed 
mild s tee l . However, meta l lography confirmed i ts low carbon content 
(approximately 0.20%), as may be seen in the etched s t ruc ture (Figure 6), 
The p re sence of many manganese sulphide inclusions in the s t ruc ture 
labeled it as f ree-machin ing s teel , and an analyzed sulphur content of 
0.175% confirmed this point. 

D. DISCUSSION 

The effects of neutron i r r ad ia t ion and of the rmal cycling upon 
coa r se -g ra ined uranium, such as that produced by casting or gamma ex t ru­
sion, have become well known.(.°"^j xf the grains a r e randomly oriented, 
and if i r rad ia t ion or cycling is continued, gross dis tor t ion and bumping of 
the surface occurs and c h a r a c t e r i s t i c changes in the m i c r o s t r u c t u r e will 
take p lace . F ine -g ra ined uran ium, such as that obtained by sharp quench­
ing from the beta phase , has a surface stabili ty many t imes g rea t e r than 
gamma-ex t ruded uran ium. It i s , therefore , much more suitable for use in 
r eac to r s lugs . 

The LASL decis ion to el iminate gamma-ext ruded uranium slugs 
from Clementine i s , therefore , fully justified by genera l exper ience with 
this m a t e r i a l . However, the full weight of the ANL investigation of the 
failed slugs s eems to support the viewpoint that the same trouble would 
probably have been experienced if the uran ium slugs had been made of fine­
grained stable m a t e r i a l , other va r i ab les remaining the s ame . Substant ia­
tion of this viewpoint is as follows: 

1. The rupture and st icking of the slugs in their r eac to r channels 
was ve ry evidently due to the buildup of the react ion products of m e r c u r y 
and u ran ium in localized bumps . As the slugs were all leak tes ted before 
their i r rad ia t ion , it follows that whatever caused or permi t ted the entry 
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F igure 6. Photomicrographs of Steel Can from Ruptured Slug 141 



of the l iquid m e t a l coo lan t i s r e s p o n s i b l e for the f a i l u r e of the s l u g s . Only 
a d y n a m i c f ac to r could induce the in i t i a l p e r f o r a t i o n . 

2 . A n i s o t r o p i c d e f o r m a t i o n of u r a n i u m i s a d y n a m i c f a c t o r , u n d e r 
p r o p e r cond i t ions of i r r a d i a t i o n a n d / o r t h e r m a l cyc l ing , which m i g h t c r e a t e 
l o c a l i z e d s t r e s s e s in a s lug j a c k e t . H o w e v e r , in the p r e s e n t c a s e none of 
the b u m p s found on the c o r e s w a s a p r o t r u s i o n of u r a n i u m m e t a l . The c o m ­
p le t e a b s e n c e of g e n e r a l l y r oughened m e t a l on the s u r f a c e s of any of the 
c o r e s ( F i g u r e s 2, 3 and 4) i s proof tha t a n i s o t r o p i c r a d i a t i o n and t h e r m a l 
cyc l i ng d a m a g e had not o c c u r r e d . Un i fo rmi ty of the d i m e n s i o n a l m e a s u r e ­
m e n t s (Tab le I) r e i n f o r c e s t h i s po in t . In addi t ion , the m i c r o s t r u c t u r e of the 
u r a n i u m ( F i g u r e 7) i s not c h a r a c t e r i s t i c of the m e t a l tha t has u n d e r g o n e 
cold w o r k of any a p p r e c i a b l e d e g r e e . Work done a t A N L ' ^ ' 9 ) m a k e s it v e r y 
doubtful tha t any a m o u n t of t h e r m a l cyc l ing f r o m r o o m t e m p e r a t u r e to 150°C 
could p r o d u c e a p p r e c i a b l e s u r f a c e roughen ing . A l so , the t h r e s h h o l d for 
n o t i c e a b l e r o u g h e n i n g due to i r r a d i a t i o n g rowth of s u r f a c e g r a i n s i s p r o b a b l y 
an o r d e r of m a g n i t u d e h i g h e r than the b u r n u p of t h e s e s p e c i m e n s . ' " ' " ) T h e s e 
c o n s i d e r a t i o n s , t h e r e f o r e , s e e m to i n d i c a t e tha t a n i s o t r o p i c d e f o r m a t i o n of 
the u r a n i u m c o r e m a t e r i a l w a s not r e s p o n s i b l e for the s lug f a i l u r e s . 

14248 P o l a r i z e d D a r k F i e ld lOOX 

F i g u r e 7 . P h o t o m i c r o g r a p h of U r a n i u m C o r e of Rup tu red Slug 141, 
Showing G a m m a - e x t r u d e d S t r u c t u r e and a Su r f ace P i t 



3. An a l ternat ive mechanism, which could account for perforat ion 
of the slug jacket , is proposed. Uranium has a bulk expansion coefficient 
some 28% g r e a t e r than that of i ron in the t empera tu re range being consid­
e red . Heating to 150°C from roomi t empera tu re would c rea te a tensi le 
s t r e s s of approximately 12,000 psi in the steel cladding if the core and clad 
were init ial ly u n s t r e s s e d and in good contact . F ree -mach in ing s tee ls a r e 
notoriously deficient in t r a n s v e r s e p rope r t i e s , have bad welding c h a r a c t e r ­
i s t ics and a r e subject to flaws when joined by fusion.v-'-^/ S t r ingers of sul­
phide inclusions act as s t r e s s r a i s e r s , and the regions around blowholes 
and m i c r o c r a c k s (flakes), such as a re shown in F igure 5, a r e a l ready high­
ly s t r e s sed due to cooling after the welding operat ion. I r radia t ion embr i t -
t lement and loss of ducti l i ty a r e further l iabi l i t ies . When all these factors 
a r e weighed it s eems quite likely that the mild thermal cycling experienced 
by the slugs could have added enough of an over s t r e s s to crack the high-
sulphur s teel thin wall and p e r m i t initial seepage of m e r c u r y . 

The p re sence of the black v i t reous ma te r i a l within the ruptured 
slug r emains an anomaly. Bar ium, silicon, aluminum, calcium, iron, 
magnes ium, manganese , lead, t i tanium and chromium in the spect rographic 
analys is of crud lead one to suspect that welding fluxes were used in fabr i ­
cation of the slugs and /o r that co r ros ion inhibitors were p resen t in the 
m e r c u r y . Di rec t inquiry about these possibi l i t ies^ -' removes them from 
considera t ion . The possibi l i ty r emains that sizing lubricant contaminated 
only the ruptured slug assembly before welding. The unruptured slugs did 
not have within them any t r a c e of the v i t reous black scale found in the rup ­
tured slug. Another possibi l i ty is that the circulat ing m e r c u r y picked up 
contaminants such as r e s idues from welding fluxes used in fabricating the 
r eac to r v e s s e l . However, such t r an spo r t deposi ts a r e usually expected in 
the cooler port ions of the coolant loop. Moreover , there was no t r ace of 
ex terna l deposi t on any of the s lugs . At any ra te , it is not likely that this 
crud had a p r i m a r y bear ing on the fa i lu res . 

As a l as t comment , it is of i n t e re s t to note that the grain size of 
the core u ran ium was approximate ly ^ in., and that the pits remaining after 
pickling of the ruptured slug core were of the same approximate s ize . Cor­
rosive attack by the m e r c u r y was apparent ly preferent ia l to an orientat ion 
factor in the gra ins of u ran ium and proceeded most rapidly in those that were 
favorably exposed. Genera l a t tack of the uranium surface was a lmos t com­
pletely absent where the m e r c u r y was in static contact, and does appear only 
in the vicinity of the g ross rupture where dynamic erosion probably was 
proceeding. 

E . CONCLUSIONS 

The fa i lures observed in the uran ium ref lector slugs initially instal led 
in the Los Alamos F a s t Reac tor , Clementine, a r e at t r ibuted to the use of high-
sulphur f ree-machining s tee l as a cladding m a t e r i a l . The fact that c o a r s e -



grained u ran ium was used in the core would probably have caused trouble 
after i r rad ia t ion to burnups an o rde r of magnitude or so higher . However, 
p resence of the anisot ropic damage cha rac t e r i s t i c of coa r se -g ra ined 
uran ium under c r i t i ca l conditions of radiat ion and the rmal cycling is not 
observed in the failed s lugs . 
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APPENDIX A 

Fabr ica t ion of Reflector Slugs 

Reflector rods were fabricated f rom gamma-extruded normal u ran i ­
um, machined to size and canned in a mild steel jacket to allow handling and 
prevent co r ros ion from contact with the m e r c u r y coolant. The following 
account of p rocedure is abs t rac ted from LA-1679.^-^' 

Dimensions of the plated ref lec tor slugs a r e 0.647+ 0.002 in. in d i ­
ame te r and 5.500 ± 0.005 in. long. Canning operat ions were performed in a 
hel ium a tmosphe re . 

The f i r s t step was to place the slug in a machined can of 1020 steel 
having an inner d i ame te r of 0.652 ± 0.001 in. and 0.020-in. wall th ickness . 
These cans have a bottom thickness of 0.062 in. and a r e made with a cen te r ­
ing pin •^in. in d iamete r and -^ in. long. All steel cans had been annealed in 
a hydrogen a tmosphere after machining to remove s t r a in s , A wafer of nor ­
ma l uranium, 0.345 in. thick, was used to cover the reflector slug. This 
u ran ium wafer has a r e c e s s ^ in. deep by f in. in d iamete r in which fission 
gases could accumula te . The final s teel cap for sealing the can was then 
placed on top of the wafer . The assembled rod was painted with a drawing 
compound and p re s sed through a sizing die to give a d iameter of 0.686 in. 
The sized can was then t r immed to p roper length and a rc -welded in the 
hel ium a tmosphe re . 

After canning, the rods were tes ted for leaks in the welds by two 
methods . 1) The canned rods were soaked in Zyglo (fluorescent) oil at 
150 psi for 3 days , then removed, cleaned, and examined under ul t raviolet 
light for oil seepage; this tes t was repeated four t imes on each can. 2) The 
cans were soaked in helium at 90 psi and then placed in a vacuum chamber 
connected to a m a s s spec t rome te r leak de tec tor . The Zyglo method is 
repor ted to de tec t holes 3 x 10"•'•° cm^, whereas the m a s s spec t romete r 
method can detect 1 x 10"^^ cm^ ho les . 


