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THE MANUFACTURE OF CENTRIFUGALLY CAST ALLOY FUEL SLUGS 

(Mark-11 F u e l L o a d i n g for E B R - I ) 

by 

F . L . Yaggee 

ABSTRACT 

T h i s r e p o r t d e s c r i b e s the m a n u f a c t u r e of the M a r k - I I fuel l o a d i n g 
for E B R - l , f a b r i c a t e d at ANL dur ing the p e r i o d Ju ly t h r o u g h O c t o b e r , 1953 . 
T h i s fuel l oad ing , c o n s i s t i n g of a u r a n i u m - 2 w / o z i r c o n i u m a l loy , r e p l a c e d 
the in i t i a l load ing of w r o u g h t and h e a t - t r e a t e d u n a l l o y e d u r a n i u m . It r e p ­
r e s e n t s the f i r s t r e c o r d e d effor t to fuel a f a s t r e a c t o r s y s t e m e n t i r e l y wi th 
f i s s i l e m a t e r i a l in the a s - c a s t cond i t ion . 

F u e l s l u g s m e a s u r i n g 0 .383 in. in d i a m e t e r w e r e c e n t r i f u g a l l y c a s t 
to s i z e in m a s s i v e c o p p e r m o l d s a t t he r a t e of 16 s l u g s p e r m e l t . The r e ­
su l t i ng m i c r o s t r u c t u r e w a s c h a r a c t e r i z e d by a fine g r a i n s i z e and a c o m ­
p l e t e l y r a n d o m g r a i n o r i e n t a t i o n not e a s i l y o b t a i n e d in w r o u g h t f i s s i l e 
m a t e r i a l of c o m p a r a b l e c o m p o s i t i o n , even a f t e r h e a t t r e a t m e n t . R e p r o ­
duc ib i l i ty of the d e s i r a b l e a s - c a s t s t r u c t u r e and p h y s i c a l p r o p e r t i e s of 
the fuel s lugs was a u t o m a t i c . On t h e r m a l c y c l i n g in NaK in the t e m p e r a t u r e 
r a n g e f r o m 50 to 550°C, the r e s u l t i n g fuel s l u g s e x h i b i t e d n e g l i g i b l e g r o w t h , 
even a f te r 570 c y c l e s . 

The g r o s s weigh t of the 477 a l loy fuel s l u g s p r o d u c e d in 31 p r o d u c ­
t ive m e l t s was 67,199-6 g r a m s . The o v e r a l l p r o c e s s y i e ld w a s 91-71 p e r ­
cen t . T h e s e fuel s lugs w e r e l o a d e d into 227 fuel r o d s for s h i p m e n t to 
E B R - I . 

T h r e e c o p i e s e a c h of A p p e n d i x A, Append ix B and Append ix C to 
th i s r e p o r t e x i s t a s u n i s s u e d v o l u m e s u n d e r s e p a r a t e c o v e r . Append ix A 
con t a in s d e t a i l e d p r o c e s s da t a a n d m a t e r i a l a c c o u n t a b i l i t y d a t a for the 
o v e r a l l fuel f a b r i c a t i n g o p e r a t i o n . Append ix B is a c h r o n o l o g i c a l r e c o r d 
of the load ing of fuel s l ugs in to fuel r o d s for s h i p m e n t to E B R - I . A p p e n ­
dix C is a r a d i o g r a p h i c r e c o r d of the i n t e r n a l s o u n d n e s s of the fuel s l u g s 
u s e d in the load ing , as we l l a s a p h o t o g r a p h i c r e c o r d of t h e i r s u r f a c e 
a p p e a r a n c e s . T h e s e da ta a r e m u t u a l l y c r o s s - r e f e r e n c e d to p e r m i t the 
r e t r a c i n g of the m e t a l l u r g i c a l h i s t o r y of i nd iv idua l fuel s l u g s to t h e o r i g ­
ina l r e d u c t i o n b u t t o n s f r o m w h e n c e they c a m e . 



INTRODUCTION 

P r i o r to July, 1950, the approximate s ta r t ing date for the fabricat ion 
of the initial EBR-I fuel loading,(1) the only available information regarding 
i r radia t ion- induced instabil i ty in f iss i le ma te r i a l pe r ta ined to unalloyed 
uran ium. Accordingly, the fuel charge used in the inaugural s tar tup of this 
reac to r in 1951 consis ted of highly enriched, unalloyed uranium in a wrought 
and hea t - t r e a t ed condition. The fabricat ing p rocedure began with cast u r a ­
nium bil lets measur ing 1^ in. in d iameter by 5^ in. long. These were hot 
rol led at 300°C into rods of smal l d iamete r , using oil as the heating medium. 
Individual fuel slugs were machined to size from the rol led uran ium rods 
after the la t te r had been given a "beta" heat t r ea tmen t . This involved heat ­
ing the rol led rods to a t e m p e r a t u r e slightly above the a lpha-beta t r ans fo r ­
mation point for unalloyed uran ium (660°C) and rapidly quenching the 
m a t e r i a l . Exper imenta l r e su l t s had indicated that the dimensional stabil i ty 
of wrought uranium was enhanced by such a t r ea tment , l^) 

Replacement of the init ial fuel loading with the Mark- l I loading, 
consist ing of an a s - c a s t u r an ium-2 w/o z i rconium alloy, was a natural 
consequence of continued i r r ad ia t ion-damage exper iments with u ran ium 
al loys. Statically cast sample fuel slugs of this composi t ion were found 
to per form much be t te r under i r rad ia t ion than did wrought and heat t r ea t ed 
unalloyed uranium. These alloy fuel slugs exhibited an inherent ly g r e a t e r 
r e s i s t ance to i r radia t ion growth and i r rad ia t ion- induced surface roughen­
ing than that commonly assoc ia ted with beta-quenched uranium. (3.4) 

The fabricat ion of the Mark - l l fuel loading was begun in July, 1953, 
and completed in October, 1953. This is the f i rs t fast r eac to r loading to 
consis t ent i re ly of fuel slugs in the a s - c a s t condition. Fabr ica t ion of the 
fuel blanket slugs for the Mark-I I loading was completed during the same 
per iod. These la t te r slugs were machined from wrought and hea t - t r e a t ed 
u r an ium-2 w/o zi rconium alloy rods in which the contained uran ium was of 
the par t i a l ly depleted variety.(^) 

This repor t has as its purpose the descr ip t ion of equipment, f iss i le 
m a t e r i a l , fuel slug specif icat ions, and the p rocedura l sequence used in the 
production of the Mark-I I fuel loading. Along with this r epor t the re exist 
t h ree unissued appendices, each under sepa ra t e cover . Appendix A is 
p r i m a r i l y a fissile m a t e r i a l accountabili ty r eco rd covering the var ious 
steps uti l ized in the overa l l product ion operation. Appendix B is a chron­
ological r ecord of the loading of inspected fuel slugs into fuel rods for 
shipment to EBR-I . Appendix C is a collect ion of gamma radiographs 
which a t tes t to the in te rna l soundness of the cast fuel slugs used in the 
Mark- I I fuel loading, and const i tutes a complete photographic r eco rd of 
the i r general surface appearance . 



D E S C R I P T I O N O F E Q U I P M E N T 

Cen t r i fuga l C a s t i n g F u r n a c e 

The cen t r i f uga l c a s t i n g t e chn ique was de\"eloped e x p r e s s l y for the 
M a r k - I I fuel load ing and the e q u i p m e n t was d e s i g n e d and bui l t at ANL. 
Be ing e s s e n t i a l l y a c a s t i n g t e c h n i q u e , it l e n d s i t se l f to the f a b r i c a t i o n of 
a v a r i e t y of fuel a l loy c o m p o s i t i o n s , e s p e c i a l l y those which a r e not r e a d i l y 
f a b r i c a b l e by p l a s t i c d e f o r m a t i o n t e c h n i q u e s S ince the e q u i p m e n t h a s 
b e e n d e s c r i b e d in g r e a t de t a i l e l s e w h e r e , ( 6 ) only a s h o r t and g e n e r a l i z e d 
d e s c r i p t i o n of i t s o p e r a t i o n wil l be g iven h e r e 

In p r i n c i p l e , th i s m a c h i n e c o n s i s t s of a c o n v e n t i o n a l v e r t i c a l - t u b e 
v a c u u m induc t ion f u r n a c e m o u n t e d d i r e c t l y o\-er a \ -acuuiTi-housed c e n t r i ­
fuge. A p h o t o g r a p h of the a s s e m b l e d uni t i s shown in F i g u r e 1, whi le a 
m o r e d e t a i l e d l ine d r a w i n g of th i s e q u i p m e n t a p p e a r s in F i g u r e 2. 

F i g u r e 1. Cen t r i f uga l C a s t i n g M a c h i n e Showing A c c o m p a n y i n g 
V a c u u m S y s t e m and P o w e r S o u r c e for Induc t ion 
Mel t ing 

AS-143 

The m e l t i n g c h a r g e i s p l a c e d in a c r u c i b l e of a s u i t a b l e r e f r a c t o r y 
m a t e r i a l , which is l o c a t e d above the c e n t r i f u g e , as shown in F i g u r e 2. The 
c h a r g e is induc t ion m e l t e d u n d e r v a c u u m and b o t t o m p o u r e d in to a g r a p h i t e 
d i s t r i b u t o r l o c a t e d d i r e c t l y be low the c r u c i b l e in the l o w e r c e n t r i f u g e s e c t i o n . 
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The dis t r ibutor diverts the molten s t r e a m to a horizontal direct ion and 
dis t r ibutes it to mass ive copper molds a r ranged in a horizontal plane. The 
rotor containing the dis t r ibutor and mold assembly is made to rotate in a 
clockwise direct ion before the molten charge is bottom poured. A constant 
gravitational force is maintained along the slug length by uniformly i n c r e a s ­
ing the rotor speed during casting in an effort to achieve a maximum a s - c a s t 
density. 

After a cooling per iod of severa l hours under vacuum, the furnace 
sys tem is filled with an inert gas and the machine is opened for removal 
of the cas t fuel s lugs. This is accomplished by lifting the upper curved 
port ion of the furnace and rotating it 90 degrees in a clockwise direct ion. 
The pivot point is at the chevron vacuum seal (see F igure 2). When the 
Vycor (quartz) tube has been lifted off its lower water -cooled mount and 
the hea te r and c e r a m i c s have been removed, access to the centrifuge s e c ­
tion is gained by removing the flange bolts and lifting off the metal cover . 

In the Mark-II fuel loading, 16 fuel slugs were cast s imultaneously. 
The mass ive copper molds were a r ranged symmet r ica l ly around the 
graphite dis t r ibutor and inclined to it at a lag angle of approximately 
44 degrees (see F igure 6). 

Vacuum Pumping System 

The vacuum pumping sys tem shown with the centrifugal cast ing 
machine in F igure 1 was obtained commerc ia l ly as a package unit. It 
consis ts of a 6-in. oil diffusion pump (Model MC-500-09) backed up by 
a 4-in. booster pump (Model MB-15-08) and two s ingle-s tage mechanical 
pumps. The 1 j - i n . d iameter vacuum piping within this sys tem is so 
a r r anged as to pe rmi t the operation of one of the mechanical pumps in­
dependently of the high vacuum section. With this feature it is possible 
to pump out the furnace chamber through a bypass section while operating 
the high vacuum side of the pumping sys tem. When the p r e s s u r e within 
the furnace chamber has been reduced to 50-70 microns of Hg, the bypass 
line is closed and the 6-in. d iameter vacuum valve connecting the high 
vacuum side to the furnace is opened. A vacuum of 4 microns of Hg or 
be t te r was usually obtained within 15 minutes after opening the furnace 
chamber to the high vacuum pumping sys tem. 

Power Source 

Power for induction melt ing was supplied by a "Tocco" mo to r -
genera tor set of the type manufactured by the Ohio Crankshaft Corporat ion. 
This set was capable of del ivering a maximum of 1 5 kilowatts of power at 
10,000 cyc les . Since the power source was located adjacent to the centrif­
ugal cast ing machine, a short length of water -cooled bus bar was used to 
t r anspor t the power to the water -cooled copper induction coil which is ex­
ternal to the vacuum sys tem (see F igure 1). 
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Dist r ibutor Design 

The design of the d is t r ibutor and the type of graphite used in its 
construct ion were found to have a profound influence on the useful se rv ice 
life, on the efficiency of the cast ing p r o c e s s , and finally on the surface 
appearance of the fuel slugs t hemse lves . 

The f i rs t workable d is t r ibu tor design is shown in F igure 3. This 
design, pa t te rned along the l ines of a centrifugal pump impe l l e r , was used 
in the cast ing of approximately two- th i rds of the Mark-I I fuel loading. The 
center cone is located in a smal l c i r cu la r hollow which s e r v e s as a r e s e r ­
voir for momenta ry containment of the molten pool to reduce splashing. 
F r o m this r e s e r v o i r the molten charge is guided to the copper molds by 
means of the curved vanes . Although this design was workable it proved 
to be too fragi le . This fact is c l ea r ly i l lus t ra ted in F igure 4, which shows 
a s imi la r d is t r ibutor which had been used in only three rael ts . In this 
complex design, metal which norma l ly remains in the d is t r ibu tor br idges 
a c r o s s the vanes and breaks thein during the per iod of shr inkage after 
solidification. 

F ine -g ra ined , h igh-densi ty graphite was found to be more suitable 
as a d is t r ibutor ma te r i a l than the c o a r s e - g r a i n e d , l e s s dense var ie ty . 
The choice largely has to do with the ability of the high-densi ty graphite 
to withstand repeated exposure to t he abras ive action of molten meta l 
without heat checking. Low-densi ty graphite is very poor in this r e spec t , 
and as a resu l t the raechanical adhesion of solidified u ran ium-2 w/o z i r ­
conium alloy to its surface is noticeably g rea t e r . 

A simplified d is t r ibutor design for the EBR-I fuel slug size is shown 
on the left in F igure 5. It is coated with a sp rayed-on pro tec t ive layer of 
thor ia . The complex, curved vanes of the or iginal design (Figure 3) were 
rep laced by shor t , s t ra ight vanes located at the base of a 45-degree cone. 
This design proved eas i e r to machine , it exhibited a cons iderably longer 
se rv ice life, and it produced fuel slugs with a surface appearance as good 
or be t te r than those produced with the more complicated d i s t r ibu tor design 
of F igure 3. The 45-degree conical surface is a very rough approximation 
of the m o r e des i rable cycloid surface of the d is t r ibutor shown on the right 
in F igu re 5. A set of centrifugally cas t fuel slugs typical of those produced 
with this simplified d is t r ibutor design appear in F igure 6. 

SPECIFICATIONS 

Dimensional and phys ica l specifications for the Mark- I I fuel slugs 
were essen t ia l ly those s t ipulated for the inaugural fuel loading. The single 
notable exception was the r ep lacement of the wrought and h e a t - t r e a t e d un­
alloyed u ran ium fuel with an a s - c a s t u r an ium-2 w / o z i rconium alloy fuel. 
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Figure 3. Graphite Dist r ibutor Design Used to Cast Two-th i rds of 
the Mark-II Fuel Loading. 

AS-142 

Figure 4. Graphite Distr ibutor Shown Above upon Completion of 
Three Melts. 

15019 
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Figure 5. (Left) Simplified Dis t r ibutor Design for EBR-I 
Size Fuel Slugs. (Right) Distributor Design for 
Casting Smal l -d i ame te r Fuel P i n s . 

106-3398 

Figure 6. Fuel Slugs Centrifugally Cast with the Simplified Distr ibutor 
Show^n Above. 

1 

26716 



Composition and Enr ichment 

Composition: Uranium 
Zi rconium 

97.85-98.03 w/o 
1.97- 2.15 w/o 

Enrichment: 93.0-94.0 w/o 

Dimensional Tolerances 

Diameter : 

Length: 

0.380-0.386 in. 

4.247-4.253 in. 

Maximum Impuri t ies (ppm) 

Al 
B 
Be 
Ca 
F e 

5 
1 
0.1 

100 
200 

Li 
Mg 
Si 
Mn 
Na 

1 
100 
100 
200 

3 

V 
Cr 
Co 
Ni 
Cu 

200 
200 
200 
200 

10 

Although the maximum to le rab le boron impur i ty is given above as 
1 ppm, an exception was made in the case of the single mel t CF-6 (SM 
Batch 62-729) with a repor ted 2 ppm of boron. A s imi l a r exception was 
made for melt 16F-19 (SM Batch 2-329) in the init ial fuel loading,(1) which 
served as a precedent . 

Density 

The density r equ i rement was indirect ly specified by the dimensional 
to le rances placed on the individual fuel s lugs, by the to le rances placed on 
the length of the fuel section in each fuel rod, and by the weight of enriched 
uranium to be contained in each fuel rod. 

Fuel Loading 

Length of Fuel Section per Fuel Rod 
Weight of U^̂ ^ per Fuel Rod 

8.494-8.506 in. 
264-270 g r a m s 

The above specifications pertaining to the loaded fuel rods were 
l ibera l ized to the extent that any var ia t ion in the individual fuel slug length 
would be acceptable provided the "length of the fuel sect ion" and the "weight 
of U per fuel rod" were p r e s e r v e d as stated. This in te rpre ta t ion pe rmi t t ed 
the use of short fuel slugs by pair ing them with correspondingly longer ones, 
or by grouping them into suitably matched t r i a d s . 



MATERIAL PROCESSES 

Virgin U and Grade- I c rys ta l bar z i rconium were used as the feed 
m a t e r i a l s , the z i rconium being considered as an alloy addition to the en­
r iched uranium. 

All of the enr iched uran ium was obtained from Oak Ridge in the form 
of reduction buttons measu r ing 4 in. m d iameter by ^ m. thick at the cen te r . 
A total of 31 whole buttons and two pieces of a 32nd button (SM Batch 62-747) 
were received at ANL. The individual buttons ranged in weight from 
2183.3 g rams to 2400.5 g r a m s , while the two p ieces of the 32nd button 
weighed approximately 1786.9 g r a m s . The total weight of f iss i le m a t e r i a l 
rece ived was 73,659-9 g r a m s , of which 71,756.0 g rams were used in the 
production of fuel s lugs . Approximately 1903.9 g rams of the 31st button 
(SM Batch 62-746) were r e tu rned to the Special Mater ia l s vault as excess 
along with 7.7 g rams of "h is tory" samples and 4.6 g r a m s of spec t rochemica l 
s amples . The "his tory" samples consis ted of a few smal l f ragments of the 
button collected at the t ime it was broken into p ieces for p rocess ing . Such 
samples serve as useful future re fe rences should the need a r i s e to recheck 
the U content of a pa r t i cu l a r button a s - r e c e i v e d . Spec t rochemica l samples 
were taken at the same t ime to check on the pur i ty of the f iss i le m a t e r i a l 
being received. 

The th i r ty- two enr iched uran ium reduction buttons a r e l i s ted in 
Table I in the o rde r rece ived at ANL. All weights appear ing in this table 
were de termined at ANL p r e p a r a t o r y to p roces s ing . 

The Grade- I c rys t a l bar z i rconium used as an alloy addition to the 
enr iched uranium was provided by the Special Mate r i a l s and Serv ices Divi­
sion at ANL. This meta l was originally rece ived from Westinghouse in the 
form of ba r s m e a s u r i n g approximate ly •j in. in d i ame te r by 20 in. long. 
These ba r s were cold worked, by rolling and swaging, into 0.100-in. d iam­
eter wi re , then annealed in a salt bath at 800°C to p e r m i t coiling. The s u r ­
face of the z i rconium was etched bright in a heated n i t r i c acid solution 
containing a few pe rcen t of hydrofluoric acid, after which the mate r ia l was 
r insed thoroughly with running tap water and a i r dr ied . A total of 
1517.4 grams of z i rconium was alloyed with v i rg in U^̂ ^ during p repa ra t ion 
of the fuel loading. 

SEQUENCE OF FABRICATING OPERATIONS 

The manufacturing sequence for the production of the Mark-I I fuel 
loading is i l lus t ra ted schemat ica l ly in F igure 7, This routine was s t r i c t ly 
adhered to in the i n t e r e s t s of s impl ic i ty in handling and accounting for the 
f iss i le m a t e r i a l . The only exceptions to this routine were four nonproductive 



T A B L E I. 

We igh t s of U^^ R e d u c t i o n B u t t o n s R e c e i v e d a t A N L , 
b e f o r e and a f t e r B r e a k i n g and S a m p l i n g 

Bu t ton 
N u m b e r 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1 * * 
32* 

A N L 
B a t c h 

N u m b e r 

6 2 - 6 1 9 
-620 
-621 
-622 
- 6 2 3 
- 6 2 4 
- 7 1 5 - 1 
- 7 1 5 - 2 
- 7 1 5 - 3 
- 7 1 5 - 4 
- 7 1 7 - 1 
- 7 1 7 - 2 
- 7 1 7 - 3 
- 7 1 7 - 4 
- 7 1 8 - 1 
- 7 1 8 - 2 
- 7 1 8 - 3 
- 7 1 8 - 4 
-734 
-735 
-736 
- 7 3 7 
- 7 3 8 
-739 
-740 
-741 
-742 
- 7 4 3 
- 7 4 4 
-745 
-746 
-747 

T O T A L S 

R e c e i v e d 
Weight 

( G r a m s ) 

2 ,183 .310 
2 ,184 .036 
2 ,382 .748 
2 ,181 .411 
2 ,381 .577 
2 , 1 8 2 . 2 6 3 
2 ,372 .248 
2 ,400 .494 
2 ,398 .197 
2 ,394 .675 
2 ,396 .884 
2 ,364 .411 
2 ,403 .651 
2 ,391 .862 
2 ,398 .336 
2 ,399 .299 
2 ,398 .152 
2 ,400 .047 
2 ,393 .356 
2 ,368 .010 
2 ,393 .009 
2 ,399 .038 
2 ,392 .517 
2 ,194 .575 
2 ,179 .900 
2 ,381 .118 
2 ,179 .020 
2 ,180 .800 
2 ,183 .836 
2 ,188 .750 
2 , 2 2 5 . 5 6 3 
1,786.880 

73 ,659 .973 

S a m p l e s 
( G r a m s ) 

H i s t o r y * * * 

0.516 
0.260 
0.455 
0.191 
0 .224 
0.200 
0 .242 
0 .214 
0.280 
0.240 
0.149 
0 .164 
0 .157 
0 .225 
0 .179 
0.170 
0 .184 
0.200 
0 .208 
0 .242 
0 .273 
0 .201 
0 .314 
0 .225 
0 .294 
0 .308 
0 .237 
0.331 
0 .302 
0 .247 
0 .257 

-

7.689 

S p e c t r e 
C h e m i c a l 

0 .147 
0 . 1 4 3 
0 .135 
0 .120 
0 .150 
0 .158 
0 .154 
0 . 1 4 3 
0 .157 
0 .127 
0 .141 
0 .176 
0 .114 
0 .237 
0 .115 
0 .162 
0 . 1 6 4 
0 .155 
0 .141 
0 .182 
0 .146 
0 .227 
0 . 1 1 3 
0 .155 
0 .136 
0 .182 
0 .138 
0 .110 
0 .128 
0 .123 
0 .118 

-

4 .597 

P r o c e s s e d 
Weigh t 

( G r a m s ) 

2 ,182 .487 
2 ,183 .741 
2 ,382 .089 
2 ,181 .079 
2 ,381 .173 
2 ,181 .871 
2 , 3 7 1 . 8 3 3 
2 ,400 .139 
2 ,397 .752 
2 , 3 9 4 . 3 0 7 
2 ,396 .571 
2 ,364 .070 
2 ,403 .366 
2 , 3 9 1 . 3 9 9 
2 ,398 .042 
2 ,398 .972 
2 , 3 9 7 . 7 9 4 
2 ,399 .692 
2 ,393 .009 
2 , 3 6 7 . 5 7 3 
2 , 3 9 2 . 5 8 4 
2 ,398 .606 
2 ,392 .108 
2 ,194 .206 
2 ,179 .460 
2 ,380 .620 
2 ,178 .644 
2 , 1 8 0 . 3 4 7 
2 , 1 8 3 . 3 7 3 
2 ,188 .380 

321 .245 
1,786.880 

71 ,743 .412 

B r e a k i n g 
L o s s 

( G r a m s ) 

- 0 . 1 6 0 
+0.108 
- 0 . 0 6 9 
- 0 . 0 2 1 
-0 .030 
- 0 . 0 3 4 
- 0 . 0 1 9 
+0.002 
- 0 . 0 0 8 
- 0 . 0 0 1 
- 0 . 0 2 3 
- 0 . 0 0 1 
- 0 . 0 1 4 
- 0 . 0 0 1 

0.000 
+0.005 
- 0 . 0 1 0 

0.000 
+0.002 
- 0 . 0 1 3 
-0 .006 
- 0 . 0 0 4 
+0.018 
+0.011 
-0 .010 
- 0 . 0 0 8 
- 0 . 0 0 1 
- 0 . 0 1 2 
- 0 . 0 3 3 

0.000 
- 0 . 0 0 6 

0.000 

- 0 . 3 3 8 

*But ton r e c e i v e d in 2 p i e c e s a l r e a d y s a m p l e d . 

**1 ,903 .937 g r a m s of b r o k e n bu t ton r e t u r n e d to the v a u l t . 

* * S a m p l e of o r i g i n a l r e d u c t i o n bu t ton r e t a i n e d for p o s s i b l e f u t u r e i s o t o p i c 
a n a l y s i s c h e c k . 
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mel t s (CF-4, C F - 5 , CF-19 and CF-27) resul t ing f rom s toppe r - rod fa i lu res . 
In all four instances the molten charge was allowed to solidify in the 
crucible , then reused as the charge in subsequent mel t s (CF-6, C F - 7 , 
CF-24 and CF-30 , respect ively) . 

F igure 7. Sequence of Operations Used in the Manufacture of 
Centrifugally Cast EBR-I Fuel Slugs. 

WEIGH J 

DIRECT REMELT 

REDUCTION BUTTONS 

I WEIGH 
T 

BREAK INTO QUARTERS 

WEIGH CHARGE & NEW CERAMICS 

MELT & CAST 

I WEIGH I 

I 16 CASTINGS r 
GAMMA RADIOGRAPH 

1 
VISUAL INSPECTION 

X 

3_ 
WEIGH 

I 
USED CERAMICS, SHOT & SKULL 

WEIGH 

NOTCH, BREAK AND MACHINE TO LEM6TH 

SPRUES 

WEIGH 

16 FINISHED SLUGS 

DIMENSIONAL INSPECTION 

LENGTH, DIA. «. DENSITY 

WEIGH 

MACH. TURNINGS 

SPECTRO., CHEM. & ISOTOPIC SAMPLES 

SLUGS THOROUGHLY DECREASED, DRIED 

& RE-WEIGHED PRIOR TO LOADING 

Fuel slugs were p roces sed in batches of 1 6 as they came from the 
centrifugal casting machine. Each batch was contained in a white enamel -
coated t ray identified by a mel t number. Operat ions such as machining, 
radiographing and so forth were per formed on single ba tches . The issuing 
of a subsequent batch of fuel slugs was made dependent upon the r e tu rn to 
the vault of a previous batch. This p rac t ice was applied to discourage that 
contempt for precaut ion which is usual ly b red by a sense of inc reased 
famil iar i ty with the object. 

Melting Charge P repa ra t i on 

2'ae 

The melting charge was p repa red from broken pieces of U button 
and 0.100-in. d iameter z i rconium wire . The weight var ied somewhat from 
melt to mel t , the l ightest charge weighing 2952.2 g r a m s and the heavies t 
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weighing 3199.7 g r a m s . The minimum charge weight was fixed p r i m a r i l y 
by the weight of the sixteen cast fuel slugs and at tached sp rues , and to a 
l e s s e r degree by the res idues which a r e an inherent par t of the cast ing 
method of fabrication. Wherever poss ible , the r emel t s c rap from one melt 
was used up completely in another melt to simplify ma te r i a l accountabili ty 
and p rocess r e c o r d s . 

The melting charge took one of th ree fo rms : (a) virgin U and z i r ­
conium wire , (b) virgin U^^ ,̂ u r an ium-z i r con ium alloy remel t s c r ap and 
zirconium wire , and (c) the u ran ium-z i r con ium alloy from nonproductive 
me l t s . Of the total of 35 me l t s , ten were charged with virgin U and 
zirconium wire; 21 with virgin U , z i rconium wire and U -2 w/o z i r c o -
nium remel t sc rap ; and four with the solidified U -2 w/o zi rconium alloy 
charge from previous mel t s that could not be poured because of melt ing 
difficulties. 

The reduction buttons were weighed individually to the nea re s t 
mi l l ig ram as - r ece ived , before being broken into q u a r t e r s . The button-
breaking operation was per formed on a hydraul ic p r e s s equipped with a 
hooded platen. Liquid ni trogen was used to chill the buttons and thus p r o ­
mote a br i t t le f rac ture in an otherwise ductile m a t e r i a l . Spect rochemical 
and "his tory" samples were collected from among the smal l f ragments . 
The large pieces and remaining smal l f ragments were dried and weighed 
for charging into mel ts as requi red . Table I is an accountabili ty r eco rd 
of the button breaking operat ions . The s ize and shape of the broken pieces 
from a typical reduction button are shown in F igure 8. 

Approximately one and one-half reduction buttons were used in the 
charge of virgin me l t s . Smal le r quantit ies of reduction button were added 
to mel ts containing u ran ium-z i r con ium alloy r eme l t s c r a p , the weight of 
U charged depending upon the weight of r eme l t s c r a p used. Zirconium 
was added to all mel ts containing virgin U^̂ ^ in sufficient amounts to yield 
a charge composit ion of 2 w /o z i rconium. Calculated analyses were 
rel ied upon exclusively, since the resxilts f rom analyt ical samples were 
not immediately avai lable. Table II is a compar i son of the calculated 
isotopic analyses with the repor ted analyses for the individual me l t s . 
A s imi la r compar ison regarding the z i rconium content of the individual 
mel t s is given in Table III. 

Data re la t ing to the charge weight of individual mel t s and the i r 
makeup are s u m m a r i z e d m Table IV. Complete charge calculat ions for 
each of the 35 mel t s a r e contained in Appendix A to this r epo r t , an un­
issued volume under separa te cover . 



235 
Figure 8. P i ece s of Broken U Reduction Button 

P r e p a r a t i o n of Ceramics 

High-puri ty magnes ia c e r a m i c s were used exclusively to reduce 
contamination of the fuel alloy during melt ing. A ce r amic assembly con­
s is ted of a crucible , a crucible cover , a stopper rod and a pedes ta l . The 

11 3 1 

crucible measu red 3 j-g in. I.D. by 7 - in. deep and had a ^ - in . thick wall. 
The pouring hole at the bottom was enlarged from — in. to j in. in d iameter . 



T A B L E II 

A C o m p a r i s o n of the C a l c u l a t e d I so top i c C o m p o s i t i o n s wi th A N L - r e p o r t e d 
V a l u e s for a S e r i e s of U^^ - 2 w / o Z r Al loy M e l t s 

Mel t 
N u m b e r 

C F - 1 
- 2 
- 3 
- 4 
- 5 
- 6 
- 7 
- 8 
- 9 
-10 
-11 
- 1 2 
- 1 3 
- 1 4 
-15 
-16 
-17 
- 1 8 
-19 
-20 
-21 
-22 
-23 
- 2 4 
-25 
-26 
-27 
- 2 8 
-29 
-30 
-31 
-32 
-33 
- 3 4 
- 3 5 

ANL 
B a t c h 

N u m b e r 

62-720 
-724 
-725 
-727 
-728 
-729 
-730 
-731 
-732 
-733 
-743 
-749 
-750 
-751 
-752 
-753 
-758 
-759 
-760 
-761 
-762 
-763 
-764 
-769 
-774 
-781 
-782 
-783 
-784 
-785 
-786 
-787 
-790 
-791 
-792 

U' 

C a l c . 

93 .24 
93 22 
93 .20 
93 .23 
93 .18 
93.23 
93 .18 
93 .18 
93 .18 
93 .22 
93.16 
93 .23 
93.16 
93 .22 
93 .23 
93.21 
93 .21 
93.15 
93.17 
93.16 
93.21 
93.17 
93 .19 
93.17 
93.20 
93 .21 
93 .24 
93.17 
93.16 
93.24 
93.20 
93.20 
93.20 
93.19 
93 .20 

J 5 

A N L 

93 .25 
93 .27 
93 .23 

-
-

93 .22 
93 .21 
93 .17 
93 .14 
93 .24 
93 .18 
93 .23 
93 .20 
93 .24 
93 .23 
93 .26 
93 .16 
93 .21 

_ 
93.19 
93 .21 
93 .17 
93 .22 
93 .19 
93 .19 
93 .25 

-
93 .18 
93 .26 
93.26 
93 .17 
93 .22 
93 .19 
93.16 
93 .23 

1 

Isotopic C o m p o s i t i o n (Pe 

U234 

C a l c . 

1.00 
0.99 
0.99 
0.99 
1.14 
0.99 
1.14 
1.16 
1.19 
1.18 
1.18 
1.18 
1.16 
1.15 
1.14 
1.16 
1.19 
1.19 
1.19 
1.19 
1.19 
1.19 
1.19 
1.19 
1.19 
1.18 
1.20 
1.20 
1.18 
1.20 
1.15 
1.19 
1.17 
1.18 
1.18 

ANL 

1.01 
0.99 
1.00 

-
-

1.00 
1.13 
1.17 
1.19 
1.18 
1.19 
1.19 
1.16 
1.15 
1.14 
1.16 
1.20 
1.19 

-
1.19 
1.20 
1.20 
1.18 
1.19 
1.17 
1.18 

-
1.17 
1.18 
1.18 
1.15 
1.18 
1.16 
1.18 
1.17 

U' 

C a l c . 

_ 
-
-
-

0.12 
-

0.12 
0 .24 
0 .28 
0.29 
0 .28 
0 .28 
0.25 
0.22 
0.21 
0.21 
0.27 
0.21 
0.30 
0.30 
0.30 
0.29 
0 .28 
0.30 
0.23 
0 .26 
0.26 
0.30 
0.29 
0.26 
0.23 
0.29 
0.26 
0 .28 
0.26 

r Cent ) 

36 

ANL 

. 
-
-
-
-

0.01 
0.12 
0.24 
0.29 
0.30 
0.28 
0.29 
0.25 
0.22 
0.21 
0.21 
0.26 
0.21 

-
0.29 
0.29 
0.28 
0.28 
0.30 
0.23 
0.26 

-
0.30 
0.29 
0.25 
0.22 
0.28 
0.26 
0.28 
0.26 

U 

C a l c . 

5.76 
5.78 
5.81 
5.78 
5.55 
5.78 
5.56 
5.41 
5.35 
5.30 
5.38 
5.30 
5.42 
5.42 
5.41 
5.42 
5.33 
5.45 
5.34 
5.35 
5.31 
5.35 
5.33 
5.34 
5.38 
5.35 
5.30 
5.32 
5.37 
5.30 
5.42 
5.31 
5.38 
5.35 
5.36 

238 1 

ANL 

5.73 
5.73 
5.76 

-
-

5.77 
5.54 
5.42 
5.38 
5.28 
5.35 
5.29 
5.39 
5.39 
5.42 
5.37 
5.38 
5.39 

-
5.33 
5.30 
5.35 
5.32 
5 32 
5.41 
5.31 

-
5.35 
5.27 
5.31 
5.46 
5.32 
5.39 
5.38 
5.34 



T A B L E III . 

A C o m p a r i s o n of t h e C a l c u l a t e d Z i r c o n i u m C o m p o s i t i o n wi th 
A N L - r e p o r t e d V a l u e s for C e n t r i f u g a l l y C a s t 

U ^ ^ - 2 w / o Z r M e l t s 

M e l t 
N u m b e r 

C F - 1 

- 2 

- 3 

- 4 

- 5 

- 6 

- 7 

- 8 

- 9 

- 1 0 

- 1 1 

- 1 2 

- 1 3 

- 1 4 

- 1 5 

- 1 6 

- 1 7 

- 1 8 

A N L 
B a t c h 

N u m b e r 

6 2 - 7 2 0 

- 7 2 4 

- 7 2 5 

- 7 2 7 

- 7 2 8 

- 7 2 9 

-730 

- 7 3 1 

-732 

- 7 3 3 

- 7 4 8 

- 7 4 9 

-750 

- 7 5 1 

- 7 5 2 

- 7 5 3 

- 7 5 8 

- 7 5 9 

Z r 

C a l c . 
V a l u e 

2 .150 

2 .149 

2 .149 

2 .149 

2 .150 

2 .149 

2 .150 

2 .150 

2 .150 

2 .150 

2 .150 

2 .150 

2 .150 

2.150 

2 .150 

2 .087 

2 .087 

2 .087 

C o n t e n t ( w / o ) 

A N L V a l u e (Av.) 

T o p 

2 .17 
± 0 . 0 6 

2 .26 
± 0 . 0 7 

2 .21 
± 0 . 0 6 

2 .12 
± 0 .04 

2 .17 
± 0 .04 

2.12 
± 0 .04 

2 .17 
+ 0 .04 

2 .13 
± 0 . 0 4 

2 .25 
± 0 . 0 5 

2 .17 
± 0 . 0 4 

2 .15 
± 0 . 0 4 

2 .14 
± 0 .04 

2 .17 
± 0 . 0 4 

2 .43 
± 0 . 0 5 

2.20 
± 0 . 0 4 

2 .35 
± 0 . 0 5 

2 .35 
± 0 . 0 5 

2 .25 
± 0 . 0 4 

B o t t o m 

2.11 
±0 .06 

2 .05 
±0 .06 

2 .07 
±0 .06 

2 .07 
•-0.04 

2 .07 
± 0 . 0 4 

2 .07 
± 0 . 0 4 

2 .07 
± 0 . 0 4 

2.10 
± 0 . 0 4 

2 .09 
±0 .04 

2 .07 
±0 .04 

2 .09 
±0 .04 

2 .12 
±0 .04 

2.10 
±0 .04 

2 .43 
±0 .05 

2 .07 
±0 .04 

1.99 
±0 .04 

2 .01 
±0 .04 

2 .02 
±0 .04 

M e l t 
N u m b e r 

C F - 1 9 

- 2 0 

- 2 1 

- 2 2 

- 2 3 

- 2 4 

- 2 5 

- 2 6 

- 2 7 

- 2 8 

- 2 9 

- 3 0 

- 3 1 

- 3 2 

- 3 3 

- 3 4 

- 3 5 

A N L 
B a t c h 

N u m b e r 

6 2 - 7 6 0 

- 7 6 1 

- 7 6 2 

- 7 6 3 

- 7 6 4 

- 7 6 9 

- 7 7 4 

- 7 8 1 

- 7 8 2 

- 7 8 3 

- 7 8 4 

- 7 8 5 

- 7 8 6 

- 7 8 7 

-790 

- 7 9 1 

- 7 9 2 

Z r 

C a l c . 
V a l u e 

2 .095 

2 .093 

2 . 0 9 4 

2 .076 

2 .100 

2 .095 

2 . 1 0 3 

2 .071 

2 .062 

2 .060 

2 . 0 2 8 

2 .062 

2 .013 

1.964 

1.945 

1.853 

1.990 

C o n t e n t ( w / o ) 
1 

A N L V a l u e (Av.) 

T o p 

2 .23 
± 0 . 0 4 

2 .18 
± 0 . 0 4 

2 .15 
± 0 . 0 4 

2.16 
± 0 . 0 4 

2 .33 
± 0 . 0 5 

2 .23 
± 0 . 0 4 

2 .24 
± 0 . 0 4 

2 .53 
+ 0 .05 

2.62 
± 0 . 0 5 

2.56 
± 0 . 0 5 

2 .48 
± 0 . 0 5 

2.62 
± 0 . 0 5 

2.00 
± 0 . 0 4 

2 .08 
± 0 . 0 4 

2 .56 
± 0 . 0 5 

2.39 
± 0 . 0 5 

2.15 
± 0 . 0 4 

B o t t o m 

2.12 
± 0 . 0 4 

2 .12 
± 0 . 0 4 

2.10 
± 0 . 0 4 

2 .13 
± 0 . 0 4 

2 .03 
± 0 . 0 4 

2 .12 
± 0 . 0 4 

1.85 
± 0 . 0 4 

1.85 
± 0 . 0 4 

1.88 
± 0 . 0 4 

1.76 
+ 0 .04 

1.92 
± 0 . 0 4 

1.88 
± 0 . 0 4 

1.90 
± 0 . 0 4 

1.92 
± 0 . 0 4 

1.67 
± 0 . 0 3 

1.63 
± 0 . 0 3 

1.63 
± 0 . 0 3 



TABLE IV. Summary of The Metal Distribution in The Fabrication of EBR Fuel Slugs by The Centiifugal Casting Method 

Casting 

Number 

CF -1' 

-2* 

-3* 

-4 

-5 

-6« 

-7* 

-8' 

-9' 

-lO* 

-11* 

-12' 

-13* 

-14' 

-15 

-16* 

-17* 

-18* 

-19 

-20* 

-21> 

-22* 

-23* 

-24 

-25 

-26 

-27 

-28 

-29 

-30 

-31 

-32 

-33 

-34 

-35 

Weight 

of 

Furnace 

Charge 

(grams) 

3068.515 

3086.292 

3175.226 

3169.174 

3225.531 

3163.325 

3105.357 

3434.012 

3195.971 

3162.470 

3191.571 

3158.421 

2952.182 

3146.664 

3158.909 

3096.348 

3143.553 

3085.533 

3087.919 

2997.557 

3103.646 

3065.687 

3139.245 

3057.804 

3123.016 

3015.530 

3199.713 

3066.196 

3129.388 

3181.764 

3183.801 

3179.180 

3092.632 

3174.052 

3168.107 

Sprues 

none 

none 

none 

none 

none 

5.83 

3.44 

none 

none 

none 

none 

none 

6.58 

10.57 

14.'3 

10.29 

9.54 

15.79 

14.50 

11.04 

13.34 

17.44 

16.27 

none 

14.01 

16.94 

14.24 

6. 35 

6.02 

none 

16.51 

66.70 

34.08 

41.61 

45.43 

Remelt 

to Ch 

(w/ 

Remelt 

Scraps 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

10.41 

11.52 

7.70 

10.57 

12.73 

5.85 

6.37 

7.24 

7.95 

9.48 

12.83 

none 

8.14 

9.30 

16.11 

20.96 

22.62 

none 

none 

none 

13.12 

26.40 

16.48 

Stock 

arge 

i) 

Reject Slugs 

and/or 

Frozen Melts 

none 

none 

none 

none 

none 

94.17 

96.56 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

100.00 

none 

none 

none 

none 

none 

100.00 

62.80 

8.66 

24.68 

2.67 

27.73 

Finished 

Weight 

(grams ) 

1892.017 

2181.533 

2295.959 

none 

none 

2150.921 

2190.669 

2204.988 

2261.513 

2300.759 

2258.780 

2298.057 

2091.914 

2214.314 

2296.517 

2151.555 

2060.335 

2185.873 

none 

1864 899 

2078.174 

2125.895 

1854.933 

2338.815 

1489.907 

2343.047 

none 

2341.604 

2342.660 

2340.994 

2338.330 

2343.083 

2182.203 

2118.381 

2061.012 

Slugs 

w/o 

61.66 

70.68 

72. 31 

68.00 

70.54 

64.21 

70.76 

72.75 

70.77 

72.76 

70.86 

70. 37 

72.70 

69.48 

65.54 

70.84 

62.21 

66.96 

69.35 

59.09 

76.49 

47.71 

77.70 

76.37 

74.86 

73.57 

73.44 

73.70 

70.56 

66.74 

65.05 

Dlstn lution 

Sprues 

Weight 

(grams) 

570.175 

427.660 

559.414 

none 

none 

575.721 

471.713 

797.534 

655.785 

555.083 

609.733 

471.511 

459.411 

548.219 

414.109 

509.726 

660.851 

544.310 

none 

768.290 

675.387 

656.962 

898.608 

353.036 

1243.521 

358.941 

none 

329.890 

407.050 

474.943 

409.686 

512.831 

446.161 

509.184 

455.282 

w/o 

18.58 

13.86 

17.62 

18.20 

15.19 

23.22 

20.52 

17.55 

19.11 

14.93 

15.56 

17.42 

13.11 

16.46 

21.02 

17.64 

25.63 

21.76 

21.43 

28.62 

11.54 

39.82 

11.90 

10.76 

13.01 

14.93 

12.87 

16.13 

14.43 

16.04 

14.37 

of Furnace 

Remelt 

Weight 

(grams) 

307.225 

362.504 

243.122 

2978.861 

2998.391 

327.165 

301.451 

279.199 

196.787 

216.895 

246.758 

290.781 

255.344 

147.321 

254.081 

280.417 

289.821 

228.178 

3057.804 

235.737 

214.120 

192.656 

226.845 

235.489 

245.456 

174.953 

3181.764 

206.984 

229.793 

183.869 

250.989 

173.347 

224.508 

297.603 

300.886 

Charge 

Scrap 

«/o 

10.01 

11.74 

7.66 

93.99 

92,96 

10. 34 

9.71 

8. 13 

6. 16 

6.86 

7.73 

9.21 

8.65 

4.68 

8.04 

9.06 

9.22 

7.40 

99.02 

7.87 

6.90 

6.28 

7.23 

7.70 

7.86 

5.80 

99.44 

6.75 

7.34 

5.78 

7.88 

5.45 

7.26 

9.38 

9.50 

after Casting anc 

Melting R 

Weight 

(grams) 

210.101 

52.873 

40.432 

53.439 

99.879 

62.552 

90.748 

76.922 

36.862 

52.965 

49.933 

67.007 

95.240 

116.366 

61.732 

67.134 

85.072 

78.957 

30.115 

43.915 

74.257 

58.446 

89.392 

65.185 

96.492 

78.771 

17.370 

98.366 

83.235 

130.900 

118.668 

95.746 

183.608 

183.883 

201.495 

esidue 

../o 

6.85 

1.71 

1.27 

1.69 

3.10 

1.98 

2.92 

2.24 

1.15 

1.68 

1.56 

2. 12 

3.23 

3.70 

1.95 

2.16 

2.71 

2.56 

0.98 

1.47 

2.39 

1.91 

2.85 

2. 13 

3.09 

2.61 

0.55 

3.21 

2.66 

4.11 

3.73 

3.01 

5.94 

5.79 

6. 36 

Machining 

Turnings 

Weight 

(grams) 

80.919 

54.894 

28.248 

136.874 

127.261 

39.259 

41.403 

67.343 

36.840 

22.816 

17.858 

22.194 

41.542 

111.411 

123.970 

79.793 

39.383 

38.949 

none 

75.595 

53.435 

23.460 

60.367 

57.306 

33.278 

42.096 

none 

81.206 

56.364 

43.382 

58.492 

46.367 

46.575 

54.547 

137.691 

w/o 

2.64 

1.78 

0.89 

4.32 

3.94 

1.24 

1.33 

1.96 

1.15 

0.72 

0.56 

0.70 

1.41 

3.54 

3.92 

2.57 

1.25 

1.26 

2.52 

1.72 

0.77 

1.92 

1.87 

1.06 

1.40 

2.64 

l.PO 

1.37 

1.84 

1.46 

1.50 

1.72 

4. 35 

Samples 

Weight 

(grams) 

7.934 

7.140 

8.069 

none 

none 

7.871 

9.136 

8.267 

8.167 

13.961 

8.483 

8.849 

8.717 

9.199 

8.910 

8.459 

8.056 

9.334 

none 

9.064 

8.303 

8.245 

9.256 

9.343 

14.403 

17.731 

none 

8.144 

10.268 

7.620 

7.644 

7.790 

9.610 

10.447 

11.844 

w/o 

0.26 

0.23 

0.25 

0.24 

0.30 

0.24 

0.26 

0.44 

0.27 

0.28 

0.29 

0.29 

0.28 

0.27 

0.26 

0,30 

0.30 

0.27 

0.27 

0.29 

0.30 

0.46 

0.59 

0. 27 

0.33 

0.24 

0.24 

0.25 

0.31 

0.33 

0.37 

Finished 

Slugs -̂  

Remelt 

Stock 

(w/o) 

90.25 

96.28 

97.58 

93.99 

92.96 

96.54 

95.44 

95.56 

97.44 

97. 16 

97.61 

96.90 

95.07 

92.47 

93.85 

95.00 

95.78 

95 88 

99.02 

95.71 

95.62 

97.06 

94.94 

95.73 

95.39 

95.40 

99.44 

93.88 

95.21 

94.28 

94.19 

95.28 

92.25 

92. 16 

88.92 

Average 

Density 

(gm/cc) 

18.03 

18.05 

18.07 

18.07 

18.06 

18.06 

18.08 

18.08 

18.06 

18.05 

18.06 

18.07 

18.07 

18.07 

18.12 

18.10 

18.07 

18.07 

18. 10 

18. 10 

18, 10 

18.11 

18.11 

18.11 

18.13 

18.13 

18.10 

18. 12 

IB. 15 

18. 19 

18, 15 

Processing Loss 

(By Difference) 

(grams) 

-0.144 

•̂ 0.312 

«.018 

0.000 

0.000 

•K).164 

-0.237 

•K).241 

-0.017 

•K).009 

-0.026 

-0.022 

-0.014 

+0.166 

iO.410 

•K).736 

-0.035 

40.103 

0.000 

-0.057 

-H).030 

-0.023 

•H).156 

+1,370 

-H).041 

•K).009 

-0.579 

-0.002 

-0.018 

-0.056 

+O.008 

-0.016 

+0.033 

-0.007 

+0.103 

Denotes castings in which one or more slugs were shortened to reduce longitudinal bow to 6 mils or less. 

The following slugs were remelted after thermal cycling Group 1- CF-1-7, CF-6-13, CF-13-2, CF-17-10, CF-20-14 and CF-23-4. 

Group 2 CF-25-1, CF-25-4, CF-25-7, CF-25-13, CF-25-15, and CF-25-16. 

M 
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The accompanying stopper rod was l y j i n . in d iameter and 8 in. long. One 
end was ground to a 45-degree point and made to seat against the inner 
edge of the pouring hole. The ent i re c e r amic assembly is sho^wn in F i g ­
u r e 2 as it appeared during the melting operat ion. 

All c e r a m i c s were heated for at leas t 12 hours in an oven at 250°C, 
des iccator cooled, and weighed p r i o r to being put into s e rv i ce . C e r a m i c s 
frona the f i r s t mel t were reused successful ly in the second and th i rd m e l t s . 
This p rac t i ce was abandoned when s toppe r - rod fai lures in the fourth and 
fifth mel t s (CF-4 and CF-5) made pouring of the molten charge imposs ib le . 

Loading the Melting Charge 

The weighed charge was loaded into the crucible in a p r e s c r i b e d 
manner which proved to promote homogeneity in the resul tant alloy. The 
0.100-in. d iameter z irconium wire was always introduced as a coil fitted 
snugly over the lower end of the s topper rod and slightly removed from 
the bottom of the c ruc ib le . With the s topper rod seated, the p ieces of 
broken reduct ion button were packed around it. Remelt s c r a p was loaded 
las t , being fitted on top of and between the p ieces of the reduct ion button. 
Complete dissolution of the z i rconium was achieved by prevent ing it f rom 
floating to the surface of the molten m a s s . 

Melting and Cast ing 

The melt ing charge was heated slowly to 1000°C, then at a m o r e 
rapid ra te to the final pouring t e m p e r a t u r e of 1400 to 145 0°C. The slow 
initial heating ra te was n e c e s s a r y to avoid the generat ion of c r acks in 
the crucible and stopper rod. T e m p e r a t u r e readings were obtained by 
sighting into the melt with an optical p y r o m e t e r . The mel t was always 
held at t e m p e r a t u r e for 15 minutes to ensure complete dissolut ion of 
the z i rconium and homogenization of the molten alloy. Vacuums of the 
o rde r of 1 x 10~* to 4 x 10"^ m m Hg were r eco rded p r io r to pouring. 
The optimunn ro tor speed at the t ime of pouring was found to be in the 
range 350-400 rpnn and increas ing at a uniform ra te of approximate ly 
80 rpm up to 600 rpm. The ro tor speed was maintained at 600 rpm for 
three minutes after cas t ing. 

The cas t ings and c e r a m i c s were cooled for 4 hours before the 
cast ing machine was d i sassembled . The c e r a m i c s and the melt ing 
res idue removed from the crucible were weighed and re tu rned to the 
Special Mate r ia l s vault for shipment to Oak Ridge for r ecovery . L ike ­
wise , s epa ra t e weights were obtained for the group of 16 cas t fuel slugs 
and the r e m e l t s c r a p removed from the d i s t r ibu tor . An overa l l ma te r i a l 
balance was made as a check against unreasonable m a t e r i a l l o s se s during 
mel t ing. 



The a s - c a s t a p p e a r a n c e of s i x t e e n fuel s lugs upon rennoval f r o m 
the cen t r i fuga l c a s t i n g m a c h i n e is shown in F i g u r e 9. The c a s t i n g length 
w a s 4— inches when m e a s u r e d to the b o t t o m of the s p r u e and 5-^ inches 
when m e a s u r e d to the top of the s p r u e . E a c h fuel s lug w a s iden t i f i ed with 
a c a s t i n g n u m b e r and a s lug n u m b e r upon r e m o v a l f r o m the c a s t i n g m a ­
c h i n e . T h e s e ident i fying m a r k s w e r e e l e c t r i c a l l y e t c h e d on the s lug s u r ­
face n e a r the b o t t o m end. 

F i g u r e 9. A p p e a r a n c e of A s - c a s t E B R - I F u e l S lugs upon R e m o v a l f r o m 
the Cen t r i f uga l C a s t i n g Mach ine 

A 

F i n a l Mach in ing 

E a c h slug was n o t c h e d with a s h a r p tool j u s t be low the s p r u e , 
ch i l l ed in l iqu id n i t r o g e n , and p a r t e d at the no tch in the s a m e hooded p r e s s 
u s e d to b r e a k the r e d u c t i o n b u t t o n s . The rough fuel s l u g s w e r e t h e n faced 
at bo th ends to the d e s i r e d l e n g t h in a hooded l a t h e . The s p r u e s w e r e c o l ­
l e c t e d , we ighed and u s e d in the c h a r g e of s u b s e q u e n t m e l t s . 

The m a j o r i t y of the fuel s lugs in e a c h c a s t i n g b a t c h w e r e no t ched 
to f in i sh wi th in the spec i f i ed 4 .247 to 4 . 2 5 3 - i n . l e n g t h . T h o s e s l u g s tha t 



were finished at a sho r t e r length because of incomplete mold filling were 
pa i red with correspondingly longer s lugs , and in a few instances with two 
other short s lugs . 

Analytical Samples 

Chemical samples were taken from the " tops" and "bot toms" of 
slugs numbered 4, 8, 12 and 16 in each batch. These four slugs were 
a r b i t r a r i l y chosen for chemical samples because each is located in 
one of the four quadrants of the c i rcu la r mold assembly . Each of the 
samples consis ted of machined turnings and weighed between 3 and 
5 g r ams . A port ion of one of these samples a l so se rved for the i so -
topic ana lys is . The repor ted isotopic and z i rconium values are given 
in Table II and Table III, respect ive ly . 

The spec t rochemica l sample usual ly weighed between 85 and 
265 mi l l i g rams and cons is ted of smal l p ieces of the alloy se lec ted 
a r b i t r a r i l y f rom the accumulated turnings in the batch. 

Carbon and ni t rogen samples were submit ted l ess frequently in 
deference to the other analyses requested. However, alloy samples were 
submit ted for carbon and ni t rogen analyses f rom two of the 35 mel t s 
made , namely, melt C F - 7 and melt C F - 2 6 . 

Typical analytical r e su l t s for the fuel slugs produced by c e n t r i ­
fugal cast ing a r e given in Table V. 

TABLE V 

Typical Analytical Resul ts Repor ted for the 
Cast u " ^ - 2 w/o Zr Fue l Alloy 

Impuri ty 

Aluminum 
Boron 
Bery l l ium 
Calcium 
Iron 
Lithium 
Magnesium 

Melt 
No. 

C F - 7 
CF-26 

Am ount 
(ppm) 

LIO 
1 

L0.05 
20 
80 
LI 

7 

SM Batch 
No. 

62-730 
62-781 

Impuri ty 

Silicon 
Manganese 
Sodium 
Chromium 
Cobalt 
Nickel 
Copper 

Amount 
(ppm) 

50 
8 

L2 
2 

L5 
50 
30 

Repor ted Values 
(ppm) 

Carbon 

15-98 
36-42 

Nitrogen 

25-67 
67-92 



F U E L SLUG INSPECTION 

Visual Inspection 

Each batch of fuel slugs was inspected visually for such obvious 
defects as surface porosi ty , laps and cold-shuts which might be ser ious 
enough to be cause for reject ion. This inspection actually p receded the 
final machining operation. 

It was real ized at the outset that complete el iminat ion of surface 
markings on the fuel slugs would be impossible because of the very nature 
of the centrifugal cast ing p r o c e s s . Since a ce r ta in degree of surface im­
perfection would be accepted by the EBR-I Pro jec t Engineer , the re r e ­
mained need for agreement on a "s tandard" to be used for pass ing upon 
the acceptability of completed fuel s lugs . Such a "s tandard" was agreed 
upon in the form of the six centrifugally cast na tura l u ran ium slugs shown 
in Figure 10. These six fuel slugs were inspected by the EBR-I Pro jec t 
Engineer and the indicated classif icat ions were accepted by him. 

Figure 10. Centrifugally Cast Uranium Fuel Slugs Used 
as Visual Acceptance Standards 

GOOD ACCEPTABLE REJECTED 

15938 



The observed surface markings a re in rea l i ty very shallow r e c e s s e s 
result ing from the immediate solidification of a thin layer of the molten alloy 
as it en te rs the copper molds . These mark ings appear most prominent ly 
along the lagging edge of each mold, which is p r ec i s e ly the edge along which 
the molten alloy flows into the mold in the absence of t rue center l ine filling. 
The geometr ic cha rac t e r and extent of these surface markings va ry between 
fuel slugs from the same casting batch, and are probably re la ted to the t u r ­
bulence in the molten alloy s t r e a m enter ing the individual molds . 

To make the visual inspection a pe rmanen t and m o r e descr ip t ive 
r eco rd of surface appearance than can be set down in words , each batch of 
completed fuel slugs was photographed in a manner s imi l a r to that used in 
photographing the " s tandards . " Four batches of finished fuel slugs a re 
shown in F igures 11 through 14. All of the fuel slugs were photographed 
with the most prominent ly marked surface showing. These surface m a r k ­
ings tend to be accentuated because of the usual difficulties in obtaining 
p roper lighting for an accura te photographic reproduct ion of a l ight-
reflecting surface . 

Only two fuel slugs were re jec ted on the bas i s of the visual inspec ­
tion. Both s lugs , C F - 1 - 2 and C F - 2 0 - 1 1 , were subsequently used as r eme l t 
s c r ap . 

Radiographic Inspection 

Gamma radiography was used in a 100 pe rcen t inspection of the 
fuel slugs for subsurface defects. With a 0 .42-cur ie Co source and No-
Screen type X- r ay film the exposure t ime was 2 hours at a focal dis tance 
of 3 7 inches. 

P rac t i ca l ly all of the fuel slugs were found to be completely free of 
internal defects of any kind. The one exception, fuel slug C F - 1 8 - 6 , had a 
smal l internal defect at one end, and was subsequently shor tened in length 
and matched with other shor t fuel s lugs . 

P r in t s of the gamma radiographs a r e included in an unissued Ap­
pendix C to this repor t . 

Dimensional and Weight Measurements 

Diameter and length m e a s u r e m e n t s were made with m i c r o m e t e r s 
capable of being read to one-tenth of one mi l . Eight d iameter m e a s u r e ­
ments were made on each full-length fuel slug at four equally spaced points . 
Six diameter readings were taken on the s h o r t e r fuel s lugs . Two d iamete r 
readings were made at each measur ing point by rotat ing the slug 90 d e g r e e s . 
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Figure 11. Centrifugally Cast Uranium-2 w/o Zirconi\im Fuel Slugs. 
Melt CF-1 

I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 

Figure 12. Centrifugally Cast Uranium-2 w / o Zirconium Fuel Slugs. 
Melt C F - 2 . 

I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 



Figure 13. Centrifugally Cast Uranitim-Z w / o Zirconium Fuel Slugs, 
Melt C F - 3 3 . 
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Figure 14. Centifigually Cast Uraniunn-2 w/o Zirconiunn Fuel Slugs. 
Melt CF-34 . 
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The d iamete r s , lengths, and weights of the individual fuel slugs are 
recorded in Appendix A. 

Inspection for Bow 

The longitudinal bow inherent in the finished fuel slugs was checked 
with the apparatus shown in Figure 15. A 0.384-in. d iameter by 4-^-in. long 
cen te r less ground aluminum slug was used to "ze ro" the dial indicator . 

F igure 15. Equipment Setup for Measur ing Longi­
tudinal Bow in Finished Fuel Slug 

Macro 15939 
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To check the longitudinal bow, the fuel slugs were ro ta ted in the 
apparatus and the maximum posit ive and negative displacements of the 
dial indicator noted. An average value was obtained by dividing the sum 
of the posit ive and negative d isplacements by two. The value for the 
acceptable average bow was a rb i t r a r i l y set at 6 m i l s . 

Longitudinal bow values which are typical of those obtained for the 
centrifugally cast EBR-I fuel slugs a r e given in Table VI. 

TABLE VI 

Longitudinal Bow Observed in Centrifugally Cast 
EBR-I Fuel Slugs. Values Obtained irom. Fuel 

Slugs (4 J - i n . Length) of Melt C F - 1 7 

Fuel 
Slug 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

L 

Maximum 
Displacement 

(mils) 
1 _.._. 

Plus 

8 
5 
7 
8 

10 
7 
7 

10 
4 

Minus 

0 
3.5 
3.5 
2 
7 
3 
4 

4 
0 

Fuel Slug 
3 

11 
5 
6 
6 
5 

1 
9 
2 
4 
3.5 
3 

Average 
Bow 

s/z 
(mils) 

4 
4 .3 
5.3 
5 
8.5 
5 
5.5 

7 
2 

Therma l C 
2 

10 
3.5 
5 
4 .8 
4 

Remarks 

1 

Accepted 
Accepted 
Accepted 
Accepted 
Rejected 
Accepted 
Accepted 
Rejected 
Accepted 

ycled 
Accepted 
Rejected 
Accepted 
Accepted 
Accepted 
Accepted 

Density Deterrainat ion 

Density de terminat ions were made in the conventional manne r of 
liquid d isp lacement . Carbon te t rach lor ide was used as the dens i ty -measu r ing 
medium because of i ts ability to dissolve light oil film such as might resu l t 
f rom handling the fuel slugs with b a r e hands . Reproducibil i ty of density 
values was achieved by submerging the fuel slugs for a min imum of 3 min ­
utes before record ing the submerged weight. 



Detailed data relat ing to the density of individual fuel slugs a re 
contained in Appendix A, an unissued volume under separa te cover . The 
average density value obtained for each batch of fuel slugs is given in 
Table IV. 

THERMAL CYCLING 

The dimensional s tabi l i ty of these centrifugally cas t U -2 w/o Zr 
fuel slugs was tes ted by t h e r m a l cycling two groups of s ix slugs each b e ­
tween 50 and 550°C. The the rma l cycling equipment and the cycling 
procedure have been descr ibed in detail e l s ewhe re . ! ' ) Included in the f i r s t 
group were fuel slugs se lec ted at random from six different mel t s and six 
different mold posit ions within these m e l t s . The second group, on the 
other handj consisted of six fuel slugs from the same mel t , but not from 
consecutive mold pos i t ions . 

The two groups of t he rma l - cyc l ed fuel slugs are shown in F i g ­
u re s 16 and 17. All of the fuel slugs in the f i r s t group exhibited a negligible 
l inear growth ra te which ranged between zero and 13 micro inches per inch 
pe r cycle after 475 cyc les . F ive of the fuel slugs in the second group a l so 
exhibited a negligible l inear growth ra te which ranged between ze ro and 
9 micro inches per inch per cycle after 5 70 cyc les . One fuel slug in the 
second group, C F - 2 5 - 1 , exhibited a negligible shr inkage of 8 micro inches 
per inch per cycle. None of the fuel slugs in e i ther group exhibited the 
ser ious surface roughening assoc ia ted with wrought and ' b e t a " h e a t - t r e a t e d 
unalloyed uranium after a s i m i l a r t h e r m a l cycling t r ea tmen t . 

LOADING OF F U E L RODS 

The accepted fuel slugs were thoroughly deg reased in batches p r e ­
pa ra to ry to loading into fuel rods , and thereaf te r were handled only with 
tongs or gloved hands. Two carbon t e t r ach lo r ide baths and one absolute 
alcohol bath were used in the degreas ing operat ion. The fuel slugs were 
allowed to soak for 5 minutes in the f i r s t carbon t e t r ach lo r ide bath, and 
r insed in the second carbon t e t r ach lo r ide bath and the absolute alcohol 
bath in that o rder . After 10 minutes of a i r drying, the fuel slugs were 
placed on a s ta in less s teel grid in an evacuated des icca to r for 30 minutes 
for removal of minute t r a c e s of alcohol. The solvent in each bath was 
rep laced frequently, usual ly after a throughput of approximate ly 64 fuel 
slugs (4 casting ba tches) . 

A detailed r e c o r d of the loading of fuel slugs into fuel rods for 
shipment to EBR-I is contained in Appendix B, an unissued volume under 
separa te cover . Loading data for th ree fuel rods a r e given in Table VII 
to i l lus t ra te the th ree methods used to match fuel s lugs . Thus, the fuel 



Figure l6 . Centrifugally Cast Uraii ium-2 w/o Zirconium 
Fuel Slugs after 475 Thermal Cycles in NaK 
through the Tempera tu re Range 50-550°C 
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Figure 17. Centrifugally Cast Uranium-2 w/o Zirconium 
Fuel Slugs after 5 70 The rma l Cycles in NaK 
through the Tempera tu re Range 50-550°C 

tw9 

SLUGS 
CF-29 

Macro 14717 



TABLE VII 

Fuel Rod Loading Data I l lustrat ing Three Methods 
Used m Matching Fuel Slugs 

Rod Numb 

Posi t ion 

1 
2 
3 
4 

er CF-62-754-69 

Slug 
No 

401 
CF-12-15 
CF-12-16 

367 
399 

S M 
Batch 

No 

62-749 20 
62-749-2P 

Totals 

Normal 
Net V/t 
(grams) 

138 784 

122 869 
122 854 

384 507 

Uranium 
SF Wt 
(g rams) 

136 008 

120 412 
120 397 

376 817 

Enriched Uranium 
Net Wt 
(grams) 

145 478 
145 632 

291 110 

SF 
(w/o) 

97 85 
97 85 

SF Wt 
(grams) 

142 351 
142 501 

284 852 

U235 

(w/o) 

93 50 
93 50 

U235 

(grams) 

132 717 
132 857 

265 574 

Zirconium 

(w/o) 

2 15 
2 15 

(grams) 

3 127 
3 131 

6 258 

Date 
Slug 

Length 
(inches) 

4 2489 
4 2501 

8 4990 

Loaded 11 4-53 
Dimensions | 

Dia (inches) | 
M a x 

0 3827 
0 3815 

M i n 

0 3848 
0 3851 

Rod Number CF-62-754-73 Date Loaded U - 4 - 5 3 
1 
2 
3 
4 

355 
C F - 1 3 - 8 
CF-13-11 

393 
400 

Totals 

62-750 2H 
62-750 2K 

138 540 

122 681 
122 847 

384 068 

135 769 

120 227 
120 390 

376 386 

137 443 
154 106 

291 549 

97 85 
97 85 

134 488 
150 793 

285 281 

93 50 
93 50 

125 296 
140 486 

265 782 

2 15 
2 15 

4 0009 
4 5002 

8 5011 

0 3835 
0 3830 

0 3869 
0 3855 

Rod Number CF-62-754-74 

Note Data taken from Appendix B to this r epor t i ssued under sepa ra t e cover 

Date Loaded 12-18-53 
1 
2 
3 

4 
5 

342 

C F - 1 3 - 7 
CF-13-12 
CF-14-12 

386 
394 

Totals 

62-750-2G 
62-750-2L 
62-751 2L 

138 654 

122 743 
122 673 

384 070 

135 881 

120 288 
120 220 

376 389 

137 031 
76 593 
77 074 

290 698 

97 85 
97 85 
97 85 

134 085 
74 946 
75 417 

284 448 

93 50 
93 50 
93 50 

124 920 
69 824 
70 303 

265 047 

2 15 
2 15 
2 15 

4 0006 
2 2495 
2 2492 

8 4993 

0 3822 
0 3828 
0 3824 

0 3854 
0 3860 
0 3854 

00 
00 



sect ion in fuel rods CF-62-754-69 and CF-62-754-73 consis ted of matched 
pa i r s of fuel slugs of equal and unequal lengths , respect ive ly . However, 
the fuel section in fuel rod CF-62-754-74 consis ted of a t r i ad of matched 
fuel slugs of unequal lengths . Although the individual fuel slugs used in 
these th ree fuel rods var ied in length, the specifications re la t ing to the 
"length of the fuel section" and the "weight of U^ pe r fuel rod" were 
p rope r ly satisfied. 

Of the 227 loaded fuel rods shipped to the EBR-I , 162 rods contained 
a pa i r of fuel slugs of equal length; 46 rods contained a pa i r of fuel slugs 
of unequal length; and 19 rods contained a t r i ad of fuel s lugs of unequal 
length. Companion fuel slugs did not always come from the same melt , nor 
w^as this a requ i rement . 

FABRICATION YIELD 

The completed fuel fabricat ing operat ion is summar i zed in Table IV 
in t e r m s of i ts individual m e l t s . Mater ia l lo s ses during p roces s ing a r e 
given in the las t column. These l o s se s were kept very low by making a 
weight balance around each step in the fabricat ing operat ion in which a 
division of the m a t e r i a l occur red . 

The fuel slug yield on an individual mel t bas i s is given in Table VIII 
On the average , slightly l e s s than 70 pe rcen t of the charge weight resu l ted 
in completed fuel slugs acceptable for loading, while slightly m o r e than 
25 pe rcen t of the charge weight was rec i rcu la t ing r eme l t stock. The balance 
of the m a t e r i a l charged took the form of analyt ical s amples and recoverab le 
r e s idues not suitable for mel t ing. 

TABLE VIII 

Fuel Slug Yield P e r Melt 

Mater ia l F r a c t i o n 

Accepted Fuel Slugs 
Remeltable Stock 

Sprues 
Remelt Scrap 

Recoverable Melting Residue 
Turnings 
Analytical Samples 

i T otal 
i 

P e r c e n t of Charge Wt. 
(Average Value) 

69.29 
25.71 

(17.85) 
( 7.86) 

2.78 
1.92 
0.30 

100.00 w / o 
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The overall fuel slug yield based upon the total amount of ma te r i a l 
p roces sed (73,273.409 grams of U '̂̂ ^ and zirconium) was 91.71 pe rcen t . On 
completion of the Mark-II fuel loading, the only remel t stock on hand con­
sis ted of remel t scrap and cast ing sprues produced in the final mel t . Data 
pertaining to the overall fuel slug yield for the p r o c e s s a re given in 
Table IX. 

TABLE IX 

Overall Fuel Slug Yield for Centrifugal 
Casting Method of Fabr ica t ion 

Mater ia l F rac t ion 

Accepted Fuel Slugs 
Remeltable Stock 

Sprues from CF-35 
Remelt Scrap f rom CF-35 

Recoverable Melting Residue 
Turnings 
Analytical Sannples 

Total 

w/o of Mater ia l 
P r o c e s s e d 

(73,272.909 g) 

91.71 

0.61 
0.41 
4.17 
2.71 
0.39 

100.00 w/o 

SUMMARY 

The centrifugal casting method of fuel fabricat ion proved to be very 
well suited for the Mark-II loading for EBR-I . Some of its m o r e important 
advantages over the hot-rol l ing technique used in the fabricat ion of the 
initial loading a re : 

(a) It simplifies the overal l fuel slug manufacturing p r o c e s s by 
having fewer opera t ions . 

(b) By cast ing the fuel slugs to s ize , d i ame te rwi se , it p roduces 
fewer res idues and ones that a re eas i ly r ec la imed . 

(c) Being essent ia l ly a casting technique, i t is capable of handling 
alloys that do not lend themselves readi ly to fabr icat ion by 
plast ic deformation techniques . 

(d) In the case of the u ran ium-2 w/o z i rconium fuel alloy, it is 
capable of producing fuel slugs that exhibit very good res i s ­
tance to i r rad ia t ion damage by p resen t s t anda rds . 



(e) It p e r m i t s an automatic repToducibil i ty of m i c r o s t r u c t u r e which 
is not always possible ia wrought and heat t r ea ted m a t e r i a l of 
s imi l a r composit ion. 

(f) It is capable of substantial ly high yield production. 

Although exper imenta l a t tempts at cast ing thinner fuel pins (0.165 in. 
in d iameter by 9 2 ii^- long) by the centrifugal cast ing technique have been 
somewhat successful , this technique is not especia l ly recommended for 
casting specimens with d iamete rs sma l l e r than that of the EBR-I fuel slug. 
As might be expected, the centrifugal cast ing p a r a m e t e r s a re appreciably 
more difficult to es tab l i sh for the sma l l e r d iamete r p ins . 
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