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C E N T R I F U G A L CASTING O F A L U M I N U M -
URANIUM A L L O Y S 

N o r m a n E . D a n i e l , E l l i s L . F o s t e r , J r . , 
and R o n a l d F . D i c k e r s on 

Centrifngal'Casting techniques were investigated as a method of producing 
hollow cylindrical extrusion billets of aluminum-35 w/o uranium. Among the variables 
evaluated were melt temperature^ mold and pouring-spout configurations, mold speed, 
and method of pouring, fith the equipment employed it was found that the best cast­
ings were produced utilizing a pouring temperature of 2400 F, a heavy-walled steel 
cylinder rotating between 700 to 900 rpm for the mold and a bottom-fouring technique 
employing a retractable pouring spout. 

Sound, nonporous billets 26 in. long and 5 in. in diameter were produced 
with a yield after machining of over 75 per cent of the original charge. The major 
losses occurred in the pouring spout-and-cup assembly. This loss is relatively 
unaffected by the easting length; and, therefore, castings of greater length than 26 
in. should result in even greater recoveries. 

I N T R O D U C T I O N 

T h e m o s t c o m m o n l y u s e d a l l o y fue l for l o w - t e m p e r a t u r e w a t e r - c o o l e d w a t e r -
m o d e r a t e d r e a c t o r s a r e t h o s e of t h e a l u m i n u m - u r a n i u m a l loy s y s t e m . One m e t h o d of 
f u e l - e l e m e n t f a b r i c a t i o n c u r r e n t l y e m p l o y e d i n v o l v e s c o e x t r u s i o n of a l t i m i n u x n - u r a n i u m 
a l l o y s a n d p u r e a l u m i n u m to f o r m t u b u l a r e l e m e n t s c l a d i n s i d e and out w i th alxaxni-
n i u n . ^ ^ ^ * F o r t h i s p r o c e s s a t u b u l a r c a s t i n g is d e s i r a b l e . H o w e v e r , w h e n a l l o y s c o n ­
t a i n i n g m o r e t h a n 20 w / o u r a n i u m a r e l i p p o u r e d in s t a t i c m o l d s , p o r o s i t y and s e g r e g a ­
t i o n a r e enco \m. t e red . T h e p o r o s i t y i s a t t r i b u t e d to s h r i n k a g e and to g a s e v o l v e d d u r i n g 
f r e e z i n g ; Ae s e g r e g a t i o n i s due p r i m a r i l y to d i f f e r e n c e s in t h e d e n s i t i e s of t h e v a r i o u s 
p h a s e s p r e s e n t and to t he w i d e l y s e p a r a t e d l i q u i d u s - s o l i d u s t e m p e r a t u r e s . '•'•^•^"51 

T h e i m p o r t a n c e of s e g r e g a t i o n a n d p o r o s i t y in t h e a s - c a s t m a t e r i a l c a n b e e v a l u a t e d 
by e x a m i n i n g t h e i r e f fec t s on t h e f a b r i c a t i o n p r o c e d u r e s fo r t h e fue l e l e m e n t . Af t e r 
c a s t i n g , i t i s n e c e s s a r y t o m a c h i n e t h e b i l l e t t o t he d e s i r e d s i z e w i t h a r e l a t i v e l y s m o o t h 
n o n p o r o u s s u r f a c e to i n s u r e c l a d d i n g - t o - c o r e b o n d i n g a n d u n i f o r m c l a d d i n g t h i c k n e s s . 
T o o b t a i n t h i s , s u r f a c e i r r e g u l a r i t i e s c a u s e d by c o l d s h u t s and t u r b u l e n c e m u s t be r e ­
m o v e d ; sh r in lcage a r e a s m u s t be c r o p p e d ; and p o r o s i t y m u s t b e c l o s e d b y p r e - e x t r u s i o n 
u p s e t t i n g . E a c h of t h e s e i m p e r f e c t i o n s c a u s e s a n i n c r e a s e d a m o u n t of h a n d l i n g wi th a 
c o r r e s p o n d i n g i n c r e a s e i n t he q u a n t i t y of m a t e r i a l r e m o v e d f r o m t h e c a s t i n g s p r i o r to 
f a b r i c a t i o n . S i n c e t h e c a s t i n g s a r e to b e u s e d t o f o r m t u b u l a r e le3xien ts , i t i s n e c e s s a r y 
to o b t a i n c a s t i n g s i n w h i c h t h e e n d - t o - e n d s e g r e g a t i o n i s a m i n i m u m . H o w e v e r , t h e 
i n s i d e - t o - o u t s i d e s e g r e g a t i o n i n a n i n g o t w i l l h a v e l i t t l e o r no e f fec t u p o n the u r a n i u m 
c o n c e n t r a t i o n a l o n g t h e l e n g t h of t he fuel e l e m e n t , a n d , t h e r e f o r e , i n s i d e - t o - o u t s i d e 

(1) References at end. 
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uranium analyses may vary over a wide range and s t i l l be acceptable . T h u s , the analy­
ses obtained in evaluat ing an ingot a r e normal ly the average u ran ium concentrat ions 
a c r o s s the tubular wal l . 

Efforts to obtain m o r e homogeneous alloys in the form of hollow cyl indr ical cas t ­
ings have been concentra ted upon inc reas ing the freezing ra te or impar t ing a d i r e c ­
t ional solidification to the m e t a l . In p r a c t i c e , the chill cast ing of alloys is complicated 
by the fact that gases re jec ted on solidification do not have sufficient t ime to escape and 
r e m a i n in p l a c e , causing poros i ty . Di rec t iona l sol idif icat ion, while helpful in improving 
the quality of the a luminum-uran ium alloys containing concentra t ions up to and slightly 
in excess of the eutect ic composi t ion , does not produce much improvement in cast ing of 
h igher u ran ium concent ra t ions . 

Since hor izonta l centrifugal cast ing has been es tabl i shed as a method of obtaining 
dense cast ings and has found acceptance in such d ive r se cas t ing applications as the p r o ­
duction of c a s t - i r o n pipe and h igh- in tegr i ty s tee l gun b a r r e l s ^ ° ) , and since the cast ings 
des i r ed a r e essen t ia l ly pipes of tmusually high in tegr i ty , this technique appeared p a r t i c ­
u la r ly a t t r ac t ive as a method of cas t ing a luminum-uran ium ext rus ion b i l l e t s . In addition 
to improving the ingot soundness , hor izonta l centrifugal cast ing should eli ininate end- to-
end gravi ty segrega t ion . P e r m a n e n t molds could be used and the cast ing surfaces ob­
tained should r equ i r e a min imum of machining p r i o r to ext rus ion . No gating or r i s e r 
s c r a p should be genera ted . Of equal impor tance to the above advantages is the fact that 
the cent r i fugal -cas t ing p r o c e s s is adaptable to the product ion of long tubes ; t h u s , it was 
cons idered poss ib le that the p r o c e s s would be amenable to the product ion of mul t ip le -
length ex t rus ion b i l l e t s . The product ion of mul t ip le- length bi l le ts and the reduct ions in 
s c r a p genera t ion and in fabricat ing costs could offer a dis t inct economic advantage. 

Because of the above-ment ioned potent ial advantages of centrifugal cas t ing , a study 
concerned with de termining the feasibi l i ty of a cent r i fugal -cas t ing p r o c e s s for the p r o ­
duction of a luminum-25 and -35 w/o u ran ium-a l loy ex t rus ion bi l le ts was xmdertaken. 

F r o m previous s tudies at Ba t t e l l e , i t was poss ible to conclude that sa t i s fac tory 
a luminum-urani i im bi l le ts containing up to 45 w/o urani tun could be produced uti l izing 
vacuum-mel t ing techniques , ^^' The poros i ty noted in the v a c u u m - c a s t ext rus ion bi l le ts 
was a t t r ibuted to shr inkage and, t h e r e f o r e , should be al leviated through p rope r pouring 
and feeding techniques . M o r e o v e r , it was bel ieved that the pro tec t ion afforded the me l t 
by a vacuum could be dispensed wi th , and that an a i r -mold ing technique cotild be suc ­
cessfully employed if the cas t ing technique sufficiently encouraged and pe rmi t t ed the 
escape of the gases l i be ra t ed during solidification. A review of the techniques employed 
for the production of cyl indr ica l shapes indicated that centrifugal cast ing of a luminum-
uranixim alloys was feas ib le . Centrifugal force could be subst i tuted for the head em­
ployed in s ta t ic cas t ing and tiae cen t ra l opening offered a suitable avenue of escape for 
g a s e s . 

The u l t imate objective of the p r o g r a m was the product ion of mul t ip le- length ex t ru ­
sion b i l l e t s . However , because of the numerous va r i ab le s encountered in centrifugal 
cas t ing it was des i r ab le to conduct the invest igat ion in two phase s . The f i r s t phase was 
concerned with the applicat ion of the technique to the production of s ingle- length bi l le ts 
(6 i n . ) , and the second phase was concerned with the production of mul t ip le- length 
bi l le ts (18 and 26 i n . ) . 
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PREPARATION OF SINGLE-LENGTH CASTINGS 

Exper imen ta l P r o c e d u r e s and Equipment 

It was the purpose of the f i r s t s e r i e s of cas t ing exper iments to obtain a m o r e com­
plete unders tanding of the p rob lems that would be encountered in centrifugal cast ing 
these par t i cu la r al loys and to es tab l i sh the potent ials of this cast ing technique. During 
these inves t iga t ions , s ingle- length ex t rus ion bi l le ts of the aluminxHn-25 w/o uraniujn 
alloy were p r e p a r e d . The alloys were mel ted in e i ther graphite or z i rconia c ruc ib les 
uti l izing a i r - m e l t i n g techniques with the mol ten alloy being degassed by bubbling hel ium 
through it . The mold was made of tubular s tee l 4 - 3 / 4 in. in ID with a wall th ickness of 
1/4 in. The back or closed end of the mold was sea led with a 1/2-in. s tee l plate which 
was at tached to a ve r t i c a l turntable which was ro ta ted at 550 rpm. The forward or 
charging end of the mold was closed with a 1-in. - th ick graphi te plate having a 2-in. -
d i ame te r hole for t eeming . Through this hole a graphi te pouring spout was in se r t ed into 
the mold . The posit ion of the pouring spout in re la t ion to the forward end of the mold 
was changed witii each succeeding me l t . A d i ag ram of the mold mounted onto the t u rn ­
table is shown in F i g u r e 1. 

The evaluation of the cas t ing cons is ted of v isual examinat ion of the whole and s e c ­
t ions of the a s - c a s t b i l l e t s . The bi l le ts esdiibited ex t remely good ex te r io r sur faces and 
rough in t e r io r su r f aces . The only evidence of excess ive poros i ty was noted in a n a r r o w 
band around the inside surface of the cas t ings . This band, shown in F i g u r e 2 , was ap-
proxuna te ly 1 in, wide and was located about midway from the ends of the cas t ing . As 
noted during cas t ing , this a r e a r e p r e s e n t e d the l a s t por t ion of the m e l t to solidify. Stud­
ies of the a r e a indicated tiiat the porosi ty was caused p r i m a r i l y by shr inkage . No ap ­
prec iab le advantage with r e s p e c t to inductive s t i r r i n g or c leanl iness of the mielt was 
gained by using z i rconia c ruc ib les in p re fe rence to the cheaper graphi te c ruc ib l e s . The 
r e su l t s obtained from these t e s t s c lea r ly showed that before acceptable cast ings could 
be made it woiild be n e c e s s a r y to el i ininate or d isplace the shr inkage a r e a noted in the 
cas t ings . T h e r e f o r e , a study of the effects of mold configurations and pouring tech­
niques was ini t iated. However , before tiiese data could be obtained, it was deemed 
advisable to invest igate fur ther some of the va r i ab le s which a r e encountered in centrif-
ugally cast ing an alloy. The m o s t impor tan t of these a r e pouring t e m p e r a t u r e , mold 
speed , and pouring r a t e . In i t ia l ly , a s e r i e s of m e l t s containing 35 w/o urani tun was 
made uti l izing a s tee l mold lined with 1/4-in, thick graphi te . The mielts were poured at 
2200, 2300, and 2400 F into the 5-in. -diam.eter mold rota t ing at 550 r p m . The 3xiold was 
p rehea ted to 500 F at the forward end where the m e t a l en te red . 

Although no a r e a s of g ros s poros i ty were noted , the en t i re in te r io r surface of the 
cast ings was poor. The me l t s poured at 2300 and 2200 F contained folds and cold s h u t s , 
indicating that e i ther the mold speed was too s low, causing the m e t a l to s lump , or the 
me ta l did not have sufficient fluidity when it en te red the mold. The cas t ings poured at 
2400 F showed l e s s evidence of cold s h u t s , but t he re was evidence of " ra in ing" (fall of 
m.olten alloy a c r o s s the mold cavity) which was a t t r ibuted to the slow mold speed. 

F r o m this s e r i e s of c a s t i n g s , it was apparen t that the graphi te - l ined mold did not 
cool the me ta l sufficiently fas t , and that the l a r g e volume of l iquid me ta l p r e sen t at any 
ins tant in the mold caused the poor in te r io r sur faces that were noted. 

CONFIDENTIAL 

SteeleB
Pencil

SteeleB
Pencil



SB e 
e 9 9 
9 9 

9 9 
9 fl 

« e 9 « 

O 
O 

z 
0 

Drive 
Shaft 

-Stationary cylindrical steel shield 

] ; » . "Steel backing plate welded to moid 
and mounted on turntable 

•5 in. ID steel mold 

£ y^^^ l^jgl^ graphite with 

2-in. diameter center hole 

C V^ 

10 ia-

00 

O 

a 
6 

FIGURE 1, VERTICAL SECTION OF l O - M . LONG CYLINDRICAL STEEL MOLD MOUNTED ON STEEL PLATE 
AND TURNTABLE 

SteeleB
Pencil

SteeleB
Pencil



CONFIDENTIAL 

RM9360 

FIGURE 2. MACHINED INTERIOR SURFACE OF AN ALUMINUM-
35 w/o URANIUM 10-IN. EXTRUSION BILLET 
EXHIBITING CENTER SHRINKAGE BAND 

In the next s e r i e s of e x p e r i m e n t s , m e l t s of both the 25 and 35 w/o u ran ium aUoys 
were poured into a s teel mold with a t ape red wall . This mold , 10 in. in length with an 
ID of approximate ly 5 in. , was mounted so that the r e a r of the mold , consis t ing of a 
heavy 1/2-in. - th ick sec t ion , was in contact with the tu rn tab le . The front or charge end 
had a wall th ickness of 1/8 in. and extended without support from the turntable This 
mold was designed to impa r t d i rec t ional cooling and displace the porous zone to the ex­
t r e m e front end of the cas t ing. The re it could be removed by cropping. Since the effect 
of mold speed had not been definitely e s t ab l i shed , cas t ings were made using speeds of 
350, 550, 700, 900, and 1200 rpm. The pouring t e m p e r a t u r e s invest igated were 2100, 
2200, and 2300 F for the 25 w / o u ran ium alloy and 2300, 2400, and 2500 F for the 35 w/o 
u r a m u m aUoy. As expected, the i n c r e a s e d cooling ra t e obtained at the r e a r of the ca s t ­
ings displaced the porous shr inkage a r e a toward the front of the mold; however , the de­
gree of d isp lacement was not as g r ea t as expected. Visual examinat ion of these cas t ings 
revea led that mold speeds of 700 and 900 rpm yielded the bes t inside surfaces The 
cast ings poured when the mold was rota t ing at 1200 r p m exhibited ex te r io r surface i m ­
per fec t ions . These appeared to be hot t e a r s that had subsequently refi l led with mol ten 
alloy. No improvement in the in te r io r surface was noted in these cas t ings made at 
1200 rpm. 

As noted above, v i sua l observat ions indicated that the shr inkage a r e a could be d i s ­
placed by select ive cooling and that mold speeds of 700 and 900 r p m would produce s a t i s ­
factory mside su r f aces . In an effort to fur ther d isplace the shr inkage zone toward the 
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front end of the cas t b i l l e t , a number of me l t s were poured into the t ape red mold which 
had been heated to 400 to 500 F at the front end. With these me l t s it was possible to ob­
tain ingots containing sound m a t e r i a l for 75 p e r cent of the i r length. 

F r o m the v isual examinat ion of these s e r i e s of me l t s it was possible to evaluate 
the effects of the mold configuration and wall t h i ckness . It was observed that the mos t 
c r i t i ca l factor in ingot quality was the method by which the me ta l was introduced into the 
mold. T h e r e f o r e , a number of cast ings containing 35 w/o uran ium were produced in a 
10-in. - long s tee l mold with an ID of approximate ly 5 in. and a uniform wall th ickness of 
1/2 in. In this s e r i e s of mel t s va r ious p lacements and configurations of the graphite 
pouring spout were evaluated. In F i g u r e 3 a r e shown four types of pouring spouts . The 
pouring spout , i l lus t ra ted in F i g u r e 3a , is shown inse r t ed into the graphite pouring cup. 
"When this type of fixed pouring spout was employed, the spout was placed so that the 
meted would impinge at e i ther end or in the center of the mold. The sect ion of the pour­
ing spout shown in F i g u r e 3b was used when it was des i rab le to introduce the me ta l at a 
number of p laces in the mold . These spouts were miade with t h r e e to s ix holes with hole 
s izes up to 3/4 in, with var ious spac ings . The spout shown in F igu re 3c was invest igated 
when it became apparent ihat it would be imposs ib le to obtain uniform flow through a 
number of different holes in a single pouring spout. The l a s t spout depicted (Figure 3d) 
is the type that proved m o s t sa t i s fac tory . 

An evaluation of the var ious types of pouring spouts was made on the bases of ingot 
quality and flow of the me ta l dur ing pouring. While the spout shown in F igu re 3a p ro ­
duced good r e s u l t s , it was imposs ib le to control the exact posi t ion where the me ta l im­
pinged upon the mold or upon the previous ly poured m a t e r i a l . As s tated p rev ious ly , the 
use of a numiber of holes in the spout did not i n s u r e equal d is t r ibut ion of the m e t a l in the 
mold . This was due p r i m a r i l y to the fact that holes of l e s s than 5/8 in. in d iamete r 
would often f reeze over during pouring. The t ape red slot was a lso used in an effort to 
equalize the me ta l flow over the ent i re length of the mold. This slot a lso exhibited 
tendencies to f reeze over at the sma l l end. This would r e su l t in the me ta l flowing in a 
somewhat e r r a t i c m a n n e r through the l a r g e end of the slot opening. The pouring spout 
having only one l a r g e hole was designed to introduce the m e t a l normicil to the hor izontal 
axis of the mold. This pe rmi t t ed the introduct ion of the m e t a l at the exact locat ion at 
which it was d e s i r e d , and the hole was l a r g e enough so that it did not f reeze shut. 

Evaluat ion of Melts and Techniques 

In m o s t ca se s the a s - c a s t shapes were evaluated by radiography and by m a c r o - and 
microexamina t ion . In ce r t a in ca ses these t e s t s were supplemented by chemical analy­
s e s . Radiographic examinat ion of the a luminum-35 w/o u ran ium bi l le ts cas t in the 
graphi te - l ined mold d isc losed ex t reme segrega t ion . The alumintim-35 w/o uran ium 
cast ings poured into s tee l molds were evaluated in detai l . Visual examinat ion revealed 
that acceptable inside sur faces were obtained at mold speeds of 700 and 900 rpm. All of 
the 35 w/o uran ium cast ings poured at 2400 F and with mold speeds of 550 to 900 rpm 
exhibited ex t remely good ex te r io r sur faces requi r ing l i t t le or no machining. F i g u r e 4 
shows an ingot cas t in the t ape red s t e e l mold. It can be seen that the inside surface of 
the ingot n e a r e s t the c a m e r a (the back end of the mold) is ve ry good. Approximately 
three-f i f ths the dis tance f rom this back end t h e r e is a beginning of the roughness and 
poros i ty noted in these ingots . The band of ex t reme porosi ty noted in the e a r l i e r ingots 
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a. Open-End lY-ln.-OD by 1-la-ID Graphite Spout 

inserted in Pouring Cup 

I TUm 
b. Spout With Closed End and Six -f la htoles Spaced 

to Cover 9 In. 

I 1^ c 

c. Spout With Closed End and 7 la Slot Tapering From 

•5. la to i la 
8 ° 

I G 

d. Spout With Closed End and One I In. Diameter 

Hole I la From Front A-3I956 

FIGURE 3. SECTIONS OF THE VARIOUS TYPES OF POWER SPOUTS INVESTIGATED 

All spouts were made of graphite and were cemented in the graphite 
pouring cup. 
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is located about th ree - four ths of the dis tance f rom the nea r end of the cast ing. Radio­
graphic examinat ion of sect ions cut from these ingots and from the ingots made with the 
var ious types of pouring spouts revea led a r e a s of high uranit im concentrat ion p resen t in 
those sect ions of the ingots where the mol ten m e t a l was introduced. The var ia t ion in 
u ran ium content in a number of cast ings was plus or minus 5 to 8 w/o from the nominal 
35 w/o with the lowest urani tun concentra t ions occur r ing in the a r e a s of the cast ings 
fur thest removed from the pouring point. 

<IX , -

FIGURE 4. PHOTOGRAPH OF 10-IN, -LONG ALUMINUM-35 w / o URANIUM 
INGOT CAST INTO TAPERED STEEL MOLD 

Note surface imperfect ions and poros i ty in far end of cast ing. 

Conclusions F r o m the F i r s t P h a s e 

F r o m the foregoing exper iments it was obse rved that the following conditions were 
n e c e s s a r y for the production of sa t i s fac tory cas t ings : 

(1) A mold speed at or nea r 700 rpm on a mold 5 in, in d i ame te r . Since 
the effects of inc reas ing the rotat ional speed of the mold is to i nc rea se 
the centrifugal force exer ted on the mol ten m e t a l and thus inc rease 
the tendency toward rad ia l seg rega t ion , it is des i rab le to use the slow­
es t mold speed compatible with good in te r io r sur face . 
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(2) A mielt t e m p e r a t u r e of approximate ly 2400 F is optimum for the 
35 w/o u ran ium al loys , TMs high t e m p e r a t u r e is n e c e s s a r y to 
insu re that the m.elt r e m a i n at l e a s t par t ly fluid until the en t i re 
mold cavity is filled, 

(3) A pouring spout with no openings l e s s than 5/8 in. in d i amete r is 
r equ i red . Smal le r openings f reeze over and stop the flow of 
m e t a l , 

(4) A method of deposi t ing the m e t a l uniformly along the length of the 
mold is r equ i red . This e l imina tes or apprec iably l e s s e n s the end-
to-end segregat ion . A r e a s of h igh-uran ium concentra t ion a r e 
produced where the m.olten m.etal impinges upon the mold or upon 
previous ly solidified m e t a l . 

PREPARATION OF MULTIPLE-LENGTH CASTINGS 

Expe r imen ta l P r o c e d u r e s and Equipment 

Upon the complet ion of the above-ment ioned p r e l i m i n a r y t e s t s involving cas t ing of 
s ingle- length ext rus ion b i l l e t s , emphas i s was placed upon the production of a luminum-
35 w / o u ran ium cas t ings of sufficient length to yield two or m o r e ex t rus ion blanks up to 
8, 6 in. in length witix an OD of 4, 8 in. Mold speeds of 700 to 900 r p m , pouring tem.pera-
t u r e s of 2300 and 2400 F , and cooling r a t e s as de te rmined in the init ial phase of the 
p r o g r a m se rved as the bas i s for tiie product ion of mti l t ip le- length cas t ings . F u r t h e r 
studies of spout configurations were r equ i r ed s ince the spout was to be moved along the 
axis of the mold as the m e t a l was poured whereas previous ly i t had r emained s ta t ionary . 

The m e c h a n i s m designed to produce movement of the pouring spout is shown in 
F i g u r e 5^ As shown m the photograph, the cruc ib le and induct ion-heat ing a s sembly a r e 
mounted on a movable pla t form which r e s t s upon two 1-in. - d i a m e t e r s tee l rods which 
se rve as ways . The pouring cup and spout a r e a lso mounted on the movable p la t form. 
In the photograph, the cup and spout a r e in posi t ion for bottom pour ing , a technique 
se lec ted for use in the final s tages of the p r o g r a m . Beneath the p la t form the re is a r e ­
ve r s ib l e e l ec t r i c mo to r connected by a sprocke t and chain to a speed r educe r which in 
t u rn is connected by a chain and sprocke t a s sembly to the sprocke t c lus t e r shown d i rec t ly 
beneatii the r ight end of the movable p la t form, A continuous chain dr ive connects the 
sprocke t c lus te r to a single sprocke t m,ounted a t the left or forward end of the p la t form. 
Contact with the movable p la t form is obtained by an extended l ink which engages an ex­
tens ion welded onto the bottom of the p la t form. The chain dr ive pe rm i t s essent ia l ly 
s l ip - f ree opera t ion . By changing a sp rocke t loca ted in the sprocke t c l u s t e r , many spout-
withdrawal speeds a r e obtainable. 

The pour ing-spout mechan i sm is mounted on an ang le - i ron f r ame with four c a s t e r s 
to impa r t mobil i ty to the p l a t fo rm, thus perm.itting the opera to r to locate the pouring 
mechan i sm wherever de s i r ed re la t ive to the mold m e c h a n i s m . F o u r level ing sc rews 
a r e welded onto the f rame inside the wheels for m,ore r igid p lacement when the 
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FIGURE 5. CENTRIFUGAL APPARATUS WITH MECHANIZED POURING SPOUT RETRACTED 
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mechan i sm is opera t ing . The e l ec t r i ca l controls cons is t of a t h r e e - s t a t i o n push-but ton 
control box and two l imi t swi tches . These p e r m i t e i ther automat ic or manual control 
when it is de s i r ed to change the d i rec t ion of t r ave l of the pouring pla t form. The var ious 
speeds ava i lab le , the ability to s t a r t , s t op , and to change the d i rec t ion of t r ave l when 
and where d e s i r e d , and the r igidi ty of the m e c h a n i s m make this a sufficiently v e r s a t i l e 
piece of equipment for the invest igat ion of pouring techniques for centrifugal cas t ing . 

P r e p a r a t i o n of 18-In. -Long Cast ings 

P r i o r to the p r epa ra t i on of 26-in. - long cast ings it was deemed advisable to evalu­
ate the effects of the movable pouring spout on the quality of the cas t b i l l e t s . An 
18-in, - long mold 5 in. in d i ame te r with a imiforin wall th ickness of 1/4 in. was used for 
these expe r imen t s . The f i r s t t h r ee me l t s poured into this mold ut i l ized a s ta t ionary 
pouring spout and s e rved as a base for evaluation of the subsequent me l t s which were 
made uti l izing a moving pouring spout. The mel t ing and pouring procedure ut i l ized is 
desc r ibed br ief ly below: 

(1) The a luminum was mel ted in a graphi te c ruc ib le and superhea ted to 
1800 F , 

(2) The u r a m u m was added in te rmi t ten t ly and s t i r r e d into the m e l t after 
each addition. 

(3) The m e l t was s t i r r e d until the u ran ium was in solution. 

(4) The m e l t was degassed by bubbling hel ium through i t for 10 min . 

(5) A pro tec t ive heliumi a tmosphe re was mainta ined over the m e l t and 
the m e l t tem.perature was i n c r e a s e d to the approximate pour t e m ­
p e r a t u r e of 2300 or 2400 F , 

(6) The grapMte pouring spout -and-cup a s sembly was heated in s i tu 
by gas b u r n e r s to t e m p e r a t u r e s of 400 to 800 F , 

(7) Rotation of the s tee l mold fat room t e m p e r a t u r e ) was s t a r t ed . 
Mold speeds of 700 to 900 rpm were used, 

(8) The m e l t was s k i m m e d , again degassed by bubbling hel ium through 
it for 3 to 5 m i n , and s t i r r e d v igorous ly , 

(9) The heat was l ip poured into ihe g r aph i t e -p rehea ted pouring cup-
and-spout a s s e m b l y , which in t roduced the mol ten m e t a l into the 
rotat ing s tee l mold . 

The pouring t e m p e r a t u r e s invest igated were 2300 and 2400 F as de te rmined by a 
p la t inum-pla t inum 10 w/o rhodium therm.ocouple in a quar tz tube pro tec ted from the 
me l t by a graphi te tube. The va r i ab l e s evaluated in conjunction with the movable pouring 
spout were the pouring r a t e , the locat ion of the spout , and the r a t e of movement of the 
spout. These in terdependent va r i ab l e s were bel ieved to have the g r e a t e s t effect upon the 
cast ing quality once the mold speed and pouring t e m p e r a t u r e s were de te rmined . 
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The evaluation of t he se me l t s was confined to v i sua l examinat ion of a s - c a s t and 
sect ioned b i l l e t s . Such an evaluation was sufficient to detect g ros s porosi ty and to evalu­
ate the quality of the inside surface of the cas t ings . It was found that aU of the cast ings 
exhibited acceptable outside s u r f a c e s , and it was noted that t h e r e was some improvement 
in the quality of the inside surface of the cast ings when the mold speed was inc reased 
f rom 700 to 900 rpm. F r e e z i n g of the me l t in the pour spout was encountered when the 
spout was heated to only 400 F p r i o r to pouring. This i s a t t r ibuted to the longer spout 
n e c e s s a r y for the i n c r e a s e d mold length. The r a t e of r e t r a c t i o n of the pour spout was 
va r i ed over a wide range as was the r a t e of pour . It was found that when the pouring 
ra te was s low, the me ta l tended to f reeze in the pour spout or failed to flow proper ly 
after enter ing the mold . It was a lso fotnid that if the r a t e of re f rac t ion of the spout did 
not coincide with the pour ra te t he re exis ted evidence of cold shuts in the cas t ings . As 
a r e s u l t of the length of these cast ings and because of the fact that it was imprac t i ca l 
to support the forward end of the rota t ing mold , all of the 18-in. - long cast ings exhibited 
radia l eccen t r ic i ty to some extent . 

The r e su l t s of the evaluation of these cas t ings led to the following conclusions: 

(1) The ra t e of r e t r a c t i o n of the pour spout should coincide with the r a t e 
of pour so tha t the me ta l is deposited evenly from end to end in the 
mold. 

(2) The use of a r e t r ac t ab l e pouring spout e l iminates the need for e i ther 
a heated mold or a heat sink to p romote d i rec t ional solidification, 

(3) The length of the pouring spout neces s i t a t e s heating the pouring cup-
and-spout a s sembly to t e m p e r a t u r e s of approximate ly 800 F to insure 
mietal flow when pouring 18- in . - long cas t ings . 

(4) A method of support ing the mold to e l iminate eccen t r i c i t i e s in the 
cas t products is r equ i red . 

P r e p a r a t i o n of 26-In. -Long Cast ings 

Since the centrifugal cas t ing appara tus used to produce the 18-in. - long bi l le ts in­
t roduced eccen t r i c i t i e s in the ingots it was n e c e s s a r y to design an appara tus in which the 
mold could be supported upon a r o l l e r bed. TMs appara tus is shown in F i gu re s 5 and 6, 
and has been used to produce cas t ings of re la t ive ly uniform wall th ickness . It cons is t s 
of a s tee l mold supported by four 2- in. -wide by 4- in . - d i a m e t e r wheels mounted on an 
ang le - i ron f r a m e . The mold is dr iven by an e l ec t r i c moto r through a Worthington speed 
se lec to r connected by a belt dr ive to a shaft mounted in the back end of the mold. The 
mold is held f i rmly in contact with the r o l l e r bed by two r o l l e r s moxmted in a b racke t 
posit ioned over the mold. P r e s s u r e i s mainta ined on the mold by spr ing loading the 
b r acke t . This s e r v e s to l e s s e n the v ibra t ion without s e r ious ly hamper ing the rotat ion 
of the mold . 

During the cas t ing of 26-in. - long bi l le ts using this device the techniques were in i ­
t ial ly those desc r ibed previous ly for the 18-in. b i l l e t s . This technique involved l ip pour­
ing. Evaluat ion of ingots so produced was by v isua l examinat ion of sect ions cut from 
the cas t ings . It was observed that extensive poros i ty was preva len t beneath the in te r io r 
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FIGURE 6. CENTRIFUGAL APPARATUS WITH POURING SPOUT INSERTED IN MOLD 
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surfaces of the cast ings and extended to a depth of approximate ly 50 per cent of the wall 
th ickness . This poros i ty was a t t r ibuted to the uneven feeding of the mold as a r e su l t of 
a var iab le pouring r a t e . Shrinkage was a lso noted , and manifes ted itself as l inear de­
p res s ions in the in te r io r surface of the cas t shapes . 

These r e su l t s indicated the need for a pouring ra t e that would deposit jus t the r ight 
amount of mol ten me ta l at or nea r the point in the mold where it was to solidify. It was 
thought that this could m o s t eas i ly be obtained by pouring through an or i f ice . It was also 
bel ieved that e i ther the hel ium was not degass ing the m e l t sufficiently or that the me l t 
was picking up gases during l ip pouring. 

T h e r e f o r e , a bo t tom-pour induction co i l -and-mel t ing crucible a s sembly was 
m.oxmted on the movable pour ing-spout platformi. The use of bottom pouring permi t t ed 
the opera to r to a t ta in the de s i r ed constant me ta l flow into the pouring cup by using a 
break-off plug with the r equ i red or i f ice . The bottom.-pouring arrangem.ent a lso de ­
c r e a s e d the exposure of the me ta l to the a t m o s p h e r e . The photographs in F i g u r e s 5 ajid 
6 show the bot tom-pour co i l -c ruc ib le a s sembly and mold a s sembly used in these s tudies . 
F igu re 5 shows the pouring spout and crucible a s sembly withdrawn from the maid . In 
F i g u r e 6 the pouring spout i s in posit ion for the beginning of a pour . As the pour p r o ­
ceeds the spout is m.echanically r e t r a c t e d fronj. the mold. 

The mel t ing and pouring techniques finally developed for 26-in, -long bi l le ts were 
as follows: 

(1) The a luminum is me l t ed to 1800 F . 

(2) The u ran ium is added in te rmi t ten t ly over a per iod of 10 to 20 m.in. 

(3) The m.elt is s t i r r e d while adding urani-um and after al l the u ran ium 
is added to insure its solution, 

(4) The t e m p e r a t u r e of the m e l t is r a i s e d to the pouring t e m p e r a t u r e of 
2400 F , 

(5) The graphi te pouring cup-and-spou t a s s emb ly prehea ted in an e l ec ­
t r i c furnace to 1400 F is p laced in posi t ion beneath the coil and ex­
tending into the mold. 

(6) The co i l -and-pour ing mechan i sm is ro l led forward to pouring 
posit ion, 

(7) The m.elt is s t i r r e d v igorously and bottom, poured into the mold 
rotat ing at 850 rpm, 

(8) Approximately at the same ins tant that the m e t a l begins to fill the 
mold , the r e t r ac t i on mechan i sm of the pouring a s sembly is s t a r t ed . 

It will be noted that this mel t ing cycle differs f rom that used in the previous studies 
in two significant s t eps : (1) no outgassing techniques a re employed, and (2) the me l t is 
not sk immed p r i o r to pouring. The improved protec t ion from a tmospher i c contamination 
afforded the me ta l during pouring is thought to be par t i a l ly respons ib le for el iminating 
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the need for outgassing. Of c o u r s e , in bottom pour ing , the m a t e r i a l normal ly sk immed 
from the m e l t before l ip pouring is re ta ined in the c ruc ib le , 

A charge of 15 kg of m e t a l is eiTiployed in cast ing 26-in. -long b i l l e t s . It has been 
de te rmined that approximate ly 19 sec is r equ i r ed to pour a me l t ; t h e r e f o r e , the ra te of 
r e t r a c t i o n of the pour spout is 26 in. in 19 s e c . It is e s t ima ted f rom su r f ace -
t e m p e r a t u r e m e a s u r e m e n t s that the pour ing-cup and spout t e m p e r a t u r e s a re normal ly 
900 F at the t ime of pour . TMs r e p r e s e n t s a loss of 500 F from the tem.perature to 
• ^ i c h they were heated in the e l ec t r i c furnace (1400 F ) . 

Evaluat ion of Midt ip le-Length Cast ings 

Since one of the priixiary r ea sons for invest igating centrifugal cast ing as a t ech­
nique for the production of cyl indr ica l ex t rus ion bi l le ts was to de te rmine if substant ia l 
savings could be effected in the amount of m a t e r i a l tha t m u s t be recyc led or o therwise 
r e c l a i m e d , a m a t e r i a l balance was main ta ined on all of the ingots produced by this t ech­
nique. This m a t e r i a l balance included the weights of all m a t e r i a l s used in the charge 
and all l o s s e s during mel t ing and cooling. Also included in the or ig inal m a t e r i a l ba l ­
ances were the weights of all m a t e r i a l s removed from the ingots during machining and 
for chemical and radiographic ana lyses . F o r brev i ty and to make the m a t e r i a l balance 
m o r e meaningful the average m a t e r i a l balance for 5-in. -OD by 26-in. - long ex t rus ion 
bi l le ts is given below. 

Mate r i a l Balance 

Charge weight 15. 00 kg 

Mate r i a l left in c ruc ib le and 1. 60 kg 
pouring cup and spout ________ 

Cast ing weight 13.40 kg 

Weight of m a t e r i a l r emoved f rom 1. 20 kg 
ends and surfaces 

Total weight of machined cast ing 12. 20 kg 

The 26-in. - long ingots were evaluated by var ious t echn iques , including v isua l and 
radiographic examinat ion and chemica l ana ly se s . The v isual examinat ion indicated ex­
t r e m e l y good ex te r io r sur faces were obtained on all m e l t s , including one aluminxim-
25 w/o uran ium ingot. A photograph of the 25 w/o u ran ium ingot is shown in F igu re 7. 
In F i g u r e 8 a r e shown two a l u m i n u m - 3 5 w/o u ran ium cast ings exhibiting the same fine 
surface as found on the 25 w/o uran ium cas t ing. The in te r io r surface of an a luminum-
35 w/o uran ium cast ing is shown in F i g u r e 9. Cast ings of this type requ i red the r emova l 
of only approximate ly 1/16 in. of m a t e r i a l f rom the rad ius of the inside surface to obtain 
completely sound m a t e r i a l . Radiographic examinat ion of sect ions cut from, the ingots 
revea led a r e a s of low u r a m u m concentra t ions around the in te r io r surface of al l cas t ings . 
This effect is shown in F i g u r e 10 in typical rad iographs of r ing sec t ions taken from each 
end of an ingot. Although the a r e a s depleted in u r a m u m va ry in th ickness from end to 
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N55536 

FIGURE 7. EXTERIOR SURFACE OF 26-IN. -LONG ALUMINUM-
25 w/o URANIUM EXTRUSION BILLET 

The surface finish is supe r io r to that genera l ly 
obtained by s t a t i c -cas t ing methods . 
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FIGURE 8. EXTERIOR SURFACES OF TWO 26-IN. -LONG ALUMINUM-35 w / o URANIUM EXTRUSION BILLETS 

The fine surface finish was typical of that obtained on mul t ip le- length 35 w/o uranium cast ings 
toward the end of the p r o g r a m . 
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FIGURE 9, INTERIOR SURFACE OF 26-IN, -LONG ALUMINUM-
35 w/o URANIUM EXTPUSION BILLET 

Only min imum machining was n e c e s s a r y to produce 
a sa t i s fac tory in te r io r su r face . 
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FIGURE 10. X-RAY OF FRONT AND REAR SECTIONS OF ALUMINUM-35 w/o 
URANIUM EXTRUSION BILLET 

Some mig ra t ion of the uranium toward the major d i amete r is 
apparen t . The gaps in the edges were produced by sampling 
for chemica l ana lys i s . 
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end i n t h e c a s t i n g s , c h e m i c a l a n a l y s e s of t h e b e s t c a s t i n g s m a d e v a r i e d only f r o m 
32. 1 w / o u r a n i u m to 3 5 . 3 w / o u r a n i u m . T h e 1 / 4 - i n . - w i d e b a n d s w h i c h t r a m s v e r s e t he 
r a d i o g r a p h e d s e c t i o n s r e p r e s e n t g a p s w h e r e m a t e r i a l w a s r e m o v e d for c h e m i c a l a n a l y ­
s e s . S o m e of t h e c h e m i c a l a n a l y s e s o b t a i n e d a r e s h o w n i n T a b l e 1 , and i n d i c a t e t h e 
r a n g e of urani -um c o n c e n t r a t i o n s t h a t w e r e d e t e c t e d . T h e s e a n a l y s e s s h o w t h a t t h e m a t e ­
r i a l r e m o v e d f r o m t h e i n s i d e s u r f a c e d u r i n g m a c h i n i n g t o p r o d u c e a soxmd a n d xmiform 
s u r f a c e w a s e x t e m e l y l o w in u r a n i u m c o n t a i n i n g 14, 5 to 16. 8 w / o , 

T A B L E 1. C H E M I C A L A N A L Y S E S O F 2 6 - I N . - L O N G A L U M I N U M -
35 w / o URANIUM B I L L E T S 

Sample 
Location 

Front 
Middle 
Rear 

Inside surface 

Front 
Middle 
Rear 

Inside surface 

Front 
Middle 
Rear 

Inside surface 

Analyzed 
Composition, w/o 

34.7 
33.8 
27.8Ca) 
16.8 

32.1 
35,3 
32.6 
15.5 

32.0 
33.0 
37.3 
14.5 

(a) Analyses believed in error. 

A n e x a m i n a t i o n of t he m a t e r i a l b a l a n c e s h o w s t h a t t he g r e a t e s t l o s s of m a t e r i a l w a s 
due t o m a t e r i a l l e f t i n t h e p o u r i n g t r a i n a n d i n t h e c r u c i b l e . T h e m . a t e r i a l l e f t i n t h e 
c r u c i b l e w a s a l m o s t n e g l i g i b l e a n d c e r t a i n l y n o m o r e t h a n t h a t w h i c h wou ld h a v e b e e n r e ­
m o v e d f r o m t h e m e l t if i t h a d b e e n s k i m m e d . T h e b a l a n c e of t h i s 1. 60 kg w a s l e f t i n t h e 
p o u r i n g c u p a n d s p o u t . T h i s m a t e r i a l w a s m a s s i v e and w a s s u i t a b l e fo r r e c h a r g i n g . Of 
t he m a t e r i a l r e m o v e d f r o m t h e e n d s a n d s u r f a c e s of t h e c a s t i n g , a p p r o x i m a t e l y 0 . 30 kg 
w a s m a s s i v e m e t a l c r o p p e d f r o m t h e e n d s of t h e c a s t i n g s . T h e o t h e r l o s s e s w e r e i n t h e 
f o r m of m a c h i n e o r s a w c h i p s w h i c h w e r e n o t r e u s e d . T h u s , i t c a n be s e e n t h a t w i t h a n 
i n i t i a l c h a r g e of 15 . 00 kg i t w a s p o s s i b l e to p r o d u c e a m a c h i n e d c a s t i n g w e i g h i n g o v e r 
12. 00 k g . T h i s r e p r e s e n t s a c a s t i n g c o n t a i n i n g o v e r 75 w / o of t h e o r i g i n a l c h a r g e a f t e r 
m a c h i n i n g . 

If p r e s e n t p l a n t p r a c t i c e s w e r e fo l l owed in r e c y c l i n g s c r a p t he o v e r - a l l r e c o v e r i e s 
woti ld be c o n s i d e r a b l y h i g h e r . If t he l o w i i r a n i u m c o n t e n t of t h e m a c h i n e ch ips i s c o n ­
s i d e r e d , s t i l l h i g h e r u r a n i u m r e c o v e r i e s wou ld b e i n d i c a t e d . 
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CONCLUSIONS AND RECOMMENDATIONS 

The feasibil i ty of producing sound ex t rus ion bi l le ts up to 26 in, long by centrifugal 
cas t ing is c lea r ly indicated by the r e su l t s of these mel t ing and cas t ing s tud ies . The 
va r i a t ion in u ran ium concentra t ions along the length of the bi l le ts compares favorably 
with var ia t ions obtained in s ta t ic cas t ings . P o r o s i t y within the centrifugally cas t m a t e ­
r i a l is l imi ted to the ins ide sur faces of the ca s t shape and can be removed with a m i n i ­
m u m of machining. Sim.ilar soundness in s t a t i c - c a s t b i l le ts is obtainable only by using 
e labora te outgassing and molding techniques . With the equipment used in these studies 
i t was found that a pouring t e m p e r a t u r e of 2400 F , a pouring r a t e of 15 kg pe r 19 s e c , 
and a pouring spout of the configuration shown in F i g u r e 3d produced the mos t sa t i s fac­
tory cas t ings . It was de te rmined that the pouring spout should be at a t e m p e r a t u r e of at 
l e a s t 900 F and that i t should be r e t r a c t e d a t a r a t e j u s t sufficient to deposi t the m e t a l 
uniformly to the r equ i red depth along the length of the mold . As expected , centrifugal 
force acting on the me l t during solidification r e su l t s in some t r a n s v e r s e segrega t ion in 
aU c a s t i n g s , producing somewhat low uran ium concentra t ions at the points c loses t to the 
axis of ro ta t ion . The use of the bo t tom-pour ing technique in conjunction with a movable 
pouring spout e l iminates the need for spec ia l degass ing p r o c e d u r e s to produce sound 
m a t e r i a l . Shrinkage p rob lems norm.ally encountered when s ta t ic cas t ing these alloys 
a r e min imized and a lmos t e l iminated through the use of this centrifugal cast ing 
technique. 

The r e su l t s of these s tudies a r e pa r t i cu l a r ly encouraging from liie standpoints of 
m a t e r i a l r ecove ry and ingot soundness . The fact that sound ingots of sufficient length 
to yield up to four ex t rus ion blanks can be ca s t in one opera t ion indicates that product ion 
economies a r e s u r e to be r ea l i zed by using this technique. However , t h e r e a r e ce r t a in 
a r e a s in which developmental work r e m a i n s to be done. To lower c o s t s , m a t e r i a l s other 
than graphi te should be invest igated for poss ib le use in the pouring spout. O the r , m o r e 
convenient , methods of heat ing the spout such as r e s i s t a n c e and mtiffle heat ing should be 
studied. Reductions in the sever i ty of t r a n s v e r s e segrega t ion m a y be obtained by in­
c reas ing the freezing r a t e and by t e r n a r y a l t e r a t i o n s ' ' ' of the alloy s y s t e m . Another 
technique that might be used to improve the quality of the product by refining the g ra in 
s ize of the cas t s t r u c t u r e as it solidifies would involve imposing u l t rason ic energ ies to 
the solidifying in te r face . 
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