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E F F E C T S OF TERNARY ADDITIONS ON ALUMINUM-
35 w/o URANIUM ALLOYS 

Norman E. Daniel^ E l l i s L. Fos te r^ and Ronald F . Dicker son 

The effects of a number of ternary additions on the constitution, casting, 
and fabricating characteristics and the physical properties of aluminum-35 w/o 
uranium were investigated. Initial investigations were concerned with the effects 
of 3 a/o ternary additions on the microstructure and press-forging characteristics 
of the alloy. It was found that additions of this magnitude often introduced extrinsic 
phases in the alloy. At the 3 w/o level, additions of germanium, silicon, tin, or 
zirconium inhibited the formation of UM j and thereby increased the extent of the 
aluminum matrix in the alloy. It was also noted that these additions decreased 
the pressures required for extruding, and the tin addition also improved the 
homogeneity of cast shapes. Lead and palladium also improved the homogeneity 
of the cast material; however, neither of these was an effective inhibitor of UAl ^^ 
and free lead was detected in the alloy to which lead had been added as the ternary. 

From these studies it appears that tin and zirconium are as effective as 
silicon in enhancing the fabricating characteristics of aluminum-35 w/o uranium 
alloys, and may prove superior when evaluated on the bases of casting qualities 
and recycling characteristics. -. ' 

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

Aluminum-uran ium alloys have been found to be sa t is factory fuels for low~ 
t empera tu r e wa te r -coo led w a t e r - m o d e r a t e d r e a c t o r s . The bulk of the a luminum-
uranium alloys now being used as r e a c t o r fuels contain uranium concentra t ions of 
20 w/o or l e s s . Exper ience with the alloys in this sys tem containing m o r e than 20 w/o 
uranium has shown that these alloys exhibit re la t ive ly poor cast ing and fabricating 
c h a r a c t e r i s t i c s . In o rde r to use these higher uranium alloys^ this condition mus t be 
c i rcumvented ei ther by some special cast ing and fabricating technique or by some 
modification of the alloys to improve these c h a r a c t e r i s t i c s and thereby make them 
m o r e amenable to fuel-e lement product ion. 

The m ijor p rob lems encountered in cast ing alloys containing m o r e than 20 w/o 
uranium a r e inhomogeneity and lack of soundness in the ingots . The inhomogeneous 
condition produced by casting i s a t t r ibuted to the differences in dens i t ies of the phases 
present^ and i s aggravated by the wide freezing ranges of the a l loys . The l a rge 
compound pa r t i c l e s which a r e formed during solidification give r i s e to a high sett l ing 
r a t e ; and the wide freezing range provides ample timie during solidification for sett l ing 
to take p lace . 

The p rob lems encountered in fabr icat ion a r e the r e su l t of the l a rge volume and 
the l a rge pa r t i c l e size of the compounds in these a l loys . During invest igat ions at 
ORNL\-'-) i t was found that ce r t a in e lements when added in re la t ive ly smal l quanti t ies 
would improve the fabricabi l i ty of a luminum-uran ium alloys containing up to 48 w/o 
uraniui-n. The improvement obtained was a t t r ibuted to the suppress ion of the 
pe r i t ec t i c reac t ion producing UAl^ at 740 C , thereby increas ing the extent of the m a t r i x 
and decreas ing the amount of compound found in the cas t m a t e r i a l . One of the mos t 
effective additions invest igated at ORNL was silicon^ and the p r o p e r t i e s of a luminum-
uranium alloys containing this addition have been invest igated in some deta i l . (^) 

(1) References are at end of text. 
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However , the p r e s e n c e of si l icon in aluminum--uranium fuel e lements is objectionable 
since i t causes a colloidal suspension to form when the spent fuel e lements a re 
recyc led . This necess i t a t e s extensive changes in the r ep rocess ing p rocedure . 

Since the use of si l icon in r eac to r fuels does introduce problem.s in recycling the 
spent fuel and since it was es tabl ished that other e lements could be used to inhibit the 
pe r i t ec t i c r eac t ion , i t was bel ieved that improved al loys could be obtained by utilizing 
e lements other than si l icon for modifying the p r o p e r t i e s of these a luminum-uran ium 
al loys . While dec reas ing the quantity of compound p r e s e n t by suppress ion of the 
pe r i t ec t i c reac t ion was the p r i m a r y r ea son for modifying the a l loys , it was thought that 
o ther changes in the alloys which would improve the cast ing quality as well as the 
fabricat ing c h a r a c t e r i s t i c s might be rea l i zed through the p rope r select ion of the addi
tion. Fo r this r e a s o n , a study concerned with the effects of t e rna ry additions upon 
the a luminum-35 w/o uranium alloy has been conducted. 

EXPERIMENTAL PROCEDURES 

Invest igat ion of the Effects of 3 a /o Alloy Additions on the 
S t ruc ture and P r o p e r t i e s of the Aluminum-35 w/o Uranium. Alloy 

P r e v i o u s exper ience with the aluminumL-35 w/o uranium alloys has indicated that 
they exhibit re la t ive ly poor fabr icat ion c h a r a c t e r i s t i c s . This i s caused by the la rge 
volume of l a rge UAI4 pa r t i c l e s p r e s e n t in the a l loys . A logical approach to the improve 
ment of the fabr icat ion c h a r a c t e r i s t i c s is through the suppress ion of UAI4 format ion , 
thereby retaining UAlj and inc reas ing the amount of ductile aluminum m a t r i x p r e s e n t 
in the al loys. If sufficient UAlo cannot be r e t a ined , fabricat ion p r o p e r t i e s may be 
improved by the ref inement of the UAl^ pa r t i c l e s ize or through strengthening of the 
m a t r i x . It is poss ible that alloying additions may produce these changes and also 
improve the casting p r o p e r t i e s . 

The choice of additions to be made to the al loys was governed to some extent by 
their compatibil i ty with the c h e m i c a l - r e p r o c e s s i n g s t e p , by thei r known effectiveness 
in retaining UAl^, and by their effect on other a luminum al loys . Copper , gadol inium, 
n icke l , n iobium, sodium, t i tan ium, and z i rconium were chosen for one or m o r e of 
these r e a s o n s . Since si l icon was known to suppress the UAI3-UAI4 r eac t ion , it was 
postulated that this miay have been due to the format ion of USi3, and, t he re fo re , other 
alloy additions were chosen on the bas i s of their s imi la r i ty to si l icon. Both USi3 and 
UAI3 have the sam.e c rys ta l s t r u c t u r e , and a difference in unit cell s ize of only 6 
pe r cent sugges ts that the format ion of a solid solution of UAl3-USi3 is poss ib le . 
G e r m a n i u m , l ead , pa l lad ium, p la t inum, and tin form compounds s imi l a r to USi3, and 
i t was thought that these might have the same effect upon the u ran ium-a luminum 
sys tem as does sil icon. It was recognized that some of these additions might not be 
suitable for use in fuel e lements for r e a s o n s such as high cost or poor neutron 
economy. However , an evaluation of their effects upon the a luminum-35 w/o uranium 
alloy was under taken in the hope that the r e su l t s would indicate the r easons for the 
i nc rea sed fabricabi l i ty exhibited by al loys containing si l icon. It was also hoped that 
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the r e su l t s would indicate which alloy additions might be used to fulfill the r equ i r emen t s 
of i nc reased fabricabi l i ty and compatibi l i ty with the chenaical -process ing opera t ions . 

The ini t ial mel t s in this s e r i e s of al loys were naade in the form of 1- in . -diameter 
by 8-in. -long ingots cast in graphi te molds . These me l t s were made from 99. 99+ 
pe r cent pure aluminum and r e a c t o r - g r a d e uran ium. The aluminum was charged into 
a Z r 0 2 crucible and heated by induction to 930 C; the uranium was added and the mel t 
t e m p e r a t u r e was i nc rea sed to 1230 C; after holding 10 min the t e r n a r y addition was 
added to the mel t . When i t appeared that the addition was completely dissolved and the 
m e l t was homogeneous , the mel t was lip poured into the graphi te mold. Because of 
the smal l d iamete r of the induction coil and c e r a m i c c ruc ib l e , sufficient inductive 
s t i r r i ng was obtained to e l iminate the necess i ty for any manual s t i r r i ng . 

The a s - c a s t ingots were radiographed and spec imens were obtained for 
meta l lographic evaluat ion, r o o m - t e m p e r a t u r e - h a r d n e s s t e s t s , and p ress - fo rg ing t e s t s . 

Evaluat ion 

The init ial ingots containing 3 a /o t e r n a r y additions of the e lements l i s ted in 
Table 1 and ingots containing t e r n a r y additions of 1,68 a /o sod ium, 10.40 a /o l i th ium, 
and 4. 79 a /o magnes ium were evaluated on the bas i s of soundness , m i c r o s t r u c t u r e , 
and p re s s - fo rg ing c h a r a c t e r i s t i c s . P r i n t s of rad iographs of these ingots a re shown 
in F igu re s 1 and 2. It can be seen from these p r in t s that the ingots containing 
gadolinium and li thium additions were ex t r emely porous as was the ini t ial ingot 
containing ge rmanium. When each of the porous ingots was remielted an essen t ia l ly 
sound ingot containing germaniuixt was obtained. The ingots containing gadolinium and 
l i thium remained porous . On the bas i s of the ex t reme poros i ty shown by these ingo t s , 
gadolinium and l i thium were elimtinated from fur ther cons idera t ion at the t ime . 

After rad iographing , the ingots were sectioned and the a s - c a s t s t ruc tu re of the 
al loys was examined by meta l lographic techniques. F igure 3 i l l u s t r a t e s the m i c r o -
s t ruc tu r e s resul t ing from the addition of the var ious e lements l i s ted in Table 1, An 
exanaination of these m i c r o s t r u c t u r e s indicated that both ge rman ium and tin were as 
effective as si l icon in retaining UAI3. The ge rmanium addition resu l ted in an alloy 
containing a very clean m a t r i x with l i t t le evidence of the eutec t ic . The pal ladium and 
tin alloys exhibited ex t remely fine m i c r o s t r u c t u r e s . An examiination of the m i c r o -
s t ruc tu r e s of the alloy containing copper revealed the p r e s e n c e of th ree dis t inct 
p h a s e s . It was believed that an alumiinum-copper phase was p r e sen t in addition to an 
alunninum-uranium compound and a luminum. The alloys containing copper and niobium 
exhibited ex t remely coa r se m i c r o s t r u c t u r e s , and there was evidence of what was 
believed to be a niobium compound in the alloy. The examinat ion of the alloy containing 
3 a /o lead revealed the p r e s e n c e of what was in t e rp re t ed to be free lead. The alloy 
containing z i rconium exhibited a m i c r o s t r u c t u r e devoid of the angular comipound 
pa r t i c l e s found in the nnajority of the other alloys examined. The t i tanium alloy had 
considerable compound p r e s e n t which was somewhat or iented as evidenced from the 
s t r i n g e r s p r e s e n t in the m i c r o s t r u c t u r e . The only other na ic ros t ruc ture suitable for 
comment is that exhibited by the alloy to which 1 w/o sodiunn was added. There was 
evidence of a pe r i t ec t i c reac t ion as shown by the reac t ion zones surrounding the 
p r i m a r y compounds , and the pa r t i c l e s i zes of the compounds themse lves were sma l l 

CONFIDENTIAL 

SteeleB
Pencil

SteeleB
Pencil



CONFIDENTIAL 

r 
L 
IX 

^ 

FIGURE 1. RADICWRAPHS OF AIR-CAST X-IN. -DIAMETER ALUMINUM-35 w/o URANIUM INGOTS 
CONTAINING 3 a/o ALLOY ADDITIONS 

Note the extreme porosity in the mgot containing gadolinium. 
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3 w/o Magnesium 

IX 2 w/o Lithium 

FIGURE 2. RADICXSRAPHS OF AIR-CAST 1-IN.-DIAMETER ALUMINUM-35 w/o URANIUM INGOTS 
CONTAINING LITHIUM AND MAGNESIUM ADDITIONS 

Lower ingot of each composition has been remelted once. 
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FIGURE 3. MICROSTRUCTURES OF AS-CAST ALUMINUM-35 w/o URANIUM ALLOYS RESULTING FROM ADDITIONS OF 
VARIOUS ELEMENTS 

Note the relatively clean continuous phase exhibited by the germanium alloy, the evidence of NbAl3 shown in 
the niobium alloy, and the fine microstructures of the paEadium and tin alloys. Also of interest are stringer
like formations in the titanium aEoy^ the large quantity of compound in the copper alloys and the absence of 
angular compound particles in the zirconium alloy. 
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when compared with those in mos t of the other a l loys . Attempts to reproduce this 
s t ruc tu re in two subsequent me l t s were unsuccessful ; t he r e fo r e , no sodium additions 
were evaluated in subsequent t e s t s . 

TABLE 1. EFFECT OF TERNARY ALLOY ADDITIONS ON ROOM-
TEMPERATURE HARDNESS OF ALUMINUM-URANIUM 
ALLOYS^ ̂^ 

a / o 

3 s i l i c o n 
3 c o p p e r 
3 n i o b i u m 
3 z i r c o n i u m 
3 t in 
3 g e r m a n i u m 
3 p a l l a d i u m 
3 l e a d 
3 n i c k e l 
3 t i t a n i u m 
1. 68 s o d i u m 
10. 40 l i t h i u m 

A l l o y 

4. 79 m a g n e s i u m 

A d d i t i o n 
w / o 

2. 16 s i l i c o n 
4, 72 c o p p e r 
6 . 66 niobiuna 
6. 51 z i r c o n i u m 
8. 25 t in 
5 . 28 germ.aniumL 
7, 50 p a l l a d i u m 
13. 20 l e a d 
4. 36 n i c k e l 
3 . 6 0 t i t a n i u m 
1 s o d i u m 
2 l i th iuna 
3 m a g n e s i u m 

R o o m -
H 

T e m p e r a t u r e 
a r d n e s s , 

D P H 

65 
100 
98 
76 
52 
48 
97 
68 
-_ 
_« 
_ -
-_ 

- -

(a) Room-temperature hardness of aluminum-35 w/o uranium alloy was 65 DPH. 

F r o m the m i c r o s t r u c t u r e s of the a l l o y i t w a s a p p a r e n t t h a t c o p p e r f o r m e d an 
a l u m i n u m - c o p p e r p h a s e by c o m b i n a t i o n w i t h t he a l u m i n u m tha t wou ld be found in the 
m a t r i x of the b i n a r y a l u m i n u m - u r a n i u m a l l o y . T h u s the e f fec t of c o p p e r w a s to 
i n c r e a s e the annount of c o m p o u n d p r e s e n t in the a l l o y w h i l e r e d u c i n g the a m o u n t of 
m a t r i x p r e s e n t . H o w e v e r , i t w a s thought t ha t l e s s e r q u a n t i t i e s of the o t h e r e l e m e n t s 
t e s t e d m i g h t r e s u l t i n the e l i m i n a t i o n of the e x t r i n s i c p h a s e s d e t e c t e d in t h e s e a l l o y s 
and effect a n i n c r e a s e i n the v o l u m e of the m a t r i x of the a l l o y s t h r o u g h r e t e n t i o n of 

UAI3 . 

In add i t i on to the m e t a l l o g r a p h i c e x a m i n a t i o n , h a r d n e s s d e t e r m i n a t i o n s w e r e 
m a d e o n a n u m b e r of the a l l o y s . I t w a s found t h a t t he a d d i t i o n s of c o p p e r , n i o b i u m , 
and p a l l a d i u m i n c r e a s e d the D P H n u m b e r s of the a l l o y s a b o u t 50 p e r c e n t . The 
h a r d n e s s d e t e r m i n a t i o n s a r e shown in T a b l e 1. The on ly a d d i t i o n s t h a t d e c r e a s e d the 
h a r d n e s s of the a l l o y s w e r e g e r m a n i u m and t in . 

O t h e r s u p p l e m e n t a r y s t u d i e s i n c l u d e d t h e r m a l a n a l y s i s and p r e s s f o r g i n g . The 
t h e r m a l a n a l y s e s w e r e conf ined to the t e m . p e r a t u r e r a n g e in w h i c h the p e r i t e c t i c UAlo-
U A l ^ r e a c t i o n and the e u t e c t i c o c c u r in the b i n a r y . B o t h h e a t i n g and coo l ing c u r v e s 
w e r e o b t a i n e d . T h e r e s u l t s of the t h e r m a l a n a l y s e s w e r e i n c o n c l u s i v e i n t h a t v e r y 
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smal l or nonexistent t he rma l a r r e s t s were exhibited by all of the alloys in the region 
of the pe r i t ec t i c t e m p e r a t u r e s . All of the alloys with the exception of tin exhibited a 
pronounced thernaal a r r e s t at the eutect ic t empe ra tu r e of the b inary a l loys . The 
the rma l a r r e s t was pronounced in the tin alloy but i t occu r red at approximate ly 600 C 
r a t h e r than the 630 C of the binary eutect ic . 

Specimens of the alloys were p r e s s forged at 540 C to approximate ly 45 pe r cent 
reduct ion in length. The examinat ion of these spec imens revealed that only tlie 
pal ladium-containing alloy did not exhibit any evidence of m ic ro cracking. 

F r o m the meta l lographic examinat ion and the p r e s s forging it was poss ib le to 
conclude that additions on the o r d e r of 3 a /o were often excess ive and gave r i s e to the 
format ion of other compounds in the alloys which resu l ted in poore r fabricating 
c h a r a c t e r i s t i c s . It was de te rmined f rom the radiography that gadolinium and l i thium 
resu l t ed in i nc rea sed poros i ty of sufficient magnitude to e l iminate these additions from 
further considerat ion. Sodium as an addition was e l iminated because it was difficult 
to reproduce i ts qual i t ies . T h e r e f o r e , i t was decided that future t e s t s would be confine 
to alloys containing additions of g e r m a n i u m , l ead , n icke l , n iobium, magnesiunn, 
pa l l ad ium, s i l icon, t in , and z i rconium. 

Investigation of the Effects of Additions of L e s s Than 3 a /o 
on the St ructure and P r o p e r t i e s of the Aluminum-35 

w/o Uranium Alloy 

The invest igat ions concerning the addition of 3 a /o t e rna ry additions to b inary 
a luminum-35 w/o uraniuna al loys showed r a t h e r conclusively that additions of this 
magnitude were not n e c e s s a r y for the re tent ion of UAI3. In fac t , in many cases there 
was a sufficient excess of the additive to form another phase in the a l loys . This 
spur ious phase was form.ed at the expense of the ma t r ix ; thus the additions tended to 
d e c r e a s e the annount of m a t r i x p r e s e n t r a the r than i n c r e a s e it. T h e r e f o r e , a s e r i e s 
of alloys cop„aining l e s s e r quanti t ies of the t e rna ry additions was p r e p a r e d . On the 
bas i s of the effectiveness of the 3 a /o addition of si l icon a s e r i e s of al loys was made 
containing 3 w/o of the additions which appeared mos t p romis ing from the ini t ial 
s tudies . The method of p repar ing these alloys was identical to that used to p r e p a r e 
the previous a l loys . 

Evaluat ion 

The evaluation of this s e r i e s of 1 - in . -d i ame te r ingots containing 3 w/o t e rna ry 
additions was m o r e exacting than the evaluation of the previous m e l t s . The techniques 
employed included radiographic examiination of the a s - c a s t ingo t s , extensive me ta l lo 
graphic examinat ions of a s - c a s t and fabr icated m a t e r i a l , and X - r a y diffraction s tudies 
of the compounds in the a l loys . 

The radiographic examiination revea led that the poros i ty in the ingots was com
parab le to that found in the ingots shown in F i gu re s 1 and 2, While the radiograph of 
the m.agneslum-containing ingot indicated no miacroporosi ty , the meta l lographic 
exanaination of this m a t e r i a l revealed that extensive mic roporos i ty was p resen t . 
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The meta l lographic examinat ion of the a s - c a s t m a t e r i a l was per formed on 
sect ions taken from the top and bottom of each ingot. Pho tomicrographs of specimens 
from each ingot a r e shown in F igu re 4. A compar i son of these photomicrographs with 
those shown in F igure 3 r evea l s that in a numiber of ins tances the ext raneous phases 
noted in the alloys containing 3 a /o of t e r n a r y addition a r e dinainished or completely 
e l iminated in the alloys containing 3 w/o addit ions. In the germanium-conta in ing alloys 
i t will be noted that the alloy containing the sma l l e r ge rman ium addition exhibits the 
l a r g e s t compound s ize . There is also a difference in the appearance of the continuous 
phase in the a l loys . The m a t r i x of the 3 w/o germaniumi alloy appears to contain more 
finely divided compound than does the alloy containing 3 a /o ge rman ium. 

In the case of the niobium-containing alloy the very dark phase which appears in 
the alloy containing 6. 66 w/o (3 a/o) niobiuna is alnaost nonexistent in the alloy 
containing 3 w/o niobium. It i s bel ieved that this phase i s NbAl3. An examination of 
the alloy containing 3 w/o lead again r evea l s the p re sence of a phase believed to be 
free lead. This appea r s in the photomicrograph as an unetched a r e a surrounded by a 
eutect ic l ike s t r uc tu r e . In this photonaicrograph and in the photomicrograph of the 
niobiuna-containing alloy there i s evidence of a reac t ion zone around the pr inaary 
compounds. X - r a y diffraction studies substant ia ted the p re sence of both UAI3 and UAl^ 
in both of these a l loys . The examinat ion of the pal ladium-containing alloys revealed 
that the ex te rmely fine par t ic le size noted in the 3 a /o alloy (7. 50 w/o) coarsened 
considerably when the alloying content was dec reased . F u r t h e r , the compounds formed 
an a lmos t continuous phase in the cas t ing , and there was evidence of the per i t ec t i c 
reac t ion as shown by the reac t ion zone around the l a r g e r conapound p a r t i c l e s . The 
alloy containing 3 w/o si l icon appeared to be a l t e red somewhat with the addition of the 
l a r g e r quantity of si l icon. The m i c r o s t r u c t u r e of the alloy containing 3 a /o (2. 16 w/o) 
s i l icon exhibited an extensive eutect ic p h a s e , whe reas the 3 w/o si l icon alloy contained 
sca t t e red a r e a s of eutect ic with the naajor por t ion of the conapound exist ing in the 
m a s s i v e s ta te . 

It was noted in the previous sect ion that the addition of 3 a /o tin to the alumiinum-
35 w/o alloy resu l t ed in an extrenaely fine m i c r o s t r u c t u r e . With the tin content 
dec rea sed to 3 w/o the m i c r o s t r u c t u r e was coarsened; however , it was finer than that 
of the alloy containing sil icon and exhibited none of the s t r inger l ike conapound formation 
that naay be seen in the si l icon alloy. 

The m i c r o s t r u c t u r e of the alloy containing 3 w/o z i rconium is also shown in 
F igu re 4, This was ve ry s imi l a r to that exhibited by the 3 w/o gernaanium alloy. 
The re existed re la t ive ly l a rge p r i m a r y compound pa r t i c l e s in a m a t r i x containing 
sca t t e red concentra t ions of the eutec t ic- type s t r u c t u r e . It differed from the s i l icon-
containing alloy in that the compounds were m o r e naassive with l e s s tendency to forna 
s t r inger l ike shapes . The alloys containing 3 w/o zirconium had a nauch cleaner 
naatrix than did tiie alloy containing 3 a /o (6, 51 w/o) z i rconium. It is believed that 
the l a r g e r quantity of z i rconium in the 3 a /o (6. 51 w/o) alloy formed the compound of 
Al3Zr . To a very l imi ted extent , the alloy containing the sma l l e r additions of 
zirconiuna also contained this phase . When the alloy containing 3 a /o nickel was 
exanained i t was noted that an unidentified phase was p r e sen t . At that t ime it was 
believed that a sma l l e r quantity of nickel naight reduce the quantity and extent of this 
phase . However , the meta l lographic exanaination of the 3 w/o nickel alloy revealed 
that a considerable quantity of this phase tentat ively identified as Al3Ni was st i l l 
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p re sen t . The compound pa r t i c l e s in the 3 w/o nickel alloy also exhibited reac t ion zones 
around their pe r iphe ry which indicates that both UAI3 and UAI4 in addition to the Al3Ni 
and aluminuna in the alloy exis ted in the alloy. 

The observa t ions naade on the nickel alloy a r e applicable to the t i tanium-containing 
alloy. In the alloy containing 3 a /o t i tanium there exis ted what was thought to be an 
a luminum-t i tan ium conapound which o c c u r r e d in the form of s t r inger l ike p a r t i c l e s . 
When the t i tanium addition was d e c r e a s e d these s t r i n g e r s d isappeared; however , 
evidence of an a luminum-t i tan ium compound renaained. F u r t h e r m o r e , many of the 
compound pa r t i c l e s exhibited reac t ion a r e a s which suggests a pe r i t ec t i c reac t ion naore 
sluggish than that of the UAI3-UAI4 reac t ion in the binary alloy. 

The meta l lographic evaluation of these naelts indicated that in a number of cases 
the 3 w/o addition was sufficient to r e ta in the UAI3 without the formation of an 
ex t r in s i c phase at the expense of the predominant ly a luminum m a t r i x . The me l t s 
containing 3 w/o nickel and t i tanium did not exhibit this behav io r , and on this bas i s it 
was thought that the nickel and t i tanium additions offered l i t t le or no chance of improving 
e i the r the fabr icat ion o r cast ing p r o p e r t i e s of the aluminum-uraniumi a l loys . The re fo re , 
the subsequent evaluations were naade only on alloys containing gernaanium, l ead , 
n iobium, pa l lad ium, s i l icon, t in , and z i rconium. 

P r e s s Forging , It was the purpose of the p re s s - fo rg ing studies to gain an 
indication of the abili ty of the m a t e r i a l s to be extruded. F o r these s tudies 1-in.- long 
sect ions of each 1-in. - d i a m e t e r ingot were enclosed in a heavy-wal led aluminum tube 
sea led with 1 /2- in . - th ick end caps . These spec imens were then heated for 1 hr in a 
furnace at 540 C and p r e s s forged to a 50 pe r cent reduct ion in length. The spec imens 
were then cut and t r a n s v e r s e sect ions examined meta l lographica l ly . F i gu re s 5a, 5b, 
and 5c show photomacrographs of three of these spec imens . The macroexamina t ion 
revea led numerous c racked a r e a s in the spec imens shown in F igu re s 5a and 5b. 
Metal lographic exanaination of the specim.ens at magnificat ions of 250 and 500X revealed 
that in many cases what appeared as c racks on mac roscop i c examination were concen
t ra t ions of compound pa r t i c l e s which had been prefe ren t ia l ly at tacked by the etchant. 
The m. ic ros t ruc tures of the forged spec imens a r e shown in F igure 6. An examinat ion 
of these m. ic ros t ruc tures revea led that significant changes had taken place in the alloys 
containing germaniuna, l ead , palladium., and si l icon. In the ge rman ium lead al loys the 
eutect ic shown in the a s - c a s t s t ruc tu re appeared to have spheroidized to a l imi ted 
extent as a r e su l t of the fabricat ion. The conapounds in the si l icon alloy were c r acked , 
and the pal ladium-containing alloy which fo rmer ly exhibited an a lmos t continuous 
network of eutect ic appeared to contain a modified eutect ic d i spe r sed throughout the 
m a t e r i a l . The niobium-containing alloy shown at a magnification of 500X contained 
numerous c racks which upon inspect ion appeared to or iginate in the compound and 
followed paths of compound concent ra t ions . The absence of a reac t ion zone surrounding 
conapound pa r t i c l e s in the lead and palladium, alloys would indicate liiat the pe r i t ec t i c 
reac t ion has essen t ia l ly gone to complet ion. 

The photonaicrograph of the tin alloy shown in F igu re 6 was obtained from that 
a r e a of the specimien which exhibited the l a r g e s t compound-par t ic le s ize . No changes 
a t t r ibutable to fabr icat ion of the alloy were detected in this spec imen. The 
photomicrograph of the zirconiuna alloy r e p r e s e n t s an a r e a of the specimen in which 
p r e f e r r e d or ienta t ion of the compounds was observed after fabr icat ion. The compound 
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FIGURE 4. PHOTOMICROGRAPHS OF AS-CAST ALUMINUM-35 
w/o URANIUM WITH 3 w/o ADDITIONS 

Note the relatively clean continuous phase exhibited 
by the germanium alloye the evidence of NbAl3 m 
the mobium alloy, and the evidence of free lead in 
the lead alloy. The silicon^ tm, and zircoEium 
alloys all exhibit relatively clean matrixes. There 
IS some tendency for the primary compound to form 
dendritic-type structures in the silicon alloy. The 
titanium and tin microstructures show primary UAls 
particles which have reacted peritectically to form 
UAI4. 
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250X 3 w/o Palladium RM11357 250X 3 w/o Silicon RM11364 

3 w/o Tin 250X 3 w/o Zirconium RM11363 

- ' . ' • • • : 

* ' -̂^ - ^ 

- s - .̂̂  

260X 3 w/o Nickel RM11368 

FIGURE 4. 
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250X 3 w/o Titanium RM11372 
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7X a. Aluminum-35 w/o Uranium-3 w/o Lead RM11475 

'.7 •• 

mi 

-'.~^:^iMl 

IX b. AlumInum-35 w/o Uranium-3 w/o Zirconium t 

.,.*-
• «; «Wf.' 

c. Alumimim-35 w/o Uranium-3 w/o Tin 

FIGURE 5. ALUMINUM-35 w/o URANIUM SPECIMENS WITH 3 w/o TERNARY ADDITIONS HEATED FOR 1 HR AT 540 C 
AND PRESS FORGED AT 400 TSI TO A 50 PER CENT REDUCTION 

Examination of these specimens at 250 and 500X revealed that in many cases what appeared to be cracks on 
macroscopic examination were concentrations of compound particles which had been preferentially attacked 
by the etchant. 
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pa r t i c l e s exhibited a definite tendency toward spheroidizat ion. This tendency toward 
l e s s angular compound pa r t i c l e s in the alloy may enhance the fabricat ion c h a r a c t e r i s t i c s 
of this alloy. Specinaens from the a s - c a s t and fabr icated alloys were subsequently 
examined by X - r a y diffraction techniques. The r e su l t s of these examinat ions a r e 
given in the following section. 

X-Ray Diffraction Studies. A s - c a s t alloys of a luminum-35 w/o uranium, with 
3 w/o of the different t e rna ry additions were examined by X - r a y diffraction. The 
purpose was to obtain information on the constitution of the alloys that could be re la ted 
to their fabricabil i ty and co r r e l a t ed with the previous naetallographic s tudies . 

Specimens in the form of etched needles and filings were used. The etched 
needles were p r epa red by wet grinding and etching with a 10 per cent solution of NaOH 
in wa te r . The filings were obtained frona m a s s i v e spec imens taken from an a r e a in 
the ingot adjacent to that frona which the etched needles were taken. The filings were 
useful for obtaining a r ep resen ta t ive diffraction pa t t e rn of the alloy. The etched needles 
were employed in the detection and identification of conapounds. In the spec imens 
p r e p a r e d as etched needles the aluminum pa t t e rn was very weak or nonexis tent , and 
the absence of cold work (as would r e su l t from filed specimens) made them more 
suitable for measu r ing the la t t ice constant of the UAl, phase which var ied widely from 
one alloy to another . 

The r e su l t s and observat ions of the X - r a y diffraction studies a r e shown in 
Table 2. An examination of the table r evea l s that anaong the alloys tes ted those 
containing l ead , n iobium, and palladiuna exhibited the g r e a t e s t quanti t ies of UAI4. The 
alloy containing niobium also contained the compound NbAl3. The g e r m a n i u m , s i l icon, 
t in , and zirconium alloys exhibited l i t t le if any UAl^. 

It can also be seen in the table that sonae etched samples gave no aluminum 
p a t t e r n , while o the r s exhibited this pa t t e rn in cons iderable intensi ty . This apparent 
d i sc repancy is a t t r ibuted to the differences in m i c r o s t r u c t u r e . The samples showing 
no alunainuiTi mieta] after etching probably had an in terconnected network of conapound 
p a r t i c l e s which remained intact after the aluminuna was etched away. In samples 
having isola ted conapound p a r t i c l e s , however , some aluminuna would r e m a i n on the 
outside of the s a m p l e , and thus r e g i s t e r on the diffraction f i lm, r e g a r d l e s s of the 
degree of etching. 

The la t t ice constants naeasured for the UAI3 a r e also l i s ted in Table 2, The 
observed lat t ice constants va r ied between 4. 225 and 4. 282 A. The values r epor ted in 
the l i t e r a tu r e range from 4. 27 to 4. 287 A. If the sma l l e r value frona the l i t e r a t u r e 
i s c o r r e c t , germaniuna and tin will i n c r e a s e the la t t ice constant while the other 
additions will tend to d e c r e a s e this m e a s u r e m e n t . However , for the purpose of 
d i scuss ion the value 4. 287 A obtained by Rundle and Wilsom^) is a s sumed to be c o r r e c t . 

When this value is used all of the m e a s u r e d la t t ice constants were sma l l e r than 
the re fe rence value even among the alloys containing lead and z i rconium whose a toms 
a r e l a r g e r than those of eitlier alunainum or uraniuna. In the case of germaniuna, 
s i l icon , and t in, the l a t t i ce -cons tan t reduct ion could be caused e i ther by solution of 
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3 w/o Lead RM11462 

',5;, FCi^Vl,. 
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' ' . f 

3 w/o PaUadiam 2iOX RMH466 

< \ t ' t 

"**.« # 4 AM •' n II' • \ •' h i 

250X 3 w/o Silicon RM11472 250X 3 w/o Tin RM11468 

FIGURE 6. PHOTOMICROGRAPHS OF ALUMINUM-35 w/o URANIUM SPECIMENS WITH 3 w/o TERNARY ADDITIONS 
HEATED FOR 1 HR AT 540 C AND PRESS FORGED AT 400 TSI TO A 50 PER CENT REDUCTION 

In press foiging, the relatively large compounds in the siMooa alloy shatter^ whereas those in the tin 
alloy remained intact. The cracks which were goieiated m the niobium aEoy can be seen m the 
500X photomictogtaphs. 
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FIGURE 6. CONTINUED 
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TABLE 2. X-RAY DIFFRACTION EXAMINATION OF ALUMINUM-35 w/o URANIUM ALLOYS WITH 3 w/o TERNARY ADDITIONS 
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these elenaents in the compound or by i n c r e a s e in the aluminum-uranium, ra t io . The 
l a t t i ce -cons tan t reduct ions a r e sl ight in the ca ses of ge rman ium and tin. In the case 
of s i l icon, the cons iderable reduct ion is probably caused by the substi tution of si l icon 
in the UAI3 in place of aluminuna since si l icon is known to dissolve up to 1. 65 w/o in 
a luminum. 

Since the b inary contains much UAl^ with l i t t le or no UAl^ it i s reasonable to 
a s s u m e that those e lements which r e t a r d the UAI3-UAI4 reac t ion would prove m o s t 
beneficial in inc reas ing the fabricat ing c h a r a c t e r i s t i c s of the a luminum-uran ium al loys . 
These elenaents were g e r m a n i u m , s i l icon, t in , and z i rconium. F r o m tlie observat ions 
and in te rp re ta t ions made concerning the la t t ice cons tan t s , g e r m a n i u m , s i l icon, and tin 
should prove mos t effective for this p u r p o s e , and of these tin would be m o s t des i rab le 
since i t would not be as cost ly as ge rman ium and i t i s thought to be naore com.patible 
with the r ep roces s ing techniques. 

P r e p a r a t i o n and Evaluat ion of 3-In. -Diamieter 
Ingots Containing 3 w/o T e r n a r y Additions 

The mos t impor tan t c r i t e r i a affecting the acceptance of an alloy containing 
t e r n a r y additions a r e the homogeneity of the cas t m a t e r i a l , the fabricat ing c h a r a c t e r i s 
t i c s , and the naechanical p r o p e r t i e s . T h e r e f o r e , a s e r i e s of 3 - i n , - d i a m e t e r cas t ings 
12 in. long containing t e r n a r y addit ions of g e r m a n i u m , l e ad , n iobium, pa l l ad ium, 
s i l icon , t in , and z i rconium was p r e p a r e d . The 3-in, dianaeter was chosen since this 
quantity of m a t e r i a l would r equ i r e cons iderable t ime to solidify and would therefore tend 
to magnify the segregat ion tendencies of the a l loys . In view of flie fact that s tudies 
concerned with the physical p r o p e r t i e s of tiie al loys were to be m a d e , the al loys were 
vacuum cas t to nainimize any mic roporos i t y that might occur in a i r - m e l t e d and cas t 
ingots . The techniques employed to vacuum naelt and cas t these alloys were as follows: 

(1) The aluminum was charged into a z i rconia c ruc ib le . 

(2) A p r e s s u r e of l e s s than 1 x lO'-^nana of m e r c u r y absolute was naaintained 
over the mel t , 

(3) The aluminum was m.elted and i t s t empera tu re i n c r e a s e d to 980 C. 

(4) Sufficient uranium was introduced into the mel t to forna an alumiinum-SS 
w/o uran ium alloy. 

(5) The mel t tenaperature was i n c r e a s e d to 1230 C and held for a sufficient 
t ime to i n su re comiplete solution of the u ran ium. 

(6) The e lementa l t e r n a r y addition was added to the me l t and the tenaperature 
of the me l t was held at 1230 C until all of the addition was dissolved. 

(7) The naelt was l ip poured into a graphi te mold with a tapered outside wall . 
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Due to the s t i r r i ng impar t ed to the me l t by the low-frequency induction c u r r e n t s 
(3000 cycles) and the smal l -d ianae ter z i rconia c r u c i b l e s , manual s t i r r ing was not 
n e c e s s a r y . F r o m these ca s t i ngs , spec imens for radiographic examinat ion , meta l log
r aphy , ex t rus ion , and tensi le t e s t s were obtained. 

The radiographic examinat ion of the 3 - i n . - d i a m e t e r ingots indicated that both 
t r a n s v e r s e and longitudinal segregat ion in mos t ca se s was m o r e seve re in the 3-in, -
d i amete r ingots than in the 1-in. -diamieter ingots; however , the alloys containing l ead , 
pa l l ad ium, and tin exhibited very l i t t le segregat ion in e i ther the 1- or 3-in. - d i a m e t e r 
cas t ings . F o r compar i son rad iographs of sect ions obtained from the ingots without 
t e r n a r y additions a r e shown in F igure 7; rad iographs of sect ions from ingots with 
t e r n a r y additions a r e shown in F i g u r e s 8 and 9. Each of tiie spec imens fromi which the 
rad iographs were obtained was taken from the same a r e a of the respec t ive ingots , and, 
t h e r e f o r e , should ref lec t the conaparative value of the addit ives to inhibit segregat ion 
or o therwise improve the quality of the cas t m a t e r i a l . As shown in the p r in t s the l e a d - , 
pa l l ad ium- , and t in-containing alloys were re la t ive ly homogeneous from the edge to 
the center of the ingots . The a luminum-35 w/o uran ium a l loy , which appea r s homogene
o u s , exhibited a lacel ike pa t t e rn of dendr i t ic c r y s t a l s . These were ref lected l a te r in 
the f rac ture of the tensi le s p e c i m e n s , which exposed la rge cleavage planes . The 
s i l icon alloy exhibited minor cold shuts nea r the pe r iphe ry of the spec imen and 
mic roporos i ty over much of i t s a r e a . The z i rconium alloy shown in the photograph 
r e v e a l s naicroporosi ty toward the center of flie specimen. This poros i ty extended 
approxim.ately 1/4 in. in the spec imen and was not detected e l sewhere in the ingot. 

One of the s imples t and yet m o s t informative t es t s that can be used to evaluate 
the effects of t e rna ry additions on the naechanical p r o p e r t i e s of the alunainum-uranium 
alloys i s the tensi le tes t . Of the infornaation available from these t e s t s pe rhaps the 
data for the tensi le s t r eng th , the per cent elongation, and the per cent reduct ion in 
a r e a a r e the mos t significant. The tensi le or ul t imate s t rength should afford some 
indicat ion of the part i t ioning of the addit ives between the m a t r i x and the conapound. 
Elongation and r educ t i on - in - a r ea f igures a r e indicative of the ductility of the m.aterial. 
Of t h e s e , the reduct ion in a r e a gives an indication of the total amount of deformation 
that may be accompl ished and i s useful in comparing the re la t ive capaci t ies for deforma
tion in the a l loys . The elongation can be m o r e nea r ly applied to the fabricat ion of the 
a l loys . 

F o r the purpose of this study i t was decided to tes t duplicate spec imens of each 
composit ion at each of two c rosshead speeds . The c rosshead speeds used were 0, 02 in. 
p e r min and 0. 10 in, per nain. The data from these t e s t s a r e shown in Table 3. 
These speeds differ by a factor of f ive , which should have been sufficient to indicate the 
s t r a i n - r a t e sensi t ivi ty of the a l loys . There was no appreciable difference exhibited by 
the al loys when tested at the different c ro s shead speeds . It can also be seen that the 
a luminum-35 w/o uranium alloy exhibited a cons iderable i n c r e a s e in tensi le s trength 
when compared with the alumLinum-25 w/o uranium alloy. Of the al loys containing 
t e r n a r y additions only the s i l icon-a l loy specinaens exhibited tensi le s t rengths l e s s than 
that exhibited by the b inary alloy. Subsequent tes t s indicated that the r ea sons for liie 
low tensi le s t rength exhibited by these al loys could have been caused by the 
mic roporos i ty noted within the spec imens . F igure 10 shows typical f r ac tu res of the 
tensi le spec imens . The f r ac tu re s exhibited by the al loys containing the additives a re 
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IX 

FIGURE 7. RADICGRAPHS OF 3-IN.-DIAMETER ALUMINUM-35 w/o URANIUM INGOTS WITHOUT TERNARY ADDITIONS 

The apparently homogeneous material in the photo at right exhibited a lacelike pattern of dendritic crystals. 

IX 
Aluminum-35 w/o Uranium-3 w/o Palladium 

IX 
Aluminuni-35 w/o Uranium-3 w/o Tin 

FIGURE 8. RADIOGRAPHS OF 3-IN.-DIAMETER ALUMINUM-35 w/o URANIUM INGOTS WITH PALLADIUM 
OR TIN ADDITIONS 

These prints illustrate the edge-to-centet homogeneity obtained in the casting containing 
these additions. 
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IX 

Aliimlnum-3§ w/o Uranium-3 w/o Lead Alumlnum-3g w/o Urasium-S w/o SiUcoE 

IX 

i^ 

Alumlnum-35 w/o Uraiiltim-3 w/o Zirconium 

FIGUEE 9. RADIOGRAPHS CX 3-IN,-DIAMEXm ALUMINUM-35 w/o URANIUM INGOTS WITH IXAD, 
SILICON̂  m ZIRCONIUM ADDITIONS 

The dark areas shown near the edge of the silicon, alloy are the result of cold shutS! those 
near the center of the silleon aad zirconium Ingots are the result of microporosity which 
extended less than 1/4 in, through the specimens. 
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Almiiiiuim-25 w/o uianiutH 

Alumlnum-36 w/o uraniimi 

Aluminum-35 w/o uranlum-S w/o tin 

Aluminum-36 w/o uranium»3 w/o silicon 

Aluminum-35 w/o uranium-3 w/o zirconium 

1.5X RM13983 

FIGURE 10, MACRCGRAPH OF REPRESENTATIVE FRACTURED SURFACES W TENSILE SPECIMENS 

This view lEustrates the refinement In structure of the alloys attributed to the 
ternary additions. 
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TABLE 3 . TENSILE DATA OBTAINED FROM AS-CAST MATERIAL 

All Values Repre sen t an Average for the Number of 
Specimens Indicated 

Alloy Composit ion Or ig ina l F r a c t u r e Reduction Tensi le Tensi le 
(Balance Aluminum), Number of D i m e n s i o n s , D i m e n s i o n s , Elongat ion, A r e a , Load, Strength, 

'w/o Specimens in. in . p e r cent p e r cent lb ps i 

25 u ran ium 8 

35 u ran ium 8 

35 uranixmi-3 tin 4 

35 u r a n i u m - 3 pal ladium 4 

35 u r a n i u m - 3 sil icon 4 

35 u r a n i u m - 3 lead 4 

35 u r a n i u m - 3 z i rconium 4 

0.508 

0.507 

0.505 

0.509 

0.504 

0.508 

0.508 

0.504 

0.500 

0.491 

0.506 

0.496 

0.503 

0.500 

1.2 

1.3 

7.6 

1.3 

2.2 

2.3 

2.6 

1.6 

2. 1 

5.5 

1.2 

3.0 

2.2 

3,4 

1570 

3430 

3870 

4260 

2500 

3960 

3980 

7,200 

17,000 » 

19,100 

21,000 

12,400 

19,700 

19,800 
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typical of f ine-gra in m a t e r i a l and show none of the dist inct ive cleavage planes exhibited 
by the b inary tensi le spec imens . 

An exam^ination of the elongation of the var ious spec imens r evea l s that those 
spec imens containing l ead , silicon^ tin^ and z i rconium exhibited duct i l i t ies super io r to 
those shown by the binary alloys^ The i nc rea sed ductil i ty of fliese alloys i s a t t r ibuted 
to the i n c r e a s e d aluminum in the m a t r i x flirough flie re tent ion of all or p a r t of flie UAl^. 
The elongation of the spec imens containing tin was ex t remely good when compared wife 
the binary alloys^ and^ since elongation i s a m e a s u r e of the m a t e r i a l ' s abili ty to 
undergo deformation in forming operat ions^ i t would indicate that tiais alloy is super ior 
in this r e s p e c t to the other al loys tested. On this b a s i s the z i rconium-containing alloy 
should a lso be m o r e amenable to fabr icat ion than the b ina r i e s and at l e a s t equivalent to 
the s i l icon-containing alloy^ 

Ex t rus ion Studies 

Since the objective of this study was the invest igat ion of the feasibi l i ty of enhancing 
the fabricat ing and cast ing c h a r a c t e r i s t i c s of the alloy by the addition of a third element^ 
and since the contemplated fabr icat ion technique to be used was ex t rus ionj those alloys 
which appeared to offer the g r e a t e s t poss ib i l i ty of being amenable to this fabricat ion 
technique were extruded. As a base for compar i son pu rposes b inary alloys of 
a luminum-25 w/o uraniuna and a luminum-35 w/o uran ium were a lso extruded utilizing 
s imi l a r conditions. 

The 2. 75-in. - d i a m e t e r ex t rus ion spec imens were p r e p a r e d from, the 3 - i n . -
d i ame te r ingots by machining. The ingots were then i n se r t ed into 3-in. -OD aluminum 
cans and sealed with 1 /4- in . - th ick welded end caps . These spec imens were coated 
with a colloidal suspension of graphi te in water and heated to 430 C^ The m a t e r i a l was 
ext ruded through a flat-face die at 315 C; the follow block was also at 315 C. A r a m 
speed of 20 in. pe r min was employed for al l composi t ions . 

During ext rus ion a r e c o r d of the p r e s s u r e s r equ i r ed to extrude the m a t e r i a l was 
obtained through the use of a Bacharach gage connected to the hydraul ic sys tem of the 
p r e s s . The p r e s s u r e s indicated by this miethod as n e c e s s a r y for the ext rus ion of the 
m a t e r i a l s under these conditions a r e shown in Table 4. 
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TABLE 4. TENSILE TEST OF ALUMINUM-URANIUM ALLOYS 

Alloy Comiposition 
(Balance Aluminum), 

w / o 

35 uran ium 

35 u r a n i u m - 3 tin 

35 u r a n i u m - 3 z i rconium 

35 u r a n i u m - 3 si l icon 

Ult imate 
Tensi le St rength , 

ps i 
As Cas t 

17,000 

19,000 

19,600 

12,500 

Extruded 

21,500 

17,900 

17,000 

22,000 

Reduction 
in A r e a , 
p e r cent 

As Cas t 

2 .35 

4 . 3 4 

3.75 

3 , 5 

Extruded 

1.85 

3 . 5 

3.62 

3.75 

Maximum 
Extrus ion 
P r e s s u r e , 

t s i 

12.2 

9.37 

9.37 

9.37 

The evaluation of the extruded m a t e r i a l consis ted of visual inspect ion and metal lo-
graphic examination supplemented by tensi le t e s t s on the t e r n a r y al loys containing 
s i l icon, t in , and zirconium, and the b inary alum.inum-35 w/o uranium. The visual 
examinat ion of the extruded rod showed that " ra t t l esnak ing" had occur red to a limiited 
extent in one of the two binary alloys containing 35 w/o uranium, and to a much g r e a t e r 
extent in the alloy containing lead. The appearance of the ra t t lesnaking encountered in 
the lead-containing alloy is shown in F igure 11. The spec imen was taken from that 
port ion of the extruded m a t e r i a l where aluminum envelopes the alloy core . The 
r e a s o n s for t±iis type of defect in extruded m.aterials have not been de te rmined , though 
in the case of the lead-containing alloy it could have been aggravated by the p re sence of 
the f ree lead detected by meta l lographic and X - r a y diffraction s tudies . Of the alloys 
examined , the bes t sur faces (both cladding and interfaces) were exhibited by the alloys 
containing s i l icon, t in , and z i rconium. 

The meta l lographic examinat ion of the extruded m a t e r i a l revealed that the alloys 
containing tin and z i rconium contained li t t le or no mic roporos i ty due to f rac tu res in 
the compound or in a r e a s adjacent to the compound. The simple binary alloys 
exhibited mic roporos i ty in the m a t r i x and in the compounds due to f rac tur ing . This is 
shown in the photomicrographs in F igure 12. The other extruded m a t e r i a l s exhibited 
m i c r o s t r u c t u r e s very s imi l a r to those noted in the p r e s s - f o r g e d specimens of the same 
composit ion. 

In an effort to a s c e r t a i n the effects of ex t rus ion on the physical p r o p e r t i e s of the 
a l loys , tensi le spec imens were obtained from the a s -ex t ruded rods containing s i l icon, 
t in , and z i rconium and the b inary a luminum-35 w/o uranium. These spec imens were 
rup tured using a c rosshead speed of 0, 02 in. pe r min. The r e su l t s of these t es t s a r e 
s u m m a r i z e d in Table 4. An examination of the table r evea l s that in the a s - c a s t condi
tion the alloys containing tin and z i rconium exhibited g r e a t e r ul t imate s trength than 
e i ther the b inary alloy or the alloy containing sil icon; w h e r e a s , in the extruded condition 
the opposite was t rue . The l a t t e r two exhibit i n c r e a s e s in tensi le s t rength after 
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FIGURE 12. EXTRUDED MATERIAL FROM BINARY ALLOYS EXHIBITING MICROPOROSITY IN THE MATRIX 
AND IN THE COMPOUNDS DUE TO FRACTURING 

Little or no fracturing of compounds was detected in the specimens containing tin or zirconium. 
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fabricat ing. An explanation of the l a rge i nc rea se in s t rength shown by the alloy 
containing si l icon mus t l ie in cast ing quality since the a s - c a s t s t rength was abnormally 
low when compared with the other a l loys . The reduct ions in a r e a of the alloys contain
ing the t e rna ry additions were g r e a t e r than the reduct ions in a r e a of the b inary alloy 
in botli the aS"cast and fabricated condition and a r e a t t r ibuted to the reduct ion in the 
amount of compound in the t e r n a r y a l loys . In the l a s t column in the table a r e the values 
obtained from one s e r i e s of al loys in effecting a 16; 1 reduct ion of a 3-in. - d i a m e t e r 
ex t rus ion blank. As stated previous ly these values were obtained from a Bacharach 
gage connected to the hydraul ic sys tem of the ext rus ion p r e s s . F r o m these values it 
appea r s that the reduct ion in compound r e su l t s in a reduct ion in the ext rus ion p r e s s u r e 
r equ i r ed . 

CONCLUSION 

One possible miethod of effecting improvements in the cast ing and fabricat ing 
c h a r a c t e r i s t i c s of a luminum-uran ium alloys is with suitable t e r n a r y additions that 
refine the cas t s t ruc tu re and /o r supp re s s the UAl^-UAl^ pe r i t ec t i c react ion. In so 
doing, the mechanica l p r o p e r t i e s a re improved because the size and shape of the 
compound p r e s e n t a re changed and /o r a g r e a t e r quantity of free aluminum is p r e s e n t 
in the a s - c a s t s t ruc tu re . Initially in this s tudy, the effects of se lec ted alloy additions 
at or near the 3 a /o level were evaluated. The additions were : copper , gadolinium, 
g e r m a n i u m , l e a d , lithiumi, m a g n e s i u m , n icke l , n iobium, pa l l ad ium, s i l icon, sodium, 
t in , t i t an ium, and z i rconium. The evaluation of these mel t s revea led that gadolinium 
and l i thium caused extensive poros i ty in the cas t ings ; pal ladium and tin refined the 
compound par t i c le s ize ; copper , n icke l , and ti tanium inc reased the amount of compound 
p r e s e n t in the a l loys . At the 3 a /o concentra t ion only the palladiumi-containing ma te r i a l 
did not exhibit extensive mic roc rack ing in spec imens p r e s s forged at 540 C. The 
meta l lographic examination of the lead alloy revea led the p r e s e n c e of free lead. In one 
ins tance the sodium alloy exhibited a refined m i c r o s t r u c t u r e but the r e su l t s could not be 
duplicated. 

La t e r s tudies were concerned with the qual i t ies of al loys containing 3 w/o additions 
of g e r m a n i u m , l ead , n icke l , n iobium, pa l lad ium, s i l icon, t in , t i tanium, and zirconiumi. 
The effects of these e lementa l addit ions were evaluated by radiographic examination 
of a s - c a s t m a t e r i a l , meta l lographic examination of a s - c a s t and fabricated s p e c i m e n s , 
tensi le t e s t s on a s - c a s t and extruded m a t e r i a l , and X - r a y diffraction. Radiographic 
examinat ions revealed that the t in- and lead-a l loy ingots were m o r e homogeneous than 
e i ther the binary a luminum-35 w/o uranium, ingots or the ingots containing other t e r n a r y 
addit ions. Tensile tes t s showed that a s - c a s t alloys of s i l icon, t in , and zirconium 
were super ior to the a s - c a s t alum.inum«35 w/o uranium alloy in both the elongation and 
the reduct ion in a r e a obtained. Also the ext rus ion p r e s s u r e n e c e s s a r y to effect a 16:1 
reduct ion in the al loys was d e c r e a s e d approximate ly 25 per cent with the addition of 
the aforementioned s i l icon, t in , and z i rconium. Metal lographic and X - r a y diffraction 
studies showed that g e r m a n i u m , s i l icon , t in , and z i rconium were effective in retaining 
UAI3, thereby increas ing the amount of m a t r i x p r e s e n t in the a l loys . 
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On the bas i s of these s tudies the fac to rs which favor tin a n d / o r z i rconium as a 
t e r n a r y addition for improving the cast ing and fabricating c h a r a c t e r i s t i c s of the 
a luminum-35 w/o uran ium alloy a r e summar i zed below: 

(I) Of the alloys upon which tensi le t e s t s were conducted, the g r e a t e s t 
ductil i ty was exhibited by the tin alloy. Zi rconium was a lso super ior 
in ductil i ty to the b inary alloy. 

(Z) The alloy containing tin exhibited flie l e a s t segregat ion when cast into 
3 - i n . - d i a m e t e r graphi te molds , 

(3) No fragmentat ion o r rupturing was observed in the alloys of tin or 
z i rconium. 

(4) Ex t rus ion studies indicated that l e s s p r e s s u r e was r equ i red for a given 
reduct ion when tin or z i rconium was added to the b inary a luminum-35 
w/o uran ium alloy. 

The advantages inherent in the improvement s noted could be rea l ized in the 
production fabricat ion of fuel e l emen t s . Not only was this demons t ra ted by the l imited 
ex t rus ion studies but also by improved mechanica l p r o p e r t i e s of the alloys as d e t e r 
mined by t ens i l e , t e s t s . An indication of the stabi l i ty of the UAI3 re ta ined can be deduc 
from the fact that no UAI4 was detected in 3 w / o tin™ or z i rcon ium-a l loy m a t e r i a l that 
had been heated to 430 C and extruded. 

Fu tu re s tudies a r e planned in which the alloy composit ion will be opt imized with 
considera t ion given to co r ros ion and mechanica l p rope r t i e s and the effectiveness of 
UAI3 retent ion. 
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