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LOW-MELTING ALLOYS FOR CAST FUEL ELEMENTS

H enry  A, S a ile r ,  F ra n k  A. Rough, 
and A rthur A, B auer

~1
An investigation has been conducted to deterrent tie  composition 

of urunium-eich ternary eutectic alloys most suitable for reactor application 
in the as-cast condition. These determinations have been based upon 
metallagrapkic examination and thermal analysis of as-cast alloys.

O f tie  systems studied, ternary eutectic alloys have been identified 
in a number o f systems, at or near the following compositions: uranium•
22.5 a/o chromsum-2.5 a/o thorium, uranium* 12 a/o silicon-3 a/o aluminum, 
uranium-14 a /o  chromium-4 a/o aluminum, uranium-10 a/o silicon-10 rs/o 
chromium, uranium-10 a/o silicon-2.S s/o  thorium, uranium-11 a/o silicon-4 
a/o vanadium, and uranium-9 a/o silicon-6 a /o  nickel.

The absence o f a ternary eutectic •'* t ie  urantumeich portion of t ie  
following systems has also been established: uranium-silicon-iron, 
uranium-vanadium-iron, uranium-chromium-x-anadium, and uranium-vanadium- 
thorium.

A brief investigation of uranium binary systems has established th<‘ 
uranium-silicon eutectic composition as 8.6 a/o silicon. Data have also 
been obtained on the uranium-aluminum, uranium-copper, uranium-iron and 
uranium-tin systems.

INTRODUCTION

The possib ility  of casting fuel e lem en ts  fo r  use in a power re a c to r  
has  long been co n s id e re d .  In addition to e a s e  of fabrication, th e re  is con­
s id e rab le  in te re s t  in the  adaptability of such  fuel alloys to py ro m eta llu rg ica l  
p ro cess in g  m ethods.

Because of the m a te r ia ls  prob lem s involved in p ro cess in g  alloys of 
high melting point, eu tec tic  alloys of low er m elting point than the e lem ental 
consti tuents  offer p ro m ise  for such app lica tion . However, a lthough the 
u ran ium -ch rom ium  eu tec tic  alloy has been studied in tensively  for such use, 
few o ther alloys of h igh -u ran ium  com position  have been in ves t iga ted .

A p ro g ram  was th e re fo re  adopted to develop and exam ine u ran iu m - 
r ic h  eutectic  a l lo y s ,  both binary and t e r n a r y .  Previous w orkO )* had shown 
tha t a te rn a ry  eu tec tic  ex is ts  in the u ran iu m -c h ro m iu m -iro n  sy s te m .

•  Reference! ate at end of teport.
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The investigation w as re s tr ic te d  to a llo y s  of high uranium  content* 
E u tec tic  com positions of a  num ber of alloys w ere  determ ined* While these  
com positions a re  not p re c is e  fo r  every  a lloy , the  va lues a re  su ffic ien tly  
e x ac t fo r  p re lim in a ry  s tu d ie s  of cas tab ility  and p h y sica l p ro p e r tie s . S elected  
a llo y s  will eventually be ev alua ted  by ir ra d ia tio n .

EXPERIM ENTAL PROCEDURE

The de term ination  o f te rn a ry  eu tec tic  a llo y s  was based upon m e ta llo -  
g rap h ic  exam ination and th e rm a l analysis  of a r c -m e l te d  a llo y s . B in a ry  
alloy  sy s te m s  w ere b rie fly  investigated  by th e se  m ethods, a lso .

The te rn ary  sy stem s investigated  w ere: u ran iu m -ch ro m iu m -th o riu m , 
u ran iu m -s ilico n -a lu m in u m , u ra n iu m -s ilic o n - iro n , u ran iu m -a lu m in u m - 
c h ro m iu m , u ra n iu m -s ilico n -ch ro m iu m , u ra n iu m -th o riu m -s ilic o n , u ra n iu m - 
v an ad iu m -silico n , u ran iu m -v an ad iu m -iro n , u ra n iu m -n ick e l-s ilic o n , 
u ran iu m -ch ro m iu m -v an ad iu m , and u ran iu m -v an ad iu m -th o riu m .

The binary  sy s te m s  of u ranium  with the following m eta ls  w ere a ls o  
s tu d ied : s ilicon , a lum inum , copper, iro n , and tin .

A lloy Selection and P re p a ra tio n

T e rn a ry  alloy sy s te m s  fo r study w ere s e le c te d  a f te r  a b r ie f  su rv e y  of 
the b in ary  system s involved* The p resen ce  o f a  eu tec tic  in a ll th re e  b inary  
sy s te m s  d ic ta tes  a te rn a ry  eu tec tic  of low er m eltin g  point than in the b inary  
s y s te m s .

S election  of alloy com positions fo r in itia l study was based on phase  
re la tio n sh ip s  and m elting  te m p e ra tu re s  in the b in a ry  sy stem s . W here com ­
pounds appear in the b inary  sy stem s, the p o ss ib ility  of a  q u asi-b in ary  section  
betw een these compounds m u s t be co n sid e red , p a r tic u la r ly  betw een c o m ­
pounds in the uranium  b in a ry  sy stem s . C om positions which w ere u ran iu m  
rich  with resp ec t to Buch p o ss ib le  sec tions w ere  se lec ted . As the p robab ility  
e x is ts  th a t a  te rn a ry  e u tec tic  will be c lo se r in  com position  to the lo w er ra th e r 
than h igher m elting b in a ry  e u te c tic , com positions w ere se lec ted  w ith th is  in 
m ind , although, in  g e n e ra l, com positions of the  in itia l alloys p re p a re d  w ere 
v a r ie d  to b rack e t the s u r fa c e s  of p rim ary  c ry s ta ll iz a tio n .

On the basis  of ex am in a tio n  of these in itia l a llo y s , add itional a llo y s  
w ere  p re p a red  to locate  the te rn a ry  eu tec tic  com position  m ore p re c is e ly .

•: f  ONF.ipgliT lA l..
*: : : : \  \ • • •• • • • • » » »  ••• i.
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A few b in a ry  alloys were a lso  s e le c te d  for study. Constitu tional dia­
g ram s  of m o s t  of these  alloys showed a  eu tectic  a t  low alloy content.

Alloys w e re  p re p a red  from b is cu i t  u ranium , sponge th o riu m , and 
c o m m erc ia l-g rad e  high-purity  m eta ls*  The alloys were a r c  m elted  from 
five to seven t im e s  under a helium a tm o sp h ere  into button fo rm .  All 
buttons appea red  homogeneous except for those containing th o r iu m . When 
these were sec t io n ed , pieces of u n reac ted  thorium  were v is ib le  to the eye.
As a re su lt ,  a l lo y s  containing tho rium  w ere  melted f ro m  s e v e n  to ten times 
to in su re  hom ogeneity ,

M etallographic Examination

A q u a r te r  sec tion  of each a lloy  button was mounted in B akelite , ground 
wet through 6 0 0 -g r i t  paper ,  and was po lished  with diamond a b ra s iv e  on a 
wheel covered with F o rs tm an n 's  c lo th .

The a lloys  w ere  etched with a m ix tu re  of 4 p a r ts  a c e t ic  acid  and 1 
p a r t  of base  so lu tion . The base so lu tion  consisted of g chrom ic  oxide 
dissolved in 100 cm ^ w ater . It was used  e lec tro ly tica lly  a t  20 to 45 v.

T h e rm a l Analysis

Keating c u rv e s  were obtained by m eans of a 36-gage Chrom el-A lum cl 
thermocouple sp o t  welded between two s l iv e rs  of sp e c im e n s .  The resulting 
"sandwich" was wrapped in p la tinum  foil and was heated in an  e lec tr ica l  
coil under a vacuum  for t ran s fo rm a tio n s  below 850 C, and  in a furnace for 
t ransfo rm ations  a t  higher te m p e ra tu re s .

As an e x am p le ,  a heating cu rv e  obtained on a u ra n iu m -3  a /o  
thorium -5 a /o  s i l ico n  alloy is  shown in F ig u re  1, This is  not a p rec ise  
method of d e te rm in in g  melting p o in ts ,  but quickly gives d a ta  of sufficient 
accuracy  for a  study of the type re p o r te d .

RESULTS AND DISCUSSION

Upon the b a s is  of m eta llog raph ic  and therm al data obta ined , the 
existence o r  a b se n c e  of a te rn a ry  e u tec t ic  in each of the te rn a ry  system s 
investigated h a s  been estab lished .

s • 
s  t ;;T > o q F f l E ^ C , : '
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M sU ilographU  and therm al «U u H*v» also  been ofetainad an arim m ii* 
rich  binary a l lo y s .

T e rn a ry  Alloy*

Tor m o i l  o f  th# alloy l y i l t m i  investigated , the ****** com positiaa  
of the te rn a ry  eu tectic  was not d e te rm in ed . The s t ru c tu re *  of te rna ry  alloys 
which were c lo t  ee l m com position to a te rn a ry  eu tec t ic ,  f ro m  among the 
alloy* p re p a re d ,  a re  shown in F ig u re  l . Examination of th e se  e truc tu re*  
will reveal th a t  d e p a r tu re !  from  the p re c i s e  te rna ry  e u tec t ic  competition* 
a r e  • tight, in m oet c a te* .

U ran ium -C hrom ium -T horium

The t e r n a r y  eutectic com position  in this sy s tem  h a t  been determ ined 
a t  u r a m u m -2 2 ,5 a /o  c h ro m iu m -2 ,5 a / o  thorium. The correspond ing  
eutectic s t r u c tu r e  i t  shown in F ig u re  2a,

A pparen tly , the melting point of the u ran iu m -ch ro m iu m  eutectic all*
H60 C, is l i t t l e  affected by the th o rium  addition, the m ax im um  amount it is 
lowered p robably  being about 10 C . All the alloys c lose  to the ternary  
**ute< nc com position  showed approx im ate ly  the sam e m elting  point, all within 
the exper im en ta l  e r r o r .  As a r e s u l t ,  the te rnary  eu tec tic  composition is 
baaed p r im a r i ly  upon the observed  m etallographlc  s t r u c tu r e .

Uranium -Sil icon-Aluminum

A te r n a r y  eutectic  ex ists  in th is  system  c lose  to the composition 
uranium -12 a / o  s ilicon-3  a /o  a lum inum . Since this a lloy contains p rim ary  
silicon in i t s  s t ru c tu re  (Figure 2b), a  reduction in the am oun t of silicon 
to produce the  te rn a ry  eutectic  alloy is  indicated. The m elting point gf th*- 
eutectic alloy will be about 950 C,

U ran ium -S ihcon- l ron

The p re s e n c e  of p r im ary  compound, U^Fe, in all the alloys iftveftigatl 4 
in this sy s te m  indicates that a  t e r n a r y  eutectic does not o c c u r  a t the u ran iu m - 
rich end of the sys tem . Instead, a q u as i-b inary  between U^Fc and one ol the 
silicon com pounds probably in te rv e n es  between the u ra n iu m -r ic h  portion of 
the d ia g ra m  and a te rnary  e u tec t ic .  The s tru c tu re  shown in F igure  2c is 
that of an a lloy  whose composition p laces  it on the te rn a ry  eutectic side of

C O N F ID E N T ,!^ ,,
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thik quas i -b inary  section.  The s t r u c tu r e  consist* mainly of U(, Fe along 
with small  amounts  of eutectic ,  Alloys u ran ium -r ich  with re spec t  to this 
section contained uranium and U(,Fr,

Uram um -A lum inum -Chrom ium

A te rn a ry  eutectic occurs  in th is  sy s tem  close to the composit ion 
u r s i tU m -M  * / v  ch ronnum -4  a / o  a lum inum .  The m ic ro s t ru c tu re  of this 
aMoy appea rs  in F igure  2d, A slight in c rease  in ch rom ium  content  should 
result  in the t e rn a ry  eutectic alloy.

The u ran ium -ch rom ium  eutec tic  melting point is  lowered ,  about 10 C, 
to mt) C by the a luminum addition,

Uranium-Siln  ot i-Chrommni

Examination o( the s t ru c tu re  shown in Figure Ze indica tes  that a 
fa nary s u h a u  is located very c lose  to the composition u ran ium -10  a /o  
s i l i c o n -10 a / o  ch rom ium .  Since the mel ting point of this al loy was found to 

higher than that  of the u ra n iu m -c h ro m iu m  eutectic a lloy,  the melting 
point at fate t e r n a r y  rutccUc may be expected to be about 855 C,  the binary 

mp*T4ture of 860 C being l i t t le affected by si l icon addition.

Uranium- Thor m m-Si l i  con

Th«* mu r e s t ru c tu re *  and th e rm a l  data obtained give evidence of a 
te rnary  euUMtic composi t ion in this s y s t e m .  The s t r u c tu r e  of the alloy 
c lo ses t  to this composi t ion,  shown in F ig u re  Zf, cons is t s  of u ra n ium -2 ,5  a /o  
th o r i u m - 10 a / o  si l icon with a mel ting point of 965 C, about 25 C lower than 
the melting point <>( the u ran iu m -s i l i co n  eutectic alloy.

The p r e s e n c e  of both p r i m a r y  uran ium and p r im a r y  thorium in this 
alloy points up the difficult ies encounte red  in insuring comple te  solution of 
thorium in the m el t .  Thorium has a much higher mel ting point than the other 
consti tuent* of this al loy.  In addit ion,  uranium and tho r ium  show a g rea t  
r.ing«* of l iquid im rmscib i l i ty , which tends to promote  segrega t ion  in the melt .

U rani  mn -Vanadt  urn-Sil i  con

A te rn a ry  eutectic  occurs  in th is  sys tem  close to a composi t ion of 
uran ium-4  a / o  vanadium-11 a / o  s i l icon .  An alloy of this composit ion Is 
shown in F igure  2g. The s t ru c tu re  cons is t s  of duplex eu tec t ic  surrounded

ICMFlIjEfjriAX:'
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by te rn a ry  eu tec tic . The t e r n a r y  eutectic m elts  a t  about 955 C, 35 C below 
the m elting  point of the u ra n iu m -s il ico n  eu tec tic .

U ran ium -V anadium -Iron

The s t ru c tu re s  obtained in this system  a r e  s im i la r  to those found in 
the u ra n iu m -s i l ic o n - iro n  s y s te m .  One of the s t ru c tu re s  is  shown in F ig u re  
2h, P r im a ry  UfcFe was found in a l l  the s t ru c tu re s  exam ined. A te rn a ry  
eu tec tic  probably ex ists  in th is  sy s tem , but a t  a n  in te rm ed ia te -  o r  low- 
uran ium  com position,

U ran ium -N ickel-S il icon

A te rn a ry  eutectic  a p p e a rs  to ex is t  a t  the h igh-u ran ium  end o f th is  
sy s te m . The s tru c tu re  shown in F igure  2i, containing u ran ium -9  a /o  
s i l ico n -6  a /o nickel, is that of a fa ir ly  homogeneous eutectic  with a sm a l l  
am ount of p r im ary  phases p r e s e n t .  Since this alloy has a much h igher 
melting point than that of the u ran ium -nicke l eu tec t ic ,  920 com pared to 
740 C, a quasi-b inary  between uranium  and som e in te rm ed ia te  compound 
in the n icke l-s i l icon , o r  in the te rna ry  system  i ts e l f ,  must ex ist .  This 
would p e rm i t  a te rn a ry  eu tec tic  in the s i l ic o n -r ic h  portion  of the sy s te m . 
M etallographic and th e rm a l da ta  obtained on sp ec im en s  of other alloy co m ­
positions appear to support  th is  possibility .

U ran ium -C hrom ium -V anad ium

No evidence for the ex is ten ce  of a te rn a ry  eu tec tic  in this sy s tem  was 
obtained. Instead the data ind ica te  a eutectic  trough , sloping gently f ro m  
the vanadium to the ch rom ium  binary eu tec tic . The composition of the alloy 
whose s t ru c tu re  is shown in F igure  2j, falls c lose to the eutectic trough . It 
m elts  o v e r  the range 875 to 970 C.

U ran ium -V anad ium -T horium

A te rn a ry  eutectic can  be expected in this sy s te m  but the data  obtained 
do not ind ica te  that one will be found near the u ra n iu m -r ic h  end of the sys tem . 
It a p p e a rs  that the eu tec tic s  of the uranium  b in a ry  sy s tem s  slope down 
tow ard  the vanad ium -thorium  rich  portion of the s y s te m .

\  r* / . :  OPNF.iDSNTIAl:-.• •• • mwmshmmma •
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B inary  Alloys

The u ran iu m -s il ico n  e u tec t ic  occurs  a t  a com position  of 8 .6  a / o  
s ilicon  and a t a  te m p e ra tu re  of 990 C. The eu tec t ic  s t ru c tu re  iB shown in 
F ig u re  3a.

The ex ac t  composition of the u ran iu m -co p p er  and uran ium -a lum inum  
eu tec tic  a lloys  could not be d e te rm in ed  m eta llog raph ica lly  because sm all  
am ounts of second phase a p p e a re d  in the a lloys , S tru c tu re s  a re  shown in 
F ig u re s  3b and 3c. However, s ince  the melting points of these alloys a r e  
little  a f fec ted  by sm all  v a r ia t io n s  in com position, i t  is  not e ssen tia l  to know 
the exac t com positions fo r  c as t in g  s tudies. The eu tec t ic  tem p era tu res  
were  found to be 1105 and 1080 C for the a lum inum  and copper a lloys, 
re sp ec tiv e ly .

Both the iron  and tin a L o y s ,  F igures  3d and 3e, show s t ru c tu re s  in 
which u ran ium  is  outlined by an in te rm eta ll ic  com pound. This type of 
s t ru c tu re  does not suggest d e s i r a b le  mechanical p ro p e r t ie s  for use in the 
a s - c a s t  condition. The m elting  point of uranium  is  l i t t le  affected by sm a l l  
am ounts of these  additions.

CONCLUSIONS

Upon the basis  of m eta ilog raph ic  and th e rm a l da ta ,  the existence of a  
te rn a ry  eu tec tic  in the u ra n iu m -r ic h  portion of the following sy s tem s , a t  o r  
near the following com positions, has been e s ta b lish ed :  u ran ium -22 .5  a / o  
c h ro m iu m -2 .5  a /o  thorium , u ran ium -12  a /o  s i l ico n -3  a / o  aluminum, 
u r a n iu m - 14 a / o  ch rom ium -4  a / o  a lum inum , u ran iu m -1 0  a /o  silicon-iO  a / o  
ch rbm ium , u ranium -10 a /o  s i l ic o n -2 .  5 a /o  th o r iu m , uranium -11 a /o  
s i l ico n -4  a / o  vanadium, and u ran ium -9  a /o  s i l ico n -6  a /o  nickel. All of these  
alloys a r e  considered  as potentia lly  useful as  fuel a lloys in the a s - c a s t  c o n ­
dition.

The absence  of a  te rn a ry  eu tec tic  in the u ra n iu m -r ic h  portion of the 
following sy s tem s  has a lso  been estab lished : u ra n iu m -s i l ic o n - i ro n ,  u ra n iu m -  
v a n ad iu m -iro n , u ran ium -ch rom ium -vanad ium , and u ran ium -vanad ium - 
th o riu m , The problem s encoun te red  in casting  a l lo y s  which m elt over a 
te m p e ra tu re  range ra th e r  than a t  a single te m p e ra tu re  do not indicate tha t 
u ra n iu m -r ic h  alloys in these sy s te m s  can be c o n s id e re d  for a s - c a s t  a p p l ic a ­
tions.

An investigation of u ran iu m  binary sys tem s  ru le s  uranium alloys of 
low tin and iron  content out of considera tion  for use in the a s - c a s t  condition 
on the b a s i s  of m ic ro s t ru c tu re .  Alloys of u ran ium  with silicon, a lum inum  
or copper a r c  potentially useful in the a s - c a s t  condition. The u ran ium - 
s ilicon  eu tec tic  composition has been located a t  8 .6  a / o  silicon.

.. ~ CONFIDENTIAL .
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c . Uranium-6 a /o  Copper
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e. Uranium-2.5 a /o  Tin

FIGURE 3 . AS-CAST MICROSTRUCTURES OF BINARY ALLOYS
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