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The 20% l imi t a t ion  on U-235 enrichment of uranium exported under the  

Atcans-for-Peace Program has created the  need f o r  development of 35 to 50 w t $  
U-A1 a l loys .  These alloys, when modified wi th  te rnary  addi t ions of 3 w t $  Si ,  

Z r ,  Ge,  T i ,  or  Sn, contain e s s e n t i a l l y  no UA;L4, but instead, r e t a i n  UAl  

the  s t ab le  compound. This s t r u c t u r a l  modiPication, which reduces the  volume 

percentage of i n t e rme ta l l i c  compound, improves t h e  qua l i t y  of t h e  f u e l  a l l o y  
i n  comparison w i t h  an unmodified a l l o y  of the  same uranium content. 

sen t  work discusses  cas t ing  procedures, mechanical working charac te r i s t ics ,  

caflposl.te f u e l  p l a t e  fabr icat ion,  and f u e l  element assembly methods f o r  a 

nominal 48 w t $  u - 3 wt'i& S i - a  a l l o y ,  

as 
3 

The pre- 

It was found that loca l ized  clad thinning, r e su l t i ng  from "dogboning" of 

is  e s s e n t i a l l y  el?&hated I n  cmpos i t e  p l a t e s  when t h i s  alloy t he  f u e l  a l l o y  

i s  
However, f u e l  cmponent dimensions are d i f f i c u l t  t o  maintain within c m o n l y  

accepted tolerances i n  the  brazing process because of t h e  marked differences 

i n  the  thermal expansion of the  f u e l  alloy and the  containment materials. 'The 
mechanical propert ies ,  i r r a d i a t i o n  s tudies ,  corrosion t e s t ing ,  pneumatic pres- 

sure t e s t ing ,  and chemical reprocessing of t he  silicon-modified a l l o y  a r e  a l s o  
discussed. 

used i n  combination w i t h  5154 alumiaurfl frames, and 1100 aluminum covers. 

INT'RODUCTION 

The s t ipu la t ion  t h a t  uranium exported under the  Atms-for-Peace Program 

be l imi ted  t o  20% enrichment i n  the  U-235 isotope has created a challenging 

need f o r  t he  development of new f u e l  compositions f o r  t h e  aluminum research 

reac tor  f u e l  elements. 

i s  of n plate- type design and generally contains 140 t o  200 g of uranium, 
enriched i n  U-235 a t  the  93% leve l .  
requires  app-oximAtelY, a f ive-fold increase i n  contalned uranium, which, i n  

As  i l l u s t r a t e d  i n  Fig. L (Y-9250), t h i s  f u e l  element 

Obviously, reducing the enrichment t o  2076 

- turn,  increases  the  concentration of uranixn i n  the  f u e l  a l loy .  

The most expedient approach t o  the  $roblem of obtaining increased uranium 
loadings i s  t o  modify and extend the  well-developed procedures employed i n  the 
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manufacture of MTR-type elements' t o  the  f u e l  a l l o y  compositions required for 

uranium limited t o  20$ enrichment. If a standard design canposed of an a r r ay  
of 18 a lc lad ,  60-mil-thick f u e l  p l a t e s  i n t e g r a l l y  brazed t o  grooved s ide  p l a t e s  

i s  se lec ted  as t h e  reference element, it can be calculated t n a t a  48 w t $  U-AL 
a l l o y  i s  required t o  y ie ld  t h e  same loading of U-235 t h a t  n o m l l y  can be ob- 

ta ined  with an 18 w t $  U - A l  alloy containing highly enriehed uranium. 

The problems associated with melting and cas t ing  of a nominal 48 w t $  U-A1 

a l l a y ,  as well as primary and composite p l a t e  ro l l i ng ,  were discussed pre- 

viously.' It was pointed out that t h e  cas t ing  problems encountered were p r i -  
mar i ly  inhomogeneity and gas poros i ty  stemming frm the  wide gradient between 

so l idus  and l iqu idus  curves fo r  t h i s  a l loy .  

b i l l e t  i n t o  p l a t e  stock f o r  f u e l  cores a l s o  proved t o  be troublesame and an 

aluminum frame was necessary t o  l a t e r a l l y  constrain the  b i l l e t  during r o l l i n g .  

The p r i n c i p a l  area of coneera with t h e  nominal 48 w t $  U-A1 alloy, however, was 

t h e  de l e t e r ious  end e f f e c t  which occurred during the  manufacture of composite 

f u e l  plates. 

shape, i s  character ized by loza l ized  thickmiiag of t h e  f u e l  alloy and thinning 

of the  pro tec t ive  cladding at t h e  extremities of t he  f u e l  core. It was demon- 

s t r a t e d  that "dogboning" i s  a r e s u l t  of the marked difference i n  p l a s t i c i t y  

between the  high-uranium core a l l o y  and t h e  alumiaum containment materials a t  
the elelrated temperature required fo r  r o l l i n g .  This defec t  could be somewhat 
ameliorated by the  subs t i t u t ion  of higher s t rength  aluminurn al loys f o r  1100 

aluminum. The "dogboning" was s t i l l  considered ser ious,  however. Subsequent 

studies have been d i rec ted  toward modification of t he  f u e l  a l l o y  by te rnary  
addi t ions  which suppress the  UA14 i n t e rme ta l l i c  empound, r e su l t i ng  i n  a sub- 

s t a n t i a l  reduction i n  y ie ld  s t rength of the a l l o y ,  

t h e  development of a nominal 48 wt$ U - 3 w-t$ Si-Al. ahloy t o  fulfill t h i s  need 
f o r  f u e l  p l a t e s  of maximwn i n t e g r i t y ,  

Breakdown r o l l i n g  of t h e  eas t  

This end e f f ec t ,  a p t l y  termed a "dogbone" because of i t s  pecul ia r  

The present  repor t  descr ibes  

9. E. Cunningham and E. J. Boyle, "R-Ty-pe Fuel Element," Proceedings of 1 
I 

In te rna t iona l  Conference on Peaceful Uses of Atomic Energy, 9,  203 (1955). - - 
c 

W. C. Thurber, J. H. Erwin, and R. J. Beaver, The Application of a 2 - _.- 
Nominal 48 Wtg U-A1 All0 
ORNL-2351 ( F e b m z ,  d) . to Plate-Type Aluminum Research Reactor- Fuel Elements, 

3The Aluminum Association standard designations for wrought aluminum a l loys  
are used throughout t h i s  r epor t .  



Included i n  the  discussion are al loying theory and pract ices ,  pr3mry 

fabricat ion by hot r o l l i n g  and extrusion, composite fuel @late manufacture 

with pa r t i cu la r  emphasis on minimization of "dogboning, I f  cmponent assembly, 

and mechanical and physical property evaluation. 

48 w t $  U - a  binary a l l o y  i s  used as a reference f o r  evaluating t h e  r e l a t i v e  

effects of te rnary  s i l i c o n  addi t ions.  

In many cases, t he  nominal 

CONCLUSIONS 

1. Ternary addi t ions of 3 wt$ Si,  G e ,  Zr, Sn, o r  T i  'result i n  v i r t u a l l y  

complete uu4 suppression i n  48 wt% U - ~ 1  a l loys  wit'n a d e c e a s e  of - 18% i n  

the  volume of intermeta.lLic compound.. 
2. The s i l i con  addi t ion i s  associated with aluminum i n  t h e  UA1 l a t t i c e ,  

3 -  
forming compoands of the U(A1,Si) 

funct;j.on of the  s i l i con  content of the a l loy .  
type i n  which the l a t t i c e  parm1ete.i-s are a 

3 

3.  ?To reversion of UAl. .to UAL4 occurs in -th,e si:Licox;,.-modif4ed. alloy 

Sil icon addi.tions a l t e r  the  macrostructure of t h e  48 wt$ U-A1 a l l o y  

3 
a f t e r  extensive thermaI- treatment a t  605% 

4. 
cast ings from columnar t o  equi-axed and a l so  elirninate hot t e a r s  i n  the  cast 

b i l l e t s .  

5 .  'The mode and magnitude of uranium segregation i n  40 t o  '50 wt$ U - f U  

a l loys  are not a f fec ted  by the  3 w t $  s i l i con  addi t ion.  

6 .  The te rnary  a l loys  can be ro l led  i n t o  p l a t e  without, framing, and 

casting-to-core yields  of 40 t o  TO$ can be real ized.  

7. Sil icon addi t ions t o  the  f u e l  a l loy  decrease the  magnitude of 
"dogboning" i n  cmponite rue1 p l a t e s  regardless of t he  type of aluminum can- 

sidered f o r  frames and covers. 
8.  "Dogboning" i n  caniposi-te f u e l  plabes can be fu r the r  reduced by usin.g 

picture-frme material with higher yield strength than 1100 Q. 

materials  combination consis ts  of 48 w t $  u.- 3 wt$ Si-Al cores, 11-00 AL covers 
and alclad 5S5k A1 frames. 

The optimum 

9. i n  t he  assembly of f u e l  elements by brazing, it I s  d i f f i c u l t  t o  main- 

t a i n  p l a t e  spacings t o  within & 10% of t he  iiwminal spec i f ica t ion .  
f i c  reactor  appl icat ion requires these tolerances,  it i .s recommended t h a t  

mechanical assembly be considered as a desirable  a l t e r n a t i v e .  

If the  speci- 
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l o ,  The t e n s i l e  and yie ld  s t rengths  of 8 nominal 48 w t $  U-A1 a l l o y  a r e  

reduced with s i l i con  addi t ions because of t he  decreased quant i ty  of dispersed 

in te rmeta l l ic  canpound. Tin addi t ions exer t  a s imilar  e f f e c t .  

11. Corrosion t e s t i n g  of unclad samples of t h e  silicon-modified a l l o y  

i n  static, de-ionized water a t  60 and 90°C ind ica tes  t ha t ,  d t h o u g h  general 

a t t ack  i s  very limited, some b l i s t e r s  form a f t e r  t h ree  weeks exposure. The 

propensity t o  b l i s t e r  does not appear t o  increase with exposure time. 

12. Pneumatic pressure t e s t i n g  of 18-plate f u e l  elements prepared with 

high-strength aluminum a l l o y  f m e s  and 48 w t $  U - 3 ut$ Si-A1 a l l o y  cores 
reveals  that these elements a r e  more r e s i s t a n t  t o  deformt ion  from pressure 
d i f f e r e n t i a l s  than a r e  standard Mark X I  MTR-type f u e l  u n i t s .  

DEVELOPMENT OF THE TERNARY ALLOY 

It has been reported t h a t  t he  addi t ion  of 0.8 w t $  Si M a 20 wtqb U-Al 
a l l o y  i s  suffucient t o  completely suppress the p e r i t e c t i c  transformation of 

3 
UAL t o  UA14 occurring a t  7 T O " C ,  4,5 allowing the  primary nucleating cmpound, 

UA13, t o  be retained as the  stable phase a t  room temperature. 

d ie ted  fram the  U-Al cons t i tu t ion  diagram, shown i n  Fig. 2 (Y-208081, t h a t  a 

sirnihr s t r u c t u r a l  modification i n  a nominal 48 wt$ u-U a l l o y  would decrease 

the  volume f r ac t ion  of in te rmeta l l ic  compound i n  the  a l l o y  by ~8$. 
mater ia l s  of marginal fabr ica t ion  poten t ia l ,  such a change is-obviously s ig-  

n i f  i can t  . 

It can be prc- 

When working 

To e s t ab l i sh  the  f e a s i b i l i t y  of UA14 suppression In  the  high-uranium al loys,  

a s e r i e s  of s i x  cast ings containing amounts of s i l i con  varying from o t o  3 wt$ 
were prepared by conventional open-air-induction melting techniques. 

was cas t  i n t o  a graphite mold l-1/2 in .  i n  d ia  and 8 i n .  long. 

then taken fran the  extremit ies  of each ingot f o r  s i l i con  ana lys i s  and de ter -  

Each a l l o y  
Samples were 

mination .of t he  a l loy  const i tuents  by x-ray d i f f r ac t ion .  Results of 

4 Metallurgy Division mar. Psog. Rep. f o r  period ending October 
- - - I _  o m -  910. 

t h i s  study 

c 31, -7 1950 

%I. L. Picklesimer, p r iva t e  cammunication. 
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a r e  included i n  Table I. "he r e s u l t s  presented ind ica te  that increasing UA14 

suppression i s  achieved with increasing amounts of s i l i c o n  and t h a t  no t r aces  

of UAL a r e  found i n  a l loys  containing more than 1 . 5  w t $  S i .  4 
The s i x  small ingots  were sectioned along v e r t i c a l  center  l i n e s  and 

d r i l l i n g s  were taken a t  appropriate i n t e rva l s  for both uranium and s i l i c o n  

analyses.  Analytical  r e s u l t s  from a typ ica l  cas t ing  (S i  - 5 - C )  a r e  shown i n  

Fig. 3 (ORNL-LR-DWG 30500). The d i s t r ibu t ion  pa t te rns  f o r  uranium and s i l i c o n  

are e s s e n t i a l l y  iden t i ca l ,  ind ica t ing  that both of these elements a r e  associated 

with the  in t e rme ta l l i c  canpound U(Si,Al) 

and UBi a r e  isomorphous, having ordered s t ruc tures  of the  AucU ty-pe. 
3 

T h i s  would be expected s ince UAl  3' 

3 3 
Further evidence of the  existence of s i l i c o n  i n  the  in te rmeta l l ic  canpound 

was obtained by measuring t h e  l a t t i c e  parameters of the  U(A1,Si) 

48 w t $  U-AL a l loys  containing up t o  10 w t $  s i l i con .  

sented i n  Fig. 4 (ORNL-LR-DWG 20534), c l e a r l y  ind ica te  the  decrease i n  l a t t i c e  

constant of t h e  U(Si,AL) 
evidence of t h e  p a r t i t i o n i n g  of the  te rnary  addi t ion t o  t h e  in te rmeta l l ic  com- 

pound. 

i n  nominal 
3 

These data,  which a r e  pre- 

w i t h  increasing s i l i con  content, providing addi t iona l  3 

It was hypothesized t h a t  other  elements which form corrpounds isomorphous 

with UAl  might also be e f f ec t ive  i n  suppressing the  UaL4 phase. 

survey revealed that the  canpounds of a l l  the  Group 111-E and Group IV-€3 

elements i n  the  Bericdic Table including Al, Ga,  In, T1, Ge ,  S i ,  Sn, and Pb 

formed AuCu -type canpounds. Castings of a 48 w t $  U-AL a l loy ,  1-1/2 i n .  i n  
d i a  by 8 i n .  long, were prepared with 3 w t $  addi t ions of these elements. 

Similar  cast ings with te rnary  addi t ions of Nb, Fey Z r ,  and T i  were also pre- 

pared. 

techniques f o r  t he  a l l o y  components. It w a s  found t h a t  i n  every case, some 

suppression of UAl was af fec ted  and, as can be seen from Table 11, v i r t u a l l y  
complete UA14 suppression was rea l ized  with 3 w t $  addi t ions of S i ,  Sn, Z r ,  G e ,  

and T i .  

with most t e rna ry  addi t ions invest igated a t  atomic percentage l eve l s  equivalent 

t o  s i l i c o n  ( i . e . ,  5 at$). 

A l i t e r a t u r e  
6 3  

3 

As previously described, samples from each ingot  were analyzed by x-ray 

4 

It i s  conceivable that complete UA14 suppression could be achieved 

Although any one of several  t e rnary  addi t ions might 

H. A. S a l l e r  and F. A. Rough, Cmpilat ion of U. S. and U. __I K. U r a n i u m  6 -- 
and - Thorium Const i tut ional  Diagrams, BMI-1000 (June 1955)- 
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EFFECT OF SILICON ON 'I?IE SUPPRESSION OF UAl4 
I N  CAST 48 W t $  U-A1 ALLOYS 

Intended Analyzed 
Si l icon  Si l icon  

Sample Content Content - X-Ray Spectrme'cer Trace 

Ingot Lo cat ion wt $ wtg A l - $  UA"-% uAIL-% 

50 
50 

Si-1-C TOP < 0.2 0.12 50 
Bottom 0.15 50 

Si-3-C Top 0 - 5  0.90 40 30 30 
Bottan 0.88 30 50 20 

Si-2-C TOP 1.0 1-57 45 50 5 
Bottom 1.03 25 70 5 

si - J-L- c TOP 1 . 5  2020  30 70 
Bot tom 1.82 30 .pJ 

Si-5-C TOP 2.0 2!.89 40 60 -- 
Bottom 2.01 30 70 

si-6-c TOP 3.0 ---- 35 65 _.. - 

--  
- -  

-I 

-- 

-- 
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TABU I1 

EFFECT OF TERNARY ALLOY ADDITIONS ON THE SUPPRESSION 
OF UAl4  I N  48 W t $  U-fd ALLOYS 

Ternary Ternary b t t i e e  I a t t i c e  
Metal Metal Spectrometer Trace Parameter Parameter 

Ternary Content Content 5 '  B 9 u a 3  Al 
A" AIl A" Addit5.on W t $  A t . $  UAI13 ua4 

S i  3 5.0 65 -- 38 4.268 4.052 
Ti 3 3.0 67 a 25 4 263 4,050 
G e  3 2.0 60 -- 40 4,279 4.050 
Z r  3 1.6 70 -- 30 4 248 4.047 
SIl 3 1.2 70 -- 30 4 e 284 4.049 
Pb 3 0.7 20 40 40 
Ga 3 2.1 10 48 42 
In 3 1.3 35 35 30 
T1 3 0.7 21 38 41 
Fe 3 2.6 20 38 42 

-e--- ----- 
---e- ----- 

----I 

----- ----- 
- --- - ----- 
----- I---- m 3 1.6 24 42 34 

*Nu te rnary  addi t ion (48 U-Al)  
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be used for  modifying the 48 wt$ UT-AI. a l loy,  only sil.icon was selected f o r  

extensive study. A l imited mount of information, however, was obtained frari 

a t in-bearing a l loy .  

Cooling curves were obtained fran four d i f f e ren t  heats of t h e  reference 

a l l o y  and it w a s  observed tha t ,  within the accuracy of iiieasurement ( ?  5"C),3 w t $  
s i l i con  a,dditions induced no change i n  the  reported eu tec t ic  temperature of 

640"~. No measurements of t he  l iquidus temperature were attempted. 

It was a l s o  found that i n  a l loys  containing less uranium thszr, t he  pe r j -  

as t e c t i c  composition (which would o rd ina r i ly  nucleate UA14 ra ther  t'mn IJAl 3 
the  primary canpound) UAl  For example, a 
1 w t $  S i  addt t ion w a s  made t o  a cas t ing  of t he  eu tec t ic  cohposit,jon a l l o y  
(13 w t $  U-Al) and x-ray examination OP the material revealed the t o t d  

absence of UA14. 

suppression was a l s o  achieved. 4 

To determine whether or not the  UR1 
would transform t o  U A l  4 
sample of t he  a l l o y  was held 312 h r  a t  605°C. 

observed i n  t h i s  experiment. 

i n  a 48 w t g  U - 3 w t $  Si-Al a l l o y  3 
a f t e r  appreciable time aL elevated temperatures, a 

No pllase transformation was 

MELTING M D  CASTING 

Melting and cast ing procedures for produejag the  48 F a t $  U - 3 w t %  Si-,Q 

a l l o y  were bas ica l ly  the  same as those employed f o r  producing the  s i l i con-  

f r e e  a l loy .  

melting techniques. The s i l i con  w a s  added e i t h e r  as limp metal o r  as vacuum- 
melted 50 Wt$ S i  - 50 w t $  fLL master a l loy .  

a l l o y  was used it was generally not necessary -Lo preso l id i fy  the  melts f o r  

degassification; instead, t he  as-melted charge could be immediately poured 

i n t o  an appropriate graphite mold. 
molds heated t o  about 325°C. 

Standard prac t ice  involved conventional open-air-induction 

When the  vacuum-melted maste? 

The m e l t s  were poured n t  1175°C i n t o  

7Thurber, Erwin, and Beaver, op . c i t  . 
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Although graphi te  c ruc ib les  are used a t  ORNL, personnel. of Bibcock and 
8 Wilcox Campany have indicated a -preference f o r  magnesia o r  alumina crucibles .  

The use of oxide c ruc ib les  e l iminates  the  p o s s i b i l i t y  of carbon contamination 

i n  the melt and subsequent formation of harmful carbide inclusions during 

extensive scrap recycl ing associated with production p rac t i ce .  These carbides 

are believed t o  be sites f o r  t he  nucleation of b l i s t e r s  and clad ruptures .  

The addi t ion  of s i l i c o n  t o  a 48 w t $  U-Al  a l l o y  produces sane r a t h e r  

s t r i k i n g  changes i n  t h e  cast b i l l e t s .  

face appearance of s i l icon-bearing and s i l i con - f r ee  a l loys .  

t h a t  the s i l i c o n  addi t ion  completely el iminates  hot t e a r s  t a t  t h e  juncture of 
t h e  head and b d y  of t h e  rectangular  b i l l e t .  Although not vis ible ,  cracking 

along t h e  edges i s  a l s o  eliminated. I n  Fig.  6 (Y-22051), t he  macrostructure 

of the  cas t  b i l l e t s  a t  a sect ion through the  center  is presented. The %ranr 

s i t i o n  from a completely columnar t o  a completely equiaxed grain pa t t e rn  i s  
o'ovious. These a l t e r a t i o n s  i n  t h e  grain pa t t e rn  and hot- tear ing tendencies 

no doubt contr ibute  t o  the  improved f ab r i ca t ion  q m l i t i e s  of the  t e rna ry  
material 

Figure 5 (Y-21833) i l l u s t r a t e s  the  sur- 

It can be seen 

An i d e n t i c a l  cas t ing  poured f rom 2350°C r a the r  than the  reference tempera- 

t u r e  of 1175°C a l s o  had an equtaxed s t ruc ture ,  ind ica t ing  t h a t  t he  sources of 
c r y s t a l  nucleation producing t h e  equiaxed grains  are not eliminated wi th  

addi t iona l  superheat. 

t h e  head of t he  s i l i con - f r ee  cast ings r e s u l t i n g  from i n t e r c r y s t a l l i n e  shrink- 

age i s  d r a s t i c a l l y  reduced by the  3 w t $  s i l i c o n  addi t ion.  

It can also be seen from Fig. 6 t h a t  the  po ros i ty  i n  

U r a r i i u m  segregation i n  as -cas t  silicon-modified a l l o y s  i s  inverse i n  
nature, r e s u l t i n g  from in t e rdendr i t i c  feeding of t h e  eu tec t i c  l i qu id  away from 
the  las t - to- f reeze  regions of t h e  cast ing.  
a uranium-rich zone a t  the  thermal center  of t h e  b i l l e t .  The same ty-pe of 
segregation i s  observed i n  s i l i c o c - f r e e  alloys, ind ica t ing  'chat s i l i c o n  addi t ions 

do not a f f e c t  uranium hmogeneity.  Figure 7 (ORNL-LR-DWG 30501) i l l u s t r a t e s  
t h e  uranium d i s t r i b u t i o n  i n  b i l l e t s  poured frarn %he reference temperature of" 
1175°C as w e l l  as from 1350°C. 

This mode of segregation produces 

Since l i t t l e  difference i n  segregzdi.on pa t t e rn  

8 N. K. Jesson and E. L. Lee, Babcock and Wilcox Company, p r iva t e  communi- 
ca t ion .  



Fig. 5 (Y-21833) Surface Appearance of Cast B i l l e t s  Showing 
Eliminatior, of Hot Tears wi th  Sil lcol:  Additior . 
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48 wtg U-A1 48 wt$ U-3 wtg Si-A1 

Fig. 6 (Y-22051) Refinement of Macroscopic Grain Size with Silicon 
Additions in Cast lc8 Wt$ U-KL ~ L l o y s .  
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i s  noted with the  two pouring temperatures, it i s  recammended t h a t  t h e  selected 

pour temperature be 1175°C and- t h a t  the  head of t h e  cast ing be cropped as 
shown i n  Fig,  7. Amore de ta i l ed  discussion of segregation and i t s  e f f ec t  on 
uranium accountabi l i ty  can be 

PRIMARY ALLOY FABRICATIOII 

Fabrication by Hot Rolling 

In %he breakdown r o l l i n g  
U-Al a l l o y  i n t o  1/4-in. - thick 

found i n  0 ~ ~ ~ - 2 4 7 6 .  9 

of l-in.-.thick cas t  b i l l e t s  of nominal 48 wtg 
pla tes ,  it was necessary t o  l a t e r a l l y  constrain 

the  f u e l  mater ia l  i n  an aluminum a l l o y  frame and a l s o  envelope it with t h i n  

(O.025-in.) aluminum cover sheets  t o  minimize edge and surface crack.ing. The 
cai1ponen-L hardaoiare f o r  t h i s  process a t  various s tages  of completion i s  i1.lus- 

t r a t e d  i n  Fig. 8 (Y-2101.8). The disadvantages of t h i s  type of ho t . . ro l l ing  are 

increased cos ts  of inachlning t h e  frame and f u e l  a l loy ,  and the  problem of 

accurate  uranium accountabi l i ty  r e su l t i ng  from t he  t h b ,  i n t e g r a l l y  bonded 

aluminum cover sheet on t h e  f u e l  cores. 

however, the  as -cas t  b i l l e t s  can be reduced d i r e c t l y  i n t o  core p l a t e  a f t e r  
merely cropping t h e  head f rm the  cas t ing .  

only s l i g h t l y  lower than those obtained with the  framed b i l l e t s ,  were achieved 

when a cross- ro l l ing  pass was introduced i n t o  t h e  r o l l i n g  schedule. Yields of 
40 - 50% were routineljr obtained with t h e  pr incipa1,mater ia l  losses  being the  

cas t ing  head and punching scrstp. However, i f  desi.red, the  scrap can be 

recovered by recycl ing i n  subsequent melts.  

a l l o y  and silicon-modified a l l o y  a f t e r  hot r o l l i n g  i s  shown i n  Fig. 9 {Y-22362). 
The binary a l l o y  cracked and v i r t u a l l y  d is in tegra ted  a f t e r  l e s s  than 10% 

reduction i n  thickness at 6 0 0 " ~ ;  wheress,the t e rna ry  a l loy  was successful ly  
reduced 75% t o  1/4-in. - thick p l a t e .  

With the  3 w t %  s i l i c o n  addition, 

Casting-to-core mater ia l  yields,  

The appearance of unmodified 

This marked improvement i n  f a b r i c a b i l i t y  of t he  s i l icon-mdif i .ed a l loys  
r e s u l t s  both from t he  eyuiaxed grain s t ruc ture ,  previously discussed, and the  
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r e l a t i v e l y  "clean" microst-mcture with a reduced volume percentage of i n t e p  

meta l l ic  campound. The mlcrostructures shown i n  Fig. 10 (U--22090, -22098) 

c lea r ly  reveal  t h e  impro-vements associa-Led with s i l i con  ad.di.ti.ons . 
Several usable hot - ro l l ing  schedules were evolved during the  development 

programs, each reqa i r ing  some cross r o l l i n g  t o  improve -the :na,teriab yield.. One 

of Lhe most s a t i s f ac to ry  r o l l i n g  schedules i s  l i s t e d  below: 

1st pass -' 15% reduction 
2nd pass - 20$ reduction, cross r o l l  
3rd pass - 20% reduction 
4th pass - 20% reduction 
$-tli pass - 20$ reduction 
6th pass - 20% reduction 
Fiiilsh t o  0.225 

Fabrication by Hot Extruslon 

During t h e  course of 'ihis development program, a very eursory investigaLion 

of extrusj..on as a primary fabr ica t ion  technique was condccted.. It, was fomd 

that c a s t  cy l ind r i ca l  bi l l .e ts  cmld  be rrar",ily extruded. lnto rods arad compari -, 

soil of -the si l icon-bearing znd s i l icon- f ree  a l loys  i.ndi.cated that the Eni+;ial  

pressures  were reduced by about 30% w2en extruding the  te rnary  a.1loy from a. 

3-20. -d - i a  b i l l e t  i n t o  a 3/)+-in. -dia rod.. 

l i s t e d  as follows: 
'I+ypieal extrusion condi.tions are 

Capacity of extrusion press - 700 tons 
B i l l e t  cornpositon 
B i l l e t  size - 3 i n .  d i a  x 6 i n  long 
Bi I l e  t temp e r a t u r  e 
Lubricaat - Fused PbO and Necrolede 
D i e  s i z e  

- 48 w t $  ti -. 3 wt$ SF-AI 

- S00"c 

Die temperature - 300"c 
Container temperat-ure - 300°C 

Sta r t ing  pressure - 55 t s i  
Xunning pres  sure - 54 tsl. 

- 3/4 i n .  d i a  with b.5 deg core 

Ihlwny block - Brass a t  room temperature 

The mechanrical propert ies  of an alloy rod prepared by t h i s  technique are 

subsequently discussed i n  '"Property Evaluation" of t h i s  report .  
Ef for t s  t o  extrude 3-in.-dia bille.Ls F ~ t o  s t r i p s  l/2 i n .  th ick  and. 

However, i t  i s  feli; t h a t  with more 2-1/2 . i n .  w j i i e  were not successful.  

exkensive d i e  development and a higher capacity press ,  s t r i p s  can be extruded. 
from which fue l  cores f o r  composite p l a t e  fabr ica t ion  can be d i r e c t l y  blanked. 
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Y -22090 48% U-AI A! loy 

"-2209 1 48% U-3% Si-AI Alloy 

Fig.  10 Microstructures of Unmodified and Silicon Modified 48% U-AI Alloys after 7'5?4, 

Reduction in Thickness by Hot Rolling at 6OOOC 
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COMPOSITE FUEL PLATE FABRICATION 

One of the  nia j o r  problems encountered wi.th high-uranium-conten-t a l loys  

i s  -the undesirable end e f f e c t s  i n  composite f u e l  p l a t e s  fabr ica ted  by the 

conventional picture-frame .technique e These end e f f e c t s  r e s u l t  frm an 

appreciable difference i n  the y ie ld  s t rength between -the f u e l  a l l o y  and the  

aluminum canning inaterials a t  the  r o l l i n g  temperature. A t yp ica l  example of 

these "dogbone" end efyects ,  shown i n  Fig. 11 (Y-S6359), reveals  t he  s ign i -  

€icant  clad thinning a t  t he  ends of t he  f u e l  core. 

T o  determine the  mater ia l s  combination which would be most compat-ible a t  
temperatures en.countered during hot ro l l ing ,  t e n s i l e  tests were con,ducted a t  

550°C on aluminum a l loys  6951, 1100, 5056, 5052, 51-54, aizd 6061 as well as 
48 w t $  U-A1 a l loys  containing 0, 1, 2, and 3 w t $  Si. 
a r e  graphical ly  documented i n  Fig. 1 2  (ORNL-LR-DIG 2(090). 

t h a t  t h e  y ie ld  s t rengths  of 5154 A1 and the reference 3 w t $  S i  a l l oy  a r e  

near1.y i d e n t i c a l  a t  550 OC,  ind ica t ing  t h a t  these metzls lrepreseiit -LIE optimixn 
se lec t ion .  To subs tan t ia te  t h i s  conjectu,re, composite rue1 plates were pre- 

pared using t h i s  and several. o ther  mater ia ls  combim-tions. During the  inves t i -  

gatton, it was found t'mt c m p l e t e  meta l lurg ica l  bonding between mating 

surfaces of -the high-strength aluminum alloys was d i f f i c u l t  t o  achieve with 

the  l imi ted  reduction 5.n thickness previously establ ished f o r  r o l l  cladding 

1100 A1 composites. It was, Lherefore, recessary t o  r e so r t  t o  a le ladding of 

t h e  higli-strengLh aluminum so  -that during composite f u e l  plabe fabr ica t ion  

bonding vas confi.ned t o  1100 A1 surfaces .  

Results of these s tud ies  
It can be seen 

Samples were sheared. from the  ro l l ed  p l a t e s  and the  ma,gnitu.de of 

"dogboning" was detemined by metallographic ineasurements 

these inves t iga t ions  a r e  summarized i n  Table 111. 'The d a t a  i n  t h i s  t a b l e  are 

divided i n t o  three  groups with the  main var iable  i n  each group being, respec- 
t i v e l y :  

p l a t e s  with 1100 A 1  cladding and 48 wt$ U - 3 wt$ Si-A1 cores, ( 2 )  the e f f e c t  
of frame mater ia l  on "dogboning" i n  50-mil-thick p l a t e s  wi th .  1100 A1 eladding 
and 50 w t $  U - 3 w t $  Si-A1 cores, and (3)  t h e  e f f e c t  of varying amounts of 
s i l i c o n  i n  a nominal 48 w t $  U-A1 core a l l o y  on "dogboning" i n  60-mil-thick 

composite f u e l  p l a t e s  with a l c l ad  6061 A1 covers and frames, 

The resul.ts of 

(1.) -the e f f e c t  of frame mater ia l  on "dogboning" i n  60-mil-thick 

Addit;-anal 
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Fig. 11 (Y-16359) "Dogbone" in Composite Fuel Plate  w i t h  48 b i t $  U-A1 Alloy 
Core and 1100 A1 Frame and Cover P la te .  
soluti or!. .:oox. 

Etchant: 2$ 31F aqueous 
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S t a t i s t i c a l  Reduction 
Xwnber Measurement Lowest of Clad 

of of Minimum Observed Thickness Clad- 
P la te  P la t e  Cladding Value of i n  Core - 
Thick- Ends Thickness Cladding Dogbone CLad 

kt Frame Cover Core ness EX- ( 3 s )  Thickness Area Ratio 
Code Materiala Material Material ( m i l s )  minedb ( m i l s ) '  (mils) (k) ( m i l s )  

- 

GROW I 
A 1100 (10 i n .  wide 48 v-3 si-fi 60 17 7.522.8 1 59 17-26-17 
B llOO(4.5 i n .  wide 48 U-3 Si-AL 60 10 8.221. 2 6 53 

UQQ 48 U-3 Si-AI. 60 12 8.242.4 3 53 
Alclad 5050 48 U-3 Si-ld 60 20 8.421.6 5 53 

G Alclad 5154 1100 48 U-3 si-fiL 60 14 15.561.6 9 12 

E 1100- 
I Alclad 5050 1100 50 U-3 Si-Al 50 8 5.2k2.2 3 62 
J Alclad 5052 1100 50 u-3 si-iu 50 20 7.9ti.7 4 38 
X Alelad 51.5hf 1100 50 u-3 si-.u 50 20 10. 721. 6 ? 15 
L Alclad 515bf 1100 50 u-3 si-= 50 io 10.1k2.1 5 23 

xr firlad 6061 Alelad 6061 48 U - 1  S i - a  60 9 6 . 2 ~ 7  1 65 
o Axclad 6061 Alclad 6061 48 U-2 S i - X  60 LO 6 . w  8 3 65 
P Alclad 606@ Mclad 6061 48 U-3 Si-Al 60 10 7.642.1 3 53 

c 5050 
D Alelad 5050 
E ALclad 5050e 1100 4% V-3 Si-Al 60 14 9.5rt2.5 5 41  
F 6061 1100 48 U-3  S i - U  60 12 9.7*1.4 7 41 

GROUP 11: 
1100 50 rJ-3 Si-A3 50 10 4.451.5 1 69 13-24-13 

GROUP III 
M . AlcLad 6061g Alcjad 6061 48 U-A3 60 8 5.621.2 3 65 17- 26-17' 

Alcladding was nominally 7.7$ of t h e  frame thickness.  
b ~ o  measurements per end. 
xks i s  mean rt estimated standard deviation where s = 

dflminal clad thickness - Average clad thickness x LOO 

R 

C- 

n-1 
N o m i m l  clad thickness e 

fFLates i n  &st K ro l led  on 2O-in, x 30-in. two-high m i l l *  

gAt  99s confidence level, difr'ekence between Lots M and P is signif icant ,  

A t  95% confidence level, difference between Lots B arid E i s  s i m i f i c a n t .  
Plates i n  U t  L rol led ox1 12-in.  x 14-in. 

two-high m i l l .  Differences between Lots K and L significant a t  75 - 80s confidence ZeveL. 
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information was a l s o  ob-tained on the  e f f ec t  of m i l l  s i z e ,  frame width, and. 

cover plate  mater ia l  oa "dogboning." 

i n  order of increasing s t rength o f  t he  Frame mater ia lo  It can be seen t h a t  

t he  minimum cladding thickness increases  with increasing s t rength of t he  frame 

a l loy ,  and the  per cent reduction i n  cladding thickness i s  correspondingly 

diminished. Perusal of t he  data  i n  Group I indj-cates t h a t  on ly  s l i g h t  improve- 

ments i n  end. e f f e c t s  a r e  realized. by the  replacement of 1.100 Al. frames with 
e i t h e r  5050 o r  6061 A3, frames; however, se lec t ion  of 51.54 AI as the frame 

mater ia l  r e s u l t s  i n  a subs tan t ia l  improvement. This i s  consis-Lent with the  

previously described yield-strength data. It can be fu r the r  discerned i^roin 

t h e  data  presented f o r  Group I, by comparison OF Lot A with Lot B, t h a t  in -  

creasing the  width of 1100 A1 pictu,re frame Prom t : h e  reference wldth of 14.5 7.n. 

t o  a width of 10 i n .  r e s u l t s  i n  fu r the r  de te r tora t ion  of t h e  i n t e g r i t y  0% the  

fuel- pla-Le. 

strengkh a l l o y  cover t o  replace the  1100 Al does riot dililinish tine degree of 

"dogboning," suggesting t h a t  t he  s.trec.gth of t h e  frame i s  more i m p o r h i t  t han  
t h e  st.rength of t he  cover in properly constraining the  core duvj-ng p l a s t i c  

deformation. 

Results f o r  Groups 1 and iI a r e  tabulated 

Cornpa.ri.son of da ta  for  .Lots D and E ind ica tes  t h a t  use of a hi.gher 

From examination of Group I1 da'ca, i.t can be seen thai; t he  increased. frame 

s t rengths  associated with increasing magnesium, contents f o r  the  5000-series 

al..loys produce major improvenents i n  the "doghone def eci; . The substi-Lul;ton 

of 53-51+ Al. resul-ted i n  a reduction of merely 1-576 from t h e  nwnri.na1 cladding th ick-  

ness compared t o  a reduction of 69% frm the  nominal with 1100 .Al. franies. 

Figure 1.3 (Y-23604, -241-31, -23505) i l l u s t r a t e s  the  comparative er,d e f f e c t s  i n  

p l a t e s  from Lots 1, J, and K i n  whlch t h e  composites were framed i n  5050, 5052, 

and 5154 AI., r e s p e c t i v e l ~ ,  

S t a t i s t i c a l  evaluati.on of t he  data  f o r  Lots K and 5, i n  Group 11 reveals  

t h a t  t h e  difference i n  magnitude of "dogbonings' i.s significa-nt only a t  aboixt 
t he  '75% confidence level. 

t h e  end e f f ec t s  r e s u l t  from changing the  angle of n ip  o f  t h e  two-high m i l l .  

This suggests t h a t  only very s l i g h t  a l t e r a t i o n s  i n  

Examination of the  data present.ed f o r  Group 111 pla-tes reveals  tha'L re- 

placemen-1; of a 48 w t $  U-AI a l l o y  core with a -ternary a l l o y  core containing 
3 w t $  S i  produces a s l i g h t  but nevertheless s t a t i s t i c a l l y  s ign i f i can t  reductlon 
I n  "dogboning" when the frame and cladding mater ia ls  a r e  held constant.  The 
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( Y- 23605) 7x 

Fig. 13 Longitudinal Sections of Composite 50-Mil-Thick Fuel. PI-ates 
Containing a 50 Wt$ U-3 XP$J S i - A 1  Fuel Alloy Clad with 1100 A1 
Showing Effect  of Increasing Strength of Fra-ne on "Dogboni.ng". 
As Polished. 
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data  a r e  a l s o  consis tent  with the  previously described d i f f e r e n t i a l  yield- 

strengLh theory i l l u s t r a t e d  i n  Fig. 12 .  V i s u a l  evid.ence of t h i s  improvement 
can be seen i n  Fig. I-)+ (Y-21_951), which i n c h d e s  representat ive samples of 

p l a t e s  taken from Z,ots M, N, 0, and I?. 
10 Nondes.'imctive techniques have been devel-oped a t  OHNL.. f o r  determining 

the  cladding thickness a t  i t s  th innes t  point  by use of eddy currents .  It L s  

reconmended t h a t  1-00% eddy-curren-t inspection of the  ends of f u e l  p l a t e s  be 

conducted during manufacturing i f  mater ia l s  combinations conducive t o  "dogboning" 

are employed i n  composite f u e l  p l a t e  manufacture. 

M T R - t u e  f u e l  elements containing fid.1.y enriched uranium a r e  conventionally 

assernbled by brazing the  composi-Le f u e l  p l a t e s  between grooved al.uminum s ide  

p l a t e s  using an aluminum-silicon a l l o y  of eutectj-c composition. Curren-t speci- 

f i ca t ions  require  t h a t  alJ, p l a t e  spacings be he ld  t o  within L SO$ of the  nominal, 

dimension. 

Attem-p'is t o  apply s i m i l a r  assembly techniques t o  elements containing high 

uranium Loadings indicated t h a t  maintaining the  reqixi red p l a t e  spacings during 

brazing was an extrei-ne1.y d i f f i c u l t  task,  because 'ihe f u e l  p l a t e s  tended t o  warp 

and d i s t o r t  non-uniformly during the  brazing cycle.  As  shown i n  F igo  1.5 (ORNL- 

LR-DWG 2631-6), t he  coef f ic ien t  of thermal expansion of the  silicon-modified 

48 w t $  U-A1 a l l o y  is markedly d i f f e r e n t  frm t h a t  of 1100 A1 and an 18.5'~l;% U-AI- 

a l l o y a  It i s  f e l t  t h a t  t h i s  property of t he  high-uranium-content fuel. a l l o y  

i s  responsi-hle f o r  t he  d i s t o r t i o n  of t he  components during t h e  brazing cycle ,  
A t o t a l  of fourteen f u e l  elements were brazed durii3.g the  course of t h i s  

development program i n  which p l a t e  width, depl;h of s ide-p la te  groove, cooling 
cycle, and Puel un i t  design were var ied.  A l l  fourteen of these  u.nits contained 

out-of-tol-erance p l a t e  spacings, as indicated Pi-cm the  data summarized i n  
Table I V .  

J. W .  Allen, R .  A. Nance, and R. B. Ol-i-vei-, Edd.y-Current Measurement of 10 
-- _p_ 

-- Clad Thj-ckness, ASTM Special  Tech, Pub. No. 223 (March 1958). 



Fig. 14 (Y-21951) Longitudinal Sect ions OF Composite Fu.eI. Pia-Les ShoTding 

7X. 
E f f e c t  0.f.' S i l t e o n  Addit.i.on:; to lt8 wt$, U-A1 Alloy 011 "1]ogbonLng" 
in Plates; Framed and Clad with Alclad 6061 R 1 .  

Plat e 

Top 118 wt$ TJ-AI. 5, '7 mils 

3rd 48 Wt$ u - 2 w t $  Si-Al 6,7 m i l s  Bottom 

As-polished. 

Core Curnposi t i on. Min Cladd i.ng Thj.r:k.nr?ss _---.- ___.I__ 

2nd 48 h i t $  il - 1 w t $  S i - . A l  5,5 mils 

l+8 wt$ u - 3 wt$ S i - a .  '3, 1.0 mi 1s 
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TABLE !V 

EFFECT OF VARIABLES ON BRAZING OF FUEL ELEMENTS WITH NOMINAL PLATE SPAClNG OF 117 MiLS 

Nominal No. of Maximum Minimum 
E lement Type of Core A l l oy  Frame Cover Clad-Core-Clad As-Machined Out-of-Tolerance Plate Plate 

Designation Fuel Unit (Wt 7;) Material Material Rat io  'late Width P la te  Spacing Spacing Spacing 
(mils) (in.) Measurements* (in.) (in.) 

Comments on Brazing 

FRD-10 

FRD-11 

FRD-12 

FRD-13 

FRD-16 

FRD-17 

FRD-18 

FRD-19 

OR -4C-1 

OR-40-2 

FRD-14 

FRD-15 

FRD-20 

FRD-21 

18 Plate-Mark X 48 U-3 Si-AI 5050 
(mod i f  ied) 

18 Plate-Mark X 48 U-3 Si-AI 5050 
(modified) 

(mod i f i ed ) 5050 
18 Plate-Mark X 48 U-3 Si-AI Alc lad 

(modified) 5050 

18 Plate-Mark X 48 U-3 Si-AI A lc lad 

18 Plate-Mark X 48 U-3 Si-AI Alc lad 
(mod i f  ied) 5050 

18 Plate-Mark X 48 U-3 SiAl A lc lad 
(modified) 5050 

18 Plate-Mark X 48 U-3 Si-AI Alc lad 
(mod i f  i ed) 5154 

18 Plate-Mark X 48 U-3 Si-AI Alc lad 
(mod i f iedf  5154 

18 Plate-Mark X 48 U-3 Si-AI Alc lad 
(modified) 5050 

18 Plate-Mark X 48 U-3 Si-AI Alc lad 
(modified) 5154 

5154 

5154 

5154 

5154 

19 Plate-Mark XI 50 U-3 Si-AI A lc lad 

19 Plate-Mark X I  50 U-3 Si-AI Alc lad 

19 Plate-Mark X I  50 U-3 Si-AI Alc lad 

19 Plate-Mark XI 50 U-3 Si-AI Alc lad 

1100 

1100 

1100 

1100 

1100 

1100 

1100 

1100 

1100 

1100 

1100 

1100 

1100 

1100 

7 7-26- 1 7 

17-26- 7 

17-26- 7 

17-26- 7 

17-26- 17 

17-26- 1 7 

17-26- 17 

17-26-1 7 

17-26-1 7 

17-26- 17 

13-24- 13 

13-24-13 

13-24- 13 

13-24- 13 

2.845 

2.835 

2.830 

2.830 

2.820 

2.820 

2.820 

2.820 

2.830 

2.820 

2.802 

2.802 

2.780 

2.825 

20 

11 

4 

4 

4 

2 

10 

1 

12 

12 

7 

23 

17 

31 

0.148 

0.135 

0.134 

0.134 

0.133 

0.135 

0.144 

0.140 

0.132 

0.150 

0.155 

0.157 

0.088 Standard brazing condi t ions 
and plate s izes 

0.086 Same as FRD-10 but wi th  
10-mil narrower plates 

Some as FRD-10 but w i th  0.098 
modified s ide plates 

0.098 Same as OR-40-1 but al lowed 
to furnace-cool from brazing 
temperature 

Same as FRD-10 but w i th  
25-mi l  narrower plates 

0.103 

0.101 Same as FRD-16 r 

0.097 

I 

L*i 

I 

Same as FRD-16 but w i th  
5154 frame 

0.100 Same as FRD-18 

0.088 Same as FRD-10 but wi th  
15-mi l  narrower plotes 

0.082 Same as FRD-18 

8.098 Standard brazing condi t ions 
and plate s izes 

0.665 Same as FRD-14 

0.088 Same as FRD-14 but wi th  
22-mil narrower plates 

Same as FRD-20 but w i th  
modified side plates and 
fuel  p late widths 

0.062 

*68 or 72 measurements made per element. 
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Two a l t e r n a t i v e  approaches e x i s t  i n  circumventing t h e  brazing problems. 

One course i s  t o  analyze the heat t r a n s f e r  requirements of t h e  f u e l  element f o r  

a given reac tor  appl ica t ion  and-, i f  possible ,  specify l e s s  stringeub colerances . 
Examination of -the data  i n  T a b l e  I V  f o r  t he  t e n  elemen-Ls containing eighteen 

60-mil-thick Puel p l a t e s  reveals  that a l l  p l a t e  spacings were within k 30% of 

t h e  nominal.. It i s  very probable t h a t  such elements could be used f o r  pool 

r eac to r  appI.i.cations The da ta  obtained from t h e  brazing of 19-plat;e elements 

r evea l  a s igniPicant ly  l a r g e r  number of out-oP-tolerance p l a t e  spacing measure- 

ments, and i n  general, a g rea t e r  deviation from nomi-nal when compared t o  da t a  

accumulated on t h e  l8 -p la t e  f u e l  elements. It i s  f e l t  that the  thin.ner p l a t e s  

i n  t h e  19-plate  element a r e  la rge  responsible f o r  th5.s d i r fe rence .  It appears 

t h a t  i n  order t o  braze f u e l  elements within reasonably accepta,ble tolerances,  

it i s  more des i rab le  t o  s e l e c t  a design which spec i f i e s  l e s s  than 19 p l a t e s  

with ind iv idua l  p l a t e  thicknesses being a t  l e a s t  60 mils .  

The second p o s s i b i l i t y  i s  t o  employ mechanical. jo in ing  ins tead  of brazi-ng. 

Several  commercial fxbrica- tors  of aluminum plate-type f u e l  elemenks, as w e l l  as 

ORNL, a r e  cu r ren t ly  devel0pin.g t h i s  type of element and appraising i t s  perform- 

ance under reac tor  conditions. In  addi t ion  t o  evaluation of t h e  mechan.ica1 

s t rength  or  t h e  element, t he  e f f e c t  of crevice corrosi.on, p a r t i c u l a r l y  f o r  

extensive peri.ods i n  quiescent water, mus t  be carefiil.ly determined. 

PROPERTY EVALUATION 

Me chani ea 1 Te s t i n g  

Standard t e n s i l e  specimens were se lec ted  t o  measure t h e  t e n s i l e  s t rength,  

y ie ld  strengLh, and elongation of nominal 48 w t $  U-A1 alloys with 0, 1, 2, and 

3 wt% S i  and 3 w t $  Sn, The following comparisons were made from t h e  t e s t  da ta  

which a r e  compiled i n  Table V: 

1. Effec t  of s i l i c o n  addi t ions  on the  t e n s i l e  p rope r t i e s  of a nominal 

48 W’L$ U-AX a l l o y  a t  room temperature. 

20 Effect of s i l i c o n  addi t ions  on the t e n s i l e  proper t ies  of a nominal 
48 w t $  U-AI. a l l o y  a t  550°C. 

3 .  Comparison of room-temperature t e n s i l e  properti e s  of 48 w t $  u - 
3 w t $  Si-A1 a l l o y s  fabr ica ted  by hot r o l l i n g  and by hot extrusion.  
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T A B L E  V 

TENSILE FROPERTIES OF MODIFIED AND UNMCDIFIED 48 wt 76 U-AI ALLOYS A T  ROOM TEMFERATURE AND 55OoC: 
.- -- 

Yield 
Test  Analyzed Analyzed Analyzed Tensi le  Strength Elongation 

B i l l e t  Specimen Temperature U Content S i  Content Sn Content Strength (0.2% (2-in. Gage Specimen Con-Jition 

(OC) (wt %) (wt  %) (wt %) (psi) Offset) Length) 
(Psi) 

S i - 1 - S  

Si-2-S 

Si-3-S 

Si-4-S 

S i - 1 - S  

Si-16-S 

Si-2-5 

Si-3-5 

S i  -4-5 

Si- 10-S 

C 
D 

A 
B 

1 
2 

1 
2 
3 
4 

1-3 

16-1 
16-3 
16-4 

2- 1 
2-2 
2-3 
2-4 

3-1  
3-2 

4- 1 
4-2 

10-2 
10-3 
10-4 

R.T, 
R.T* 

R.T. 
ROT. 

R.T. 
R,T. 

R.T. 
R.T. 
R.T. 
R.T. 

550 

550 
550 
5 50 

550 
550 
550 
550 

550 
550 

550 
550 

550 
550 
550 

46.10 
45.72 

45.75 
45.56 

46.85 
47.10 

48.81 
48.64 
49.16 
49.32 

44.27 

45.88 
45.67 
40.93 

46.74 
47.04 
48.18 
47.38 

47.40 
46.45 

48.46 
48.17 

51.74 
47.66 
4T.00 

0.12 
0.20 

1.10 
1.14 

2.05 
1.92 

3.04 
2.99 
3.00 
2.88 

N.A.**** 

N.A. 
N.A. 
N.A. 

1.08 
1.15 
1.10 
0.90 

2.13 
2.16 

3.13 
3.16 

3.28 
3.02 
2.89 

25,900 
25,000 

18,200 
18,800 

17,200 
16,700 

17,900 
15,800 
13,400 
13,600 

2,320 

2,620 
2,460 
2,650 

2,520 
1,980 
2,040 
1,850 

1,990 
2,140 

2,020 
2,230 

2,010 
1,790 
1,560 

17,800 
17,700 

14,tOO 
14,500 

12,400 
12,200 

13,500 
11,900 
10,400 
11,400 

2,050 

2,240 
2,100 
2,340 

2,520 
1,810 
1,920 
1,790 

1,610 
1,800 

1,690 
2,030 

1,890 
1,780 
1,500 

1.5 Hot rol led a t  b 0 0 Y  

1 .o** 
1.5 

w i th  a 75% r s j u c t i o l l  

in thickriess 

1.0"" 

3.5 
1.5** 

3.0 
2.0 
2.0 
1 .Oh* 

15*** 

14 
22 
10 

4 
10 
5 

3 

6 
15 

5 
4 

5 
5 
5 / 

F R - 1 2  E - 1  R.T. 48.39 2.97 12,770 8,700 3.0 Extruded at 600°C wi th  
E - 2  R.T. 48.6 1 3.02 12,880 9,540 3.0 o 94% reduction in  

F -3 R.T. 48.84 2.97 13,900 10,000 2.5 area 

Si-26-S 1 550 49.22 2.98 1,940 1,820 6 Hot ro l l ed  at 600"~ 
2 550 47.52 3.06 1,840 1,740 6 wi t l i  a 75% reduction 
3 550 48.18 7.64 1,920 1,700 5 in thickness 
4 550 46.35 2.0G 1,690 1,540 6.5 
5 550 47.96 2.79 1,930 1,780 7 

Si-26-S 5 R.T. 46.81 
7 R.T. 48.57 
a R.T. 49.36 
9 R.T. 48.47 
10 R.T. 47.39 

2.75 16,220 12,220 3 
2.94 16,100 12,540 2.5 
3.44 13,970 10,730 1 .o 
2.79 15,520 11,620 1.5 
3.17 14.580 11.210 3.5 

*R,T. - room temperature. 
**Specimen broke outside gage length. 

***Specimen cracked i n  two places.  
****Not  Analyzed - no s i l i con  addit ion made. 



4. Comparison of .the t e n s i l e  propert ies  a t  room teinperature and 550°C f o r  

nominal 48 w t $  U-AJ. a l l oys  i n  which UA14 suppression was achieved with 3 w t $  Si  

and 3 w t $  Sn. 
Data i l l u s t r a t i n g  the  e f f ec t  of s i l i con  addl t ion on -Lhe room temperature 

t e n s i l e  and. y ie ld  s t rengths  of' a nominal 48 .tit$ U-A1 a l loys  are graphically 

presented 7.n Fig.  I6  (ORNL-LR-DWG 20518). The y ie ld  s t rength can. be seen -Go 
decrease by 34% and t he  t e n s i l e  strength by 40% f r o m  t h e  unmodified a l l o y  t o  

the  3 w t $  S i  a l loy .  
amounts of dispersed inLermetallic compound associated wi.tl.1 increasing s i l i con  

contents and- more cmple t e  UA14 suppression. 

The decrease i n  s t rength can be a t t r i bu ted  t o  the  decreasing 

3 ---- 
U A l  

3 
The data  i n  Fig.  16 were replotked as a function of t he  rIt t io UL4?L. +UAl4 ' 

determined f roin x-ray spectrometer pa t te rns  and are surmarized i n  
F ig .  1'1 (OKNL-LR-DWG 27088~). 
st rength i s  c lose ly  related- t o  the  quant i ty  of UA14 suppressed. 
the addi t ion of 1 w t %  S i  t o  the  f u e l  a l l o y  suppresses 75% of the  UA14, and 

correspondingly there  i s  a 25$ decrease i n  y-ie1-d s t rength ,  

cant decrease i n  yield s t rength and grea tes t  amount of UAl  suppression per  

w t $  S i  occur i n  t h i s  1 w t $  S i  a l loy .  

age suppression of the  UAl  phase,arid t h e  attendant percentage decreases i n  

y ie ld  strength,  per  v t% Si ,are  s imi la r ly  smaller. 

These data show t ha t  t h e  decrease i n  y ie ld  

For emnple,  

The most s i g n i f i -  

4 
Additional s i l i con  produces l e s s  percent- 

4 

Comparison of the  strengbh data  f o r  t he  h8 w-t$ U - 3 w-L% Si-A1 and 

48 w t $  U - 3 w t $  Sn-A1 yie lds  t h e  followii1g average r e s u l t s :  

-. 550°C 
__lll_ 

Room Temperature 
Tensile Yield Tensile Yield 
Strength Strength Strengbh Strength 

(Ps i )  (psi) (ps i )  (Psi 1 
15,200 11. , 800 1920 1780 
15,680 11,660 1860 1720 

These data  ind ica te  t h e  close correlat ion i n  t e n s i l e  propert ies  for 
a l loys  i n  which U A l  

addi t ions.  The r e s u l t s  €ram t h e  t in-bear ing a l l o y  are also p lo t t ed  i n  Fig. 1-7 
and, within t h e  accuracy of t h e  x-ray measurements, reasonabl-e agreemenL with 
the  si1.i con-bearing a l loys  i s  revealed substant ia i ing the  p o s h l a t e  that lass 
i n  s t rength i s  associated with decreasing amomts of t he  dispersed phase. 

suppression i s  achieved with two d i f r e ren t  te rnary  4 
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Infomat ion  describing the ef fec t  of s i l i con  on the  t e n s i l e  propert ies  of 

t he  48 w'c% U a l l o y  a t  550°C was previously discussed i n  "Composite Fuel Pla te  

Fabrication" of t h i s  report  and p lo t t ed  i n  Fig.  12.  

temperature on a l loys  containing 3 wt$ S i  showed decreases i n  t e n s i l e  s t rength 

and y ie ld  s t rength  of 24% and l9%, respectively,  over t h e  umiodified a l loy.  

Tests performed a t  t h i s  

The average room temperature values calculated Prom data l i s t e d  i n  Table V 

show t h a t  t h e  3 wt$ silicon-modified a l loy ,  reduced 75% by hot  r o l l i n g  a t  600°c, 

has t e n s i l e  and y i e ld  s t rengths  which are - 15% higher than the  same alloy 
reduced 94% by extrusion a t  600°C. 

a l loys  may be superior t o  hot-rol led material a6 stock f o r  fue l  cores t o  be 

This information ind ica t e s  that extruded 

rolled. i n t o  composite p l a t e  

Irradi a t i  on T s s t ing 

I r r ad ia t ion  t e s t i n g  i n  the  MTR of two f u l l - s i z e  f u e l  elenleiits containing 
nominal 48 w t $  U-A1 f u e l  a l loys  (with 20% enriched uranium) t o  burn-ups of 
25"/' and 62$12 of the  U-235 atoms indicated t h a t  no observable radiat ion-  

induced e f f e c t s  resal ted from these exposures. Consequently, it w a s  f e l t  that 

silicon-modified a l loys  would exhib i t  similar s t a b i l i t y  under i r r ad ia t ion ;  a 

confidence which has been subsequently borne out by a demonstration t e s t  i n  

t h e  MTR of a f u l l  core loading of f u e l  elements, manufactured by 13abcock and 
Wilcox Company, which contained a 115 w t $  U-A1 al.?.oy rnodified w i t h  3 w t $  S i .  13 

Eowever, it was f e l t  t h a t  a quant i ta t ive  inspection of s i l i  eon-modified 

a l l o y  specimens i r r ad ia t ed  over a wide range of burn-ups would be desirab1.e. 1lC 

For t h i s  evaluation, a s e r i e s  of miniature f u e l  phates were prepared. The 

miniature p l a t e s  were 6 i n .  long, 1 i n .  wide, and 0.060 i n .  th ick  and contained 
a f u e l  core 5 i n .  bong, 0.70 i n .  wide, and 0.026 i n .  th ick .  The fraaes on 
these p l a t e s  were a l c l ad  5050 Al, the  covers 1100 Ab and t h e  core a nominal 

48 w t $  U - 3 w t %  S i - A 1  alloy enriched 19.20% i n  t h e  U-235 isotope. 

data on t h e  dimensions and calculated f u e l  loadings of these p l a t e s  are 

Pertinent, 

l2Uqublished ORNL infomat ion .  

I 3 N .  Jesson, Eiabeock and Wilcox Company, pr iva t e  communication 

14.C-. F. k i t t e n ,  Jr. and W .  C. Thurber, Phase I, Foreign Reactor Fuel - 
Sample I r rad ia t ion ,  OEWL CF 58- 2-109 (Revised)(Oct;;bel?,) ./ 
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included i n  Table VI. 

(Y-26323). 
-to those employed i n  the  manufacture of f u l l - s i z e  composite f u e l  p l a t e s .  

A radiograph of t yp ica l  p l a t e s  i s  shown i n  F ig -  18 
These miniature plates a r c  fabrlcated using procedures identical. 

Tie miniature p l a t e s  were inser ted  into leaky rabbi t  capsules and eigh.t, 
of t he  p l a t e s  divided in-to groups of -two for duplicate  determinations a r e  pre- 

sen t ly  being i r r ad ia t ed  in M'IIR process water t o  burn-ups of 20, 40, 60, aiziP 8046 
of the  U-235 atoms. A typ ica l  specimen i n  a leaky rabbi t  capsu1.e i s  shown i n  

Fig. 1.9 (Y-26348). 

Chemical Reprocessing 

A limi.ted study by -the Chemical Technologq Division was d.irccted 'ioward 
t h e  problems a r i s i n g  i n  ckemical reprocessing of fuel alloys conteining s i l icon ,  

s ince it i s  known t h a t  erwlsions of co l lod ia l  s i l i c a  adversely affect  p u h e d  

colunm operation. For t h i s  purpose, a s e r i e s  of simples of 48 wt$ U - 3 w t $  Sri- 

fll alloys clad w Z t h  1100 A l  and fmmed i n  5050 Al were subiiiitted t o  t h e  Chemri.cal 
Technology I)ri.vision f o r  evaluation- Thelr studies15 indicated! -that : 

1. %%.e 3 - 4 hr feed digest ion specif ied i n  the orfginal  f lov sheet16 had 

e s s e n t i a l l y  no e f f e c t  on removal of soluble s i l i c a  

2. Digestion a t  high (4 M )  acid conditions was only s l i g h t l y  e r f ec t ive  i n  

reducing emulsification of t he  s i l i c a .  

3 .  Dehydration a t  1-50 - 1 6 0 " ~  resu l ted  i n  phase diseng3gment times of 

about one minute , vhich a r e  probably sa t i s f ac to ry  for column operation. 

Studies are continuing which may resul t  i n  replacement of the high tempera- 

t u re  dehydration with a less rigorous trea-tment . 
Pneumatic Pressure Testinx 

To determine the  amount of f u e l  p l a t e  deflectioii  and pemznent set, wh?ch 
d 

would r e s u l t  from hydraulic pressure d i f f e r e n t i a l s  during in- -p i le  operatton of 

these high-uranium-content fuel elements, th ree  f u e l  elements were t e s t ed  using 
a i r  pressure t o  simulate hydraulic loading conditions. The elements were 

15Chemical Technology Divlsion Monthly Prog. Rep. ,  June 195'1, ORNL-2362 ~ 

LIIIÎ --- .- 
J. R. Flanary, J. H. Caode, A. H. Kibbey, J a  T .  Roberts, and R. G. Tdyner, 16 

ORNL-1993. 



U-235 u-235 
Finished Finished Finished Core U Content Content Surface 

Core Length Core Width Core2Area Weight of Core of Core Densisy 
Core Number (In. )* ( I n . ) H -  (a 1 (d (d** (d- (g /m 1 
OR- 3 5-A- 1 4.906 0 688 21 * 77 6.588 3.207 0.616 0.028 
OR- 3 5 -A- 2 4 938 0.688 21.91 6 * 519 3.173 0.609 0.028 

OR- 35 -A- 3 4.906 0.688 a.77 6.479 3 154 0.606 0.028 

OR-35-A-4 4 938 0.688 21.91 6.619 3.222 0.619 0.028 
OR- 35-A- 5 4.906 0.688 21 77 6.516 3 172 0 .609 0.028 

0.028 OR-35-A-6 4 969 0.688 22.05 6.510 3 169 
OR- 35-A-7 4.938 0 688 21 9s 6.668 3.246 0.623 0.028 

OR-3 5 -A-8 4.969 0.668 22 05 6.514 3 1-71 0.609 0.028 
OR- 38-A- 9 4,875 0.68% 21.63 6 -637 3 231 0.420 0.029 

OR-35-A-10 4 938 0.688 21.91 6.419 3 1 22'2 0.619 0.028 

0.608 

1 

w 
\i) 

* 2 0.031 in. (from radiographs). 
* 2 0.016 in .  (from radiographs). 
++EE 

+++!+% Based on &n enrichment of l9.20$ i n  U-235. 
Based on average of three  samples frm heat  D-668. 
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Fig. 18 (Y-26323) Radiographs of Typical Miniature Fde1 Pla tes  for 
Trradiation Test ing .  Actual size. 



Fig .  1-3 (Y-26348) "Leaky %bbi t l '  I r r a d i a t i o n  Test Capsinle . 



- 42 - 

pressurized i n t e r n a l l y  and the  def lect ion of t he  bottom f u e l  p l a t e  was measured 

using t h e  experimental r i g  shown i n  Fig. 20 (Y-18619). 
pressurized and the  permanent s e t  associated with a pa r t i cu la r  pneumatic 

l o a d h g ,  was determined. 

The ur-3 . t  was then de- 

Per t inent  spec i f ica t ions  on the  three un i t s  t e s t ed  are included i n  

Table  V I I .  

o ther  two were 18-pi.ate elements with 48 w t %  - 3 w t $  Si-RL cores and 5050 AL 
or  5151.~ A1 frames. 

i l l u s t r a t e ,  respectively,  t he  def lect ion and permanent set as a function of 
d i f f e r e n t i a l  pressure f o r  these elements. It can be seen that element FRD-19 

i s  considerably more r e s i s t a n t  t o  deformation than i s  the  standard Mark X I  

element, ind ica t ing  t h a t  t h i s  type of eleiwnt should be e n t i r e l y  sa t i s f ac to ry  

i n  hydraulic environments s imi la r  t o  those e x i s t i n g ’  i n  t,he MTR and otber  tank- 

t m e  reactors .  

One uni t  was a standard MTR 19-pl.ate un i t  (Mark X I )  while the  

Figures 21 (ORNL-LR-DWG 30502) and 22 (OIWL-LK-DWG 30503) 

Corrosion Testing 

Specimens of a nominal 48 w-L$ U - 3 w t $  Si-A1 a l loy ,  both clad and unclad, 

were corrosion t e s t ed  i n  s t a t i c ,  deionized water a t  60 and 9 ° C  f o r  periods of 

3, 6, and 12 weeks. 

0.030 i n .  thick,  were obtained by machining t h e  cladding from composite f u e l  
p l a t e s  which llad received an 85% reduction i n  tlr?,ickviess a t  600°C a f i e r  i n se r t ion  

i n t o  p ic ture  frames. The clad specimens were also taken from the  same conposite 

f u e l  p l a t e s ,  but i n  - this  case the  fuel a l l o y  w m  exposed only anon8 t he  specimen 

perimeter and a t  the  hanger hole.  
bonded cladding of 1100 Al, 

0.120 i n .  th ick .  

The unclad specimens, each 1./2 i n .  wide and 2 i n .  long x 

‘Ibe major surfaces were protected by a ro l l -  
These specimens were 2 3.n. long, 1/2 i n .  wide, and 

Evaluation of the  extent  of corrosion was accomplished pr imari ly  by vlsual, 

examination and w a s  supplemented by weight-gain measurements, solut ion pH, and 

r e s i s t i v i t y  determinations. No cor re la t ion  could be rnacle between e i t h e r  p N  o r  

r e s i s t i v i t y  measurements and the  extent of corrosion. 
order of 2 mg/m o r  l e s s  were observed for a l l  specimens regardless of t e s t  

temperaLure, duration of t e s t ,  o r  specimen condition (i .,e., clad o r  unclad).  

Weight gains on. t he  
2 

Some b l i s t e r i n g  was observed under most of t he  t e s t  condri-Lions but t he  

extent  of b l i s t e r i n g  appeared t o  be independent of exposure conditions* In 

f a c t ,  i n  some cases the over-al l  performance appeared t o  be superior i n  



Fig. 20 (Y-18619) Pneumatic Pressure Test ing R i g  f o r  Aluminum Fuel Elements. 



TABU3 V I 1  

SPECIFICATIONS ON FUEL ElXMEPUTS FOR DIFFEmiVTIAL PmSSURE TESTS 

Clad- 
Side Plates  

Tnick- 
Core- Number P la te  

Thick- Clad of 
ness Frame Cladding Core ness Ratio P la tes  per  

Element Material ( i n .  ) b t e r i a l  Material  Alloy (mils) ( m i l s )  Elemens 

Mark XI 1100 Al 3/16 1100 A1 1100 A1 18% U-AI. 5O* 15-20-15 1-9 

FRD-10 1100 Al 3/16 5050 Al 1100 Al 48% U-3% SI-Al 60 17- 26- 17 1% 

FRD-19 1100 AJ. 3/16 1Uclad 5154 Al 1100 A1 k8$ U-3% Si-A1 60 17- 26-17 1% 

1 

$- c 
Wop and bottom p la t e s  65 mils th ick  with 17.5-20-17.5 clad-core-clad r a t i o .  Deflection I 

of bottom p la t e  was actuallymeasured. 
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specimens t e s t e d  for 12  weeks t o  those t e s t e d  f o r  3 weeks. 

inconsis tencies  probably can be a t t r i b u t e d  t o  the  complex nature of t h e  

corrosion system, 

These apparent 

Figure 23 (Y-12 Corrosion P la t e  3074-2) shows the  surface appearance of 
an  unclad specimen af ter  6 weeks exposure i n  60°c water. 
a r e  qui te  obvious. 
carbide inclusions or other  homogeneities I) Figure 24 (T-15159) p ic tu res  the  

generation of a b l i s t e r  i n  the  core of a clad specimen exposed t o  90°C water 

f o r  12 weeks. 

The surface b l i s t e r s  

These b l i s t e r s  may poss ib ly  have nucleated a t  si tes of 

In general, it can be s t a t ed  that the corrosion of 48 w t $  U - 3 w t $  Si-  

AL a l l o y  appears t o  he character ized by very l i t t l e  general  surface a t t ack .  

However, some blisters do fom i n  the exposed f u e l  alloy. Tests of these 

a l loys  are continuing t o  exposures of 26 weeks under t h e  same conditions.  

We wish t o  thank the  many people who contributed t o  t h i s  study and 

p a r t i c u l a r l y  the following who assisted i n  the  spec i f i c  areas mentioned, 

J. H. Erwin - Extrusions of Alloy and Pneumatic Pressure Testing of Fuel 

J. B. Flynn and G. E. Angel - Melting and Casting 
L. meener  - Brazing 
W. J. Kucera - Corrosion Testing 
W. L i n g  - Chemical Analyses 
R. M. S t ee l e  - and J. Richter  - X-Ray Spectrometry 
J. Riddle - Coefficient of Expansion Studies 
C.  Dollins - Mechanical Testing 
H. J. Wallace - Fabrication 
C.  X. E. DuBose - Metallography 
J. R. Flanary and R. E. Blanco - Chemical Reprocessing Studies 
F s  R.  Finn - Reports Office 

Elements 
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Fig.  23 (Y-12 Corrosion Plate 3074-2) Blisters or?. SurT'ace or 48 wt% U - 3 wt$ Si-AL 
Corrosion Specimen Exposed in Static 60 " C  Water for 6 Ihicc:cs. 
surface.  1 O X .  :',s-machined 



f 

Fig. 24 (T-15159) Cross Seet ion of 1.1.00 Alelad 48 w t $  u - 3 wt$ Si-Al ~ l l o y  
Showing Ul is te r  i n  Core a t  Exposed A r e a .  
water f o r  1 2  weeks. As-machined. 16~. 

Specimen t r ez t ed  i n  9 ° C  
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