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THE APPLICATION OF A NOMINAL 48 WT $ U-AL ALLOY: TO 
PLATE-TYPE ALUMINUM FU3SEsiRCH REACTOR FUEL E-S 

. W .  C. ThuTber, J. H. Erwin, and R. J. Beaver 

I. SUMMAnY 

Under the Atoms-For-Peace Plan, the spec i f ica t ion  that uranium be 
Limited t o  20$ enrichment i n  the  U-235 isotope has necessi ta ted develop- 

ment of a highly-concentrated uranium-alwninum a l loy  as t h e  fuel material 
i n  t he  composite aluminum plates of research reactor  f u e l  elements. Ef for t s  

have been d i rec ted  to determining the s u i t a b i l i t y  of a nixiiinal it8 wt $ U-Al. 
a l loy  i n  r e l a t ion  t o  previously established procedures f o r  manufacturing 
plate-type aluminwii fuel elements. 

Increasing t h e  uranium concentration from 18 wt $ t o  the 48 w t  $ 
resu l ted  i n  increased s e g r e e t i o n ,  higher strength,  and l o s s  of d u c t i l i t y ,  

creat ing addi t iona l  fabr ica t ion  diff icul t ies .  

the a l loy  during r o l l  bonding i n t o  composite plates caused loca l ized  thinning 

of t h e  cladding, which may l i m i t  the mater ia l  t o  spec i f i c  reactor  appl icat ions.  
Subst i tut ion of Type 6061 aluminum f o r  'Type 1100 aluminmi as frme and clad- 

ding of the  fuel plates improves th i s  condition. 

Xon-uniform deformation of 

A fuel. element, containing the 48 w t  $ U-AL a l loy ,  was irradiated i n  

the ac t ive  la t t i ce  of the MTR t o  an estimated burnup of 25% of the U-235 
atoms wi th  no observable damage (I 

I1 INTRORUCPION 

For the past eight  years, plate-type alumimm research reac tor  fue l  
elailcnts, containing uranium i n  t he  form of an aluminum-uranium a l l o y  of. 
13 wt $ to 18 wt $ U, have been readi ly  manufactured and have operated 
successfully i n  several  reactors .  However, under the recent A t o m s  for Peace 

Plan, the s t i p d a t i o n  khat t h e  uranium be l imited t o  a maximum enrichment 

of 20% i n  the U-235 isotope has presented a condition i n  which more than 
hOO$ addi t ional  uranium must be incorporated i n  t h i s  type of f u e l  element. 
Calculations ind ica te  t h a t  i n  the majority of cases, the concentration of 
urmium i n  the aluminum-uranium a l l o y  w i l l  increase t o  more than 40 wt 74 W. 
Specifically, an 18-piate element, containing 6 0 - m i ~  th ick  composite fuel. 
piates, requires  a 48 w t  $ U-AI. alloy t o  achieve a fuel-element loading of 
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190 g of U-235. 

ducted t o  determine the  e f f e c t  of this high concen’bration of uranium i n  

a1minum on conventional induction melting and cast ing procedurcs; cladding 
techniques for r o l l  bonding in%o composite fuel pla tes ;  methods of joiLiing 

p l a t e s  i n t o  a n  assembly by brazjng; and the performance of a t e s t  element 

under i r r a d i a t i o n  i n  the MTR. The general approach t o  the  problem isas t o  

adhere as near ly  as possible  t o  methods previously establ ished a t  ORNL 

f o r  manufacturing plate-type research reac tor  f u e l  elements. 

This report  presents  t he  r e s u l t s  of invest igat ions con- 

(1 1 

111. COUCLliSTC3NS 

1. A nominal 48 rhrt  $ IJ-A1 a l loy  exhib i t s  random uranium segregation 

with a spread of approximately 4 w t  

i n  V-235 enrichmeilt t o  20$9 -the homogeneity of t h i s  isotope i n  the  

a l l o y  i s  acceptable.  
2. The high percentage of  intermetaLlic compound jn the  a l loy  
results i n  a material of high s t rength but l i t t l e  d u c t i l i t y .  

3. Tfie a l l o y  cast ing cannot be ro3.l.ed bare without excessive edge 
cracking and must be framed i n  aluminum p r i o r  t o  breakdown i n t o  p l a t e .  
1-k - Bul-ing roll-bonding I:nto composite p la tes ,  the alloy core exhib i t s  
non-uni.form deforma,tion a t  i t s  ends, which cau.ses loca l ized  thinning 

of Lhe p l a t e  cl.add,ing. 

Al -c lad  Type 6061 alurninm f o r  Type 1100 aluminum as the  p l a t e  frame 
and cI.ad mater ia l .  

5. Because of t o e  local ized t h i n  cladding, -the protec t ion  offered by 
the  cIl.adding must be evaluated f o r  -the spec i f j  c reac tor  appl icat ion e 

6. An 18-piate fuel element, containing 190 g of U-235 incorporated 
i n  a nominal 43 wt % U-KL a l l o y  was i r r ad ia t ed  i.n t h e  ac t ive  l a t t i c e  
o f  t4be MTR in a flux of 1.9 x d4 n/cm / s e c  for ’ I - . $  x 10 

which i s  es-ttimated t o  be a burnup of 254 ol’ t h e  U-235 atoms. 
s ign i f i can t  irradiation dmagn was observed e 

Since the  u ran im is 1imit.ed 

This condition i s  improved by subskitution of 

2 20 
nvt, 

No 

TV. I DISCUSSION .-.- 
A. F I E ~  Element - and Design I_- 

An l8-pl.ate element, ccneis t ing of 60-mil thick p la tes ,  w a s  se lected 
because i t  represented a desi am frequen-tly used i n  research restc1,ors. 
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Kowever, t he  volume occupied by the fuel-bearing a l l o y  core w a s  increased 

from 20 t o  28 m i l s  t o  minimize the  uranium concentration required i n  t h e  

f u e l  a l loy ,  and maximize the  number of grams of U-235 i n  t he  f u e l  element. 
Calculations revealed t h a t  a 48 w t  $ U-A1 a l l o y  w a s  required f o r  a fue l  

element of t h i s  design containing 190 g of U-235 with an enrichment of 20%. 

C r i t i c a l  design parameters of t h e  Suel element are l i s t e d  i n  Table I. 

'I'y-pe 6061 aluminum w a s  selected as t h e  frame and clad material f o r  

t he  composite Suel p l a t e  instead of the  more conventional Type 1100 aluminum. 

This modification vas based upon past experience w i t h  o ther  materials, which 
indicated t h a t  whenever a core mater ia l  w i t h  an appreciably higher yield 

strpmgth than the  frame and cladding material i s  ro l l ed  i n t o  a composite 

f u e l  p l a t e ,  severe deformation frequent ly  occurs a t  t h e  ends of t he  f u e l  
core, resu l t ing  i n  ser ious thinning of t h e  cladding mater ia l  i n  loca l ized  
&reas. (2' A s  l i s t e d  I n  Table 11, the  yield s t rength a t  540°C of a 43 w t  $ 
U-AL a l l o y  i s  approximately 41$ greater  than t h a t  of the  type 1130 aluminum 

and severe "end effects ' lmay be predicted* 
cladding a l loys  were found which matched the  y ie ld  s t rength of t h e  highly 

concent>rated U-AI a l loy ,  the  type 6061 aluminum appeared t o  be the  best  
ava i lab le ,  However, t h e  y ie ld  s t rength of t he  f u e l  a l l o y  was s t i l l  20% 

&rea,ter than t h i s  cladding material. 
e f f e c t s  " could be minimi zed but not optimized. 

E. Melting and Casting 

Although no aluminum frame and 

It was ant ic ipa ted  t h a t  t he  "end 

An important, consideration i n  alwninum f u e l  element technology i s  
the homogeneity and soundness of t h e  f u e l  a l loy .  Although data  are ava i l -  

ab le  on t h e  homogeneity of alwninwm-uranium a.lloys i n  the  range of 7.3 t o  

18 vt 56 wa.ni:xn,(3' it w a s  necessary t o  experimentally determine the  e f f ec t  

of higher concentrations of uranium on segregation pa t te rns ,  and porosi ty  
rlefects i n  an uranim-aI.uninum a l l o y  with a nominal 48 wt $I U - U  composition. 

It w i l l  be noted i n  examining the aluminum-uranium phase diagram(4) i l l u s -  
t r a t e d  i n  Pig. 1 (~-20808), t h a t  t he  difference between the l fquidus and 

solidus of the 48 w t  $ U-Al a l l o y  i s  approximately 5 6 0 " ~  compared t o  a 
difference of 1nerel.y 1 1 0 ° C  for an 18 w t  $ U-Al a l l o y .  
f i ca t ion ,  the  composition of the  Liquid o f  t he  48 w t  '$ a l l o y  decreases t o  
1 3  w t  $I U, a difference of 35 w t  $. 
of the  l i qu id  composition during so l id i f i ca t ion  i s  only 4 w t  $ U. 

Also,  during so l id i -  

Iii the  18 w t  U-Al. alloy, the change 
Based on 
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DESIGN DATA ON MSWLY COIWAINING 48 WT $ ALLOY 

Num-beY o f  fuel plates  per elf-J-ent 
Nomina?. water gap spacing, inches 
Width and Bengtb of active p r t i o n  of plaie ,  inches 

Overall. width and length. of fuel plates, inches (2) 

(16 1 
Total. thickness of fue l  plates, inches 
Cow t;hic$ness of finel plates, inches 

Nominab core composition, w t  ’$ 

aoiiiina~. U-235 enrickaent, $ 
U-235 content per  plate ,  grams 

‘11-235 con+: enh per  assembly, grams 
71-23? fuel distribution, grms/cm 

Type o r  NTB assemtPl.y 

2 

Side p la t e s  - ORPJI, DWG. B-22055 
Overall dimensions, inches 

LO 
0 0 11‘7 

2.5 x 23-5/8 

2.0 x 28-5/8 

2.8 x 24-5/8 
0.060 

0.020 

Uranium -48 
Alminum -52 

20 .oo 
10.56 

190 
0.027 

Mark X (Modified) 

3.169 x 0.188 x 28-5/8 
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TABU I1 

YIELD STRENGTHS OF ALUMINUM ALLOYS AT 540°C 

Number 
-n n 

Yield Strength ** 

6951* 
5050" 

6061-1~ 
1100++ 

42.7 w t  $ u-Al 
"3.7 w t  $ u-Al 

2 

2 

2 

2 

1 

3 

1040 

1080 

1240 

900 

1500 

1560 

* Aluminum Association Designation 

** Speed of T e s t  - 0.05 in/min 

..... ...-............... ............... ~ . . . . , . . . . . . . . . . . . . . . . . . . . ...... ..... . . . .. .. . . 
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these filtccs, it would be expected t h a t  a 48 w t  5 U-AL a l l o y  would be more 

prone t o  segregation than an 18 w t  % U-A3. a l l o y  under similar melting 

prac t ices  (. 
The soundness of the cast ing i s  closely re la ted  t o  entrapment of gas 

during solidificai , ion under non-equilibrium conditions.  
major  contr ibutor  of t h i s  gas i s  the  hydrogen i n  the  uranium melting stock, 

then considerable poros i ty  might be expected i n  the 48 w t  $ U-Al al loys 
because of the  la rge  mass of uranilm required i n  the  charge. To minimize 

this. problem, t h e  uranium melting stock used i n  t h i s  invest igat ion was 
vacuum re-melted i'rorn b i scu i t  material. 

ksumine; that a 

Since the inore conventional and widely used 13 t o  18 r r t  5 U-AL a l loys  

are air- induct ion melted i n  graphite crucibles  and poured i n  graphite molds, 

it was decided t o  follow t h i s  prac t ice  as closely as possible i n  melting 
and cas t ing  t h e  48 wt .j'o U-Al  alloy. 

to  contain a charge of '4500 grams. 

mold wits 10-in.  long x 5 1/4-in. wide x 1-in.  thick,  with a t rapezoidal  

head f o r  feeding. The mold w a l l s  were 1- in .  thick.  The mold w a s  preheated 

The graphite crucible  was l a rge  enough 

The cavi ty  of the slab-type grapkite 

t o  X)Q--350°C. 
The procedure followed i n  melting the  a l l o y  i s  l i s t e d  below; 

1. 

2.  

3. Add chunk uranium obtained by shearing vacuum cas t  slabs. 
4. 

5. 

ChrArge 2340 g of alwninum p i g  (99.995 U). 

Melt and superheat t o  9 0 ° C .  

Increase melt temperature t o  1175"~. 
Hold m e l t  a t  1 1 7 5 ° C  u n t i l  uranium has been completely 

dissolved as determined by graphite probe. 

Pour i n  preheated graphite mold. 6 .  

Location of samples and results of ana ly t i ca l  chemistry f o r  a cast ing 

prepared using the  above procedure a r e  shown i n  Fig. 2 (ORNL-LR-DWG 24044 ).  
It; i s  apparent t h a t  up t o  and s l i g h t l y  above the  cropping l i n e ,  resul ts  
vary randomly from 44.10 t o  49.90 w t  $ U, a spread of 5.80 w t  8. 
fu r the r  i n t o  the  head, a sharp increase i n  uranium concentration i s  observed. 
Scalping of the s l a b  revealed considerable subsurface porosity,  as i l l u s t z a t e d  

i n  I3g. 3 (Y-19950). 
breakdown i n t o  p l a t e .  

However, 

Such cast ings cracked i n t o  pieces during subsequent hot 
A probable explanation f o r  t h i s  porosiLy i s  that %he 



- 8 -  UNCLASSIFIED 
QRNL-LR-DWG 24044 

--r ' 

- 

C 

Ln 
.- 

TOP I 
MICRO-\+\ 
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I 

148.68 

-e+---+ +______e--- -- -\ i 49.82 

MIDDLE 

17.62 48.58 49.16 48.43 47.34 t 49.29 

4 49.90 

49.87 i 
I 

BOTTOM I 

- - 
46.36 45.20 44710 45.62 47.20 

s'/, in. 

- 

,CROPPING 
L LINE 

c. ._ 
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Fig. 2 .  Uranium Distribution in a 48 w t  U-AI 
Alloy Billet A f te r  One Melting Cycle. 
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Fig. 3 .  Scalped 48 wt  % U-AI Casting After One Melting Cycle. 
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a l l o y  melt a t  the t i , m e  of pouring i s  supersaturated with hydrogen, and 

t h a t  durin.g so l id i f i ca t ion  the  hyd,rogen is evolved and trapped. wit;h.i.u Lhe 
so l id i fy ing  alloy as gas pockets. 1% wads fel% t h a t  t h i s  condition could 

be miniiiiized, o r  possibly eliiiiina.ted, by appmach.ing equilibrium or" hydrogen 

i n  the  sLloy a t  the solidus temperature. Indications fi-om previous work 
suggested that remelting might prove helpful  e 
i n  which the m e l t  was permitted "c;o sol i .dify i n  the  cruciktl.e, reheated t o  
l l75"C, and again allowed t o  sol.i.dlfy i n  the  crucible.  

less  effervescence w a s  observed i n  the  top of the ine1.t as it, so l id i f i ed  i n  
t h e  crucible ,  After t he  four th  cyele no appreciable effervescence could 

be seen, and the  cast ing was poured at  the  end o f  the  f i f b h  cycle. Scalping 
of the  s lab  revealed a marked improvcrnent i n  soundness as i l l u s t r a t e d  i n  

Fig. 4 (U-19974). 
same m e l t s  showed ins igni f icant  effervescence after three and on occa,sioii, 
only two remelts. 

minimum 

during t h i s  treatment, and i f  neeessary, repeat the cycles. 

ib ercperimen-t was conductxd 

Af-ter each cycle, 

AddiL iona l  m e l t s  were made, and it was observed that' t he  

However, a syecificatiion w a s  es tabl ished t o  remelt a 
of four times, with close obsea-vation of t he  degree of effervescence 

The repeated melt technique did not s ign i f i can t ly  a l t e r  the segpe- 

gation pa t te rn .  

gation varied from '~5.61.. w t  $ U . to 50.60 w"c $ TJ, a spread of 3.99 WIG $I. 
The data shown i n  %'igs. 2 and 5 indicate  that the  uranium 2n t h i s  

al,l.oy e rh ib i ted  8 maxked tendency t o  segregate i n  the  head of the cast ing.  
This condition resu l ted  i n  a decrease i n  the uranium concentration of t he  

usable material. i.n t h e  body of the ea.stj.ng. Examrimtion of iihe material 
i n  t he  head revealed considel7ab.l.e porosity The h i  @-uranium conteiat In 
this region was caused by depletion of the eu.tectic consti-tutents i n  thj.s region by 

downward PLOW of eu tec t ic  l i qu id  through. the  interdendri.i;i.c network during 

t h e  fi.na.l stages o f  sol.idif i ca t ion .  

As shown in Figo 5 (OI;ITJL-LR-RVG.2!4043 >, t he  random segre- 

Fi.r;use 6 (Y-20317, H-20316, Y-20752) illastrates the  micros t rwtures  
of mater ia l  removed from the  top,  mid.dle, and bottom of -the remelted 

cast ing shown i n  Fig. I+, dt the  locat ions designated, i n  E7.g. 5. 
s t ruc ture  of the eu tec t ic  and the  pri,mary UAak in te rmeta l l ic  compound i s  
markedly d i f fe ren t  in t he  respective locat ions e A lamellar eu tec t i c  e x i s t s  
a t  t he  bottom of the casting, iab.iI.e a. more divorced stmctizre occiars a t  the 

top.  On the  basis of x-ray d i f f r ac t ion  results, .the percentages of i n t e r -  

The 
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Fig. 4. Scalped 48 wt % U-AI Alloy Casting After Five Repeated Remelts. 
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U N C L ASS I F- I E D 
ORNL-LR-DWG 24043 
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Fig. 5. Uranium Qisfributian in B Cast 4 
Alloy Billet A f te r  F ive  Repeated R b i s  09elts. 
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meta l l ic  compounds and aluminum present i n  the  samples are estimated below: 

Middle 

50% 

50$ 
none 

Twelve s labs  of nominal 48 wt % U-AL a l l o y  were  prepared^ f o r  t he  t e s t  
elements, using the  remelt technique described, and ro l l ed  i n t o  p l a t e  

approximately 40-in. i n  length.  Generally, 10 cores were punched from each 
p l a t e  and s m p l e s  f o r  uranium analyses sheared Proii the  a l l o y  skeleton a t  

loca-tions adjacent t o  two successive f u e l  cores. The ana ly t i ca l  da-La are 
l i s t e d  i n  Table 111. 

The r e s u l t s  a r e  qui te  sca t te red .  Several cast ings exhibited horno- 
geneity of t he  uranium which was near ly  eguivalen-1; t o  17 w t  % U-Al. al loys;  

other cast ings showed considerable segregation. In t h e  majority of cases, 

t he  degree of segregation of t he  uranium would not material.ly effect, accurate 
predict ion of t'ne mass  of U-235 i n  the f u e l  element, since the  uranium con- 

tains only 20% of the U-235 isotope. 

i n  any one f u e l  core does not exceed the  l i i r n i t  es tabl ished by hea t - t ransfer  

considerations.  

t o p ) ,  which i s  so highly concentrated i n  uranium t h a t  t he  U-235 content i s  
in excess of t h e  establ ished tolerance,  must be re jec ted  and recycled. 

It i s  important that the  U-235 conten-t 

Therefore, t he  port ion of the  cast ing (generally the extreme 

The e f f e c t  of segregation i n  predict ing the  U-235 content i n  a fue l  

element was analyzed and the r e s u l t s  presented i n  'I!a.bl.e IV. Two cases were 

considered f o r  comparativz pixpposes. In the  f i r s t  case, a highly segregated 
cas t ing  was selected; i n  the  second case, a very homogeneous cast ing w a s  

chosen. In  each case the  U-235 content w a s  predicted using two methods of 
calculat ion.  

ca lcu la te  t he  U-235 content of each core, and the  t o t a l  weight o f  U-235 i n  
the  t e n  cores obtained. In the second method, the average analysis ,  based, 
on only three  samples, w a s  used t o  ca lcu la te  the  U-235 content of each corep 
and the to - t a l  weight of U-235 i n  the  t en  cores obtained. T'i w i l l  be ob- 

served t h t  i n  Case No. I, i n  which the a l l o y  w a s  qu i te  badly segregated, 
the  simple sampling procedure yielded r e s u l t s  which were within one per  cent 

I n  the first method, s i x  ana ly t i ca l  r e s u l t s  were used t o  



T A B L E  I l l  

ANALYTICAL URANIUM ANALYSES OF HOT R O L L E D  A L L O Y  PLATES 

A 

B 

C 

D 

E 

F 

46.95 47.46 43.78 46.98 46.73 44.10 45.11 45.52 46.44 44.49 43.07 45.02 

47.46 47.22 46.4% 46.16 47.05 46.84 46.69 45.56 46.19 44.56 44.84 45.67 

47.10 47.64 45.74 46.04 47.07 48.20 47.40 45.68 46.26 45.11 48.75 46.80 

46.54 47.28 47.90 45.84 47.36 49.89 47.19 45.69 46.00 45.37 49.46 47.78 

46.44 46.39 46.54 45.64 47.20 50.80 46.98 45.55 45.63 45.01 50.29 48.80 

_---___ ____-__ 43.74 - - - - _ _  45.88 50.10 46.90 45.11 45.42 45.03 50.86 49.80 

Average _____._ _.___-- 45.70 - -_____ 46.88 48.32 46.71 45.53 45.99 44.93 47.88 47.31 
Ana lysis 
Based on 
100% Casting- 
to-Slob Y icld* 

Casting Number 

1 2 3 4 5 6 7 8 9 10 11 12 
W t % U  W t % U  W t % U  W t % U  W t % U  W t % U  W t % U  W t % U  W t % U  W t % U  W t % U  W t % U  

Sample 
Location 

Deviation from ------- __- _ _  +2.20 .---.-- +0.48 +2.58 +0.69 +0.16 +0.45 +0.44 +2.98 +2.49 
Mean (+) 

Mean (-) 
Deviation from ------- -----.- - 1.96 _---_-_ -1.00 -4.22 -7.60 -0.42 -0.57 -0.44 -4.81 -2.29 

Average 46.90 47.20 46.09 46.13 47.08 47.96 46.67 45.62 46.10 44.91 47.28 46.81 
Anaiys is 
Based on 
85% Casting-  
to-Slab Yield* 

Deviation (+) +OS6 +0.44 +1.81 i-0.85 +0.28 +2.84 +0.73 +0.07 +0.34 +0.46 +3.58 c1.99 

Deviation (-1 -0.46 -0.81 -2.31 -5.49 -0.35 -3.84 -1.56 -Q.10 -0.47 -0.42 -4.21 -1.79 

*This yield i s  for the cropped casting which i s  77% of the charged metal. 
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EFFECT OF SEGREGATION IN PREDICTING U-235 CONTENT OF PLATE-TYPE ALUMINUU FUEL ELEMENTS 
CONTAINING G A L  ALLOYS IN THE 44 TO 40 WT % U RANGE 

Calcu- Caicu- Calcu- Caicu- Caicu- Calcu- Calcu- Calcu- Calcu- Calcu- Calcu- Calcu- Caicu- Calcu- Colcu- 
Aciua, lated lated lated Actual lated lated iated ~ ~ + ~ ~ i  lated iated Iat& A~~~~~ latrd lated loted ~~~~~l lated lated iated ~~~~~i Total Qms 

Cranium 
A,laiysis A Core A,6 Core B Core B+t Core C Core C + D  Core D Core D F E Core E Core Core F U-235 No. 1 2 No. 2 No. 3 2 No. C No. 5 2 No 6 No. 7 2 No. 3 [\lo. 9 2 No. 10 

Case No. 1-A 

W t  % U(') 43.07 43.51 43.95 44.39 44.M 45.62 46.80 47.78 48.75 48.93 49.11 49.29 49.46 49.66 49.07 50.08 50.29 50.43 50.57 50.71 50.86 47.38 -------. 
104.27 gms b-255 __-___-  9.44 __.-*-- 9.63 _ _ _ _ _  _ _  9.94 _ _ _ _ _  _ _  jO.37 -_  .---- 10.62 -_-__-- 10.70 _.____. 10.76 ~ _--.- ~ 10.37 --_----  10.94 ____.__ 11.00 _ _ _ _  ____-._._. 

Case No. 1-5 



I 

of the va lue  obtained by the more precise method, 
smpjlLng o f  a homogeneous a l loy  permitted a gredict;ion within 0,0$ of the 

establ ished value obtained hy extensive sampling. 

In Case Noo 2, simple 

C, Breakdown of A1,loy Casting Into Plate 
AJd_ castings were preheaked for t h e e  hours a t  600°C anti rolled to 

plate  on a 20-i.no x 30-in. two-high m i l l  w i t h  a ten-minute rebcat between 
passeso 

severe edge cracking, 
the cropped and scalped cas t ing  i n  an alminwn fsanie and enclosing by tack 
welding 0.024-in. thick sheets of Type 1100 al^umi.nun %o both s ides GE the 
frame, 
Because of its lower yield strength,  t he  type 1100 alynixlurn separated from 
the U-AL alloy during ro l l i ng .  

cause t oo  much constraint, as evidenced by transverse cracking of the U-A1. 
a l l oy  during the final stages of r o l l i n g .  This condition was minimized by 
removing the core Prom the frame prior  to t h e  Last milk pa.ssQ 
venience of removing the frame during ro l l i ng  m y  be eliminated w i t h  the 
selection of an aluminum a l loy  with a 600"c y ie ld  strength intennediate 

between Types 1100 and 6061 akminum. 

Rolling of the  first f e w  castings was msuccessfti l  becav,se of 
This condition w a s  greatly minimized by inser t jng 

Type I100 aluminum was i n i t i a l l y  selected as the  frame material. 

Substitution of 6061, ab.mirawn appeared t o  

The incon- 

Framing of the cast slab did not eliminate edge cracking, Xn an 
ef for t  to improve this condition, several hot-mU.ing reduction schedules 
were invest,igat;ed, and the one l i s t e d  BeLow was u3timalely selected, 

M i l l  Se t t ing  
Pass --- No. $J Reduction Per Ptss 

Edge cracks, penetm%ing as much as one inch i n t o  the abloy,werc 
camxoa wLLh t h i s  .practice& 
fuel, core yield was only 32$ compared t o  a casting-to-fuel core yield of 

As a P~'E;LCLL of LhFs condition, the castlng-to- 

. . . . . . , . . . .. .. . -:. -._. . ._...............___. . . . . . ....... ~ .. , , . . . , . . . , . . . . , , ., . . . . . . . . . . 
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72% f o r  a l loys  i n  the  1 3  t o  18 w-t $ U range. 

improve t h i s  y i e ld .  

Further work i s  requtred to 

The tota,l. reduction i n  reducing the  thickness f r~~ i i  l .048-in0 Lo 

0.255-in. was 7676. The t e n  f u e l  cores pmiched from the composite a l l o y  
p l a t e  were calculated t o  have a clad-core-clad thickness of 0.006 - 0.243 - 
0.006-in. and a uranium c.oirtent based on the  average analyses of t he  a l loy ,  

D. Fabrication of Composite Fuel --*- P1,ates 

Tlree fac tors  must be considered i n  r o l l  bondlng composite aluminum 
I___^ --___. 

f u e l  plates containing unmium-a.limlinum a l loys  : 

1. Corftplete metal lurgical  bonding between mating surfaces 

2. Sa t i s fae tory  f i t  between core and frame during ro l l i ng .  

3. Uniform dzfomation oi" t he  f u e l  a l l o y  and the  a3_wninum cladding. 
Conditions for obts.ining metal lurgical  bonding have been well 

established i n  t.he past  f o r  rol.7. bonding13 t o  18 w t  '$ IJ-AI- a l loys  i n t o  

composite Type 1100 aluminum elad p la tes ;  (l) i. e . ,  preheat temperature 
of 595"C,  toLal, reduction i n  thickness of  84%, and reduction per pass of 

35%. 
The second f ac to r  i s  related t o  matehing the  y ie ld  strengths,  a t  t h e  

hot - ro l l ing  Lmperature, of t he  imterials selected f o r  t he  core and frame 
of the composite b i l l & *  It i s  an j.mport,an-t consideration because the  

b i l le t s  a r e  ro l led  i n  a i r ,  and i f  the fit,  i s  not proper, a i r  becomes en- 

trapped i n  t h e  composite, resu l t ing  i n  b l i s t e r s  during subsequent heat 
"ireatj-ng . 

The t h i r d  f ac to r  a l s o  appears t o  be a function of t h e  yield s t r e n e h s ,  
at t h e  hot - ro l l ing  temperature, of the core, frme, and clad materials .  Tn 

t he  event of a wide spread i n  yield. s t r e n e h s  between these components, 
serious "end ef fec ts"  a re  l i k e l y  t o  occur. In the  case of a ra ther  b r i t t l e  

and high-strength a l loy ,  such as the  48 w t  $ W-A3 a l loy ,  and a duc t i l e  low- 
st rength Type 1100 aluninm, it may be predicted tha t  severe deformation 

will occur at, t he  ends of the  f u e l  cores which of ten appears as a "dog bone" 
shape. 

i n  actual. rupture of .the clad, O f  t he  aluminum a l loys  t e s t ed  dixing t h i s  

work, the  one which had 3 yield s t rength a t  540°C that most nearby matched 

t he  y ie ld  s-Lren@h of t he  highly concentrated U - N .  a l l oy  vas Type 6061 

This condition caidses local ized thinning of the  clad and may result 
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aluminum. 

s t i l l  20% l e s s  than the  apparent 1560 p s i  y ie ld  s t rength o f  t he  f u e l  a l loy.  

Roll-bonding invest igat ions were conducted using t h i s  mater ia l  as the  

aluminum cladding and, although it was not f e l t  t h a t  i t s  use would completely 
eliminate the  "end ef fec ts" ,  it was considered superior t o  Type 1100 aluminmi 
i n  t h i s  respect.  

A s  shown previously i n  Table 11, the  1240 p s i  y ie ld  s t rength was 

The r e s u l t s  of t he  roll-bonding invest igat ions a re  l i s t e d  i n  Table Y, 

Analyses of t he  "end ef fec t"  was based on metallographic measurements of two 
samples from each of f i v e  plates ,  and t h e  average, m a x i m u m ,  and minimum 

cladding thickness determined. 

p l a t e  t o  another under iden t i ca l  fabr ica t ion  conditions, p robab i l i t i e s  must 

be considered. 

t he  average value shows s ign i f i can t  t rends 

Since the  "dog bone" shape var ies  from one 

Although the minimum value i s  considered extremely important, 

The f i r s t  experiment indicated t h a t  the 48 w t  '$ U-A1 al loy and m e  

A s  i l l u s t r a t e d  i n  F ig-  '7 1100 aluminum combination was not sa t i s fac tory .  

(Y-13090), f r ac tu re  of cladding was observed, and the  average value of 2*5 

m i l s  indicated a high probabi l i ty  of c lad f a i l u r e s .  Although the  da ta  a re  

l imited,  they provide support t o  the  theory proposed previously. The 

remainder of the  investigat?on was confined t o  the  appl icat ion of Tyye 6061 
mater ia l  as t h e  frame and cladding mater ia l .  

As shown i n  Fig* 8 (~-21068) ,  experiment No. 2 resu l ted  i n  a marked i m -  
provement, and i n  fact, t h e  8.4-mil average and 3-mil minimum represent t he  

best r e s u l t s  obtained i n  the  invest igat ion.  However, during brazing, 25% of 
t h e  p l a t e s  b l i s t e r ed ,  and it was f e l t  t h a t  bonding was not s a t i s f a c t o r y  

because of t he  decrease i n  t o t a l  reduction. 

Tyye 1100 aluminum was added t o  the  surfaces of the  Type 6061 on the  
assumption t h a t  bonding would be improved i f ?  it was confined to Type 1100 

aluminum mating surfaces.  

c lad with Type 1100, and one s ide  of t he  Type Go61 cover-plate mater ia l  
with Type 1100 by r o l l  bonding prior t o  assembling i n t o  composite f u e l  
b i l l e t s .  
8% 'Type 1100. 

22% b l i s t e r  re jec t ions  during brazing indicated t h a t  t he  t o t a l  seduction 
r a t i o  of 80$ was not s u f f i c i e n t  t o  achieve sa t i s f ac to ry  bonding, 
ness of 1100 on 6061 was reduced t o  two per  cent t o  gain more of t h e  higher 
strength mater ia l ,  The r e su l t s  shown i n  experiment No. 6 reveal. a noticeable 

Both s ides  of t he  Type 6061 frame mater ia l  were 

The 6061mater ia i  i n  experiments N o s c  3 through 5 were clad with 
L i t t l e  improvement of t he  "end e f f ec t "  occurred, and the  

The th ick-  



T A B L E  V 

SUMMARY OF F A B R I C A I > O b  D A T A  ;S :NG 5061 A h D  ALCLP.D 6051 CLAD’31MG A$D Fk’AtME h r i A T f R i A ~  
I N  NAt+UFACTURING COMPOSITE F U E L  PLATES C O N T A I N I H Z  48 WT 9; U-A;. ALL:\! 

WITH A NOMlNAL C L A D - C ~ ~ E - C L A D  THICKNESS OF 17-26-17 MILS 

L oca I i zed C I add i ng 
Bi ister Re iec?  lons Hot Th ickness  (m i i s )  

Hot Reduct ion Rol l ing  Above Core End ?rior t o  After 

Type Type  
% r o t a 1  % No. of Aluminum A Ium in um 

P la tes  Cladding Fro me Ex per ime nf 

i3,:azing Braz inS Mater ia 1 Maqer i o  I Min[a) h.lax:bj Ave:c) Reduct ion Per Psss  Temp. T 

2 8 6051 606 1 95 50 575 3 22 8.4 none 25% 7 - *  

none - _ _ _ _ -  3 18 A lc lad  6061 A lc lad  6061 84 45 575 0 8 rl .d 

8% A lc lad  8% A l c l a d  

- _ - _ - _  _ _ _ _ _ _  4 8 Alc lad  606! Alc lad  6061 80 40 535 0 9 4.5 

8% A lc lad  8% Aiclaci 

22% _ _ _ _ - _  5 12 Alc lad  5061 Alclad 6063 EO 40 600 0 7 3.8  
8% AIc lad  8% A lc lad  

6 30 AIc lad  6061 A lc iod  6061 80 35  535 3 9 6.9  29% 33% 

2% A ic iad  2% A i c l a d  

7 36 A jc iad  6061 A lc !od  5061 84 35 535 _ _ _  _ _ - -  25% 33% 

2% A lc lod  2% A i c i a d  

8 50 A lc lad  605‘1 AIc lad 6061 84 35 535 0 8 5.7 none none 

4% Aieiod 4% b.lclad 3 8 6.01d’ 

*L!sred ior Comparative Purposes 

(a’Represents the minimum value observed of approximately 20 mecsurernants f rom 5 ? ! d e s  

(b’Represents t h e  maximum value observed of approximately 20 measurements from 5 p la fes 

“’Represents the average value observed of approximately 20 measurements from 5 plates 

(d)Represen+s the overage va lue observed of approx imate ly  6 maasurementr f rom 1 p la te  
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UNCLASSlFl ED 
Y-19090 

Fig. 9 .  Specimen 12588. As Polished. Longitudinal Sections of Composite Plates 
Containing 48 wt % U-AI Alloy Framed and Clad with Type 1100 Aluminum. 
the clad failure in top plate and the severe deformation of the alloy resulting in pro- 
nounced variations in the fuel core thickness. 3 X .  

Note 
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UNC LASS IF IED 
Y-21068 

_ .  . 

--. I 

..- 
___I 

Figs 8. Specimen 14584. As Polished. Longitudinal Sections of Composite Plates 
Containing 46 wt % U-AI Allay Framed and Clad with Type 6861 Aluminum. 
improvement of localized cladding above "dagbone" effect. 
ness ratio was 96%. 7 X. 

Note 
Reductions in thick- 



improvernei-it i n  $he "and ei"fec.t", and it can be observed tht the average 
I,c!:;alized clad thickness is between 6 and. 7 mils with no clad fa-il.ures. 

j!rweuix, experiment No. '7 revealed ti2;2.t even with.  a 8jt$ t o t a l  reduction i n  

l;kS c h e s s ,  25% b l i s t e r  rejection occiirred during flux snneal.iiag, and .-3$ 
additittonal 'blister re jectiozis occurred during brazing, These reJec-Lions 
were at t r ibuted to j p o r  bonding resulting from a l ack  of sufficient Type 

1100 on th.e caqosi.f;e frames and. cov-ers. Inereasing .the type i l C 0  on t.he 

trme an.d covers to four per C e n t  resulted in satisfact)ory bonding of the 

cornposike ph , t z9  as shown :in experiment NO. 8. 
became imrseP indicating t h a t  tlne thickness of %be l a y e r  of the high- 

s-trength Type 606.1 on the bf-meta l l ic  cover plate  of the b i l l e t  i s  relatec?. 

to the dxgree of "end effect" in the f i n a l  product.  be 5.7-nzil average 
localized elladding thicksness was accepted for manizfac-Luring t h e  enriched, 

;:JlaLes for the t e s t  eleiiient,~ because o f  t,k l i m i t e d  time the elemeu'h woiLd 

be i n  -the reactor .  
the  ex:mination, of' one specimen from each o r  five separate plates, a 
claiXding fa i . l i r~e  &.wing fab-si eat ion was observed; however, ineasu,.rerient s of 

srix s p e c h e w  f m m  one plate reveal.ed a minimim of 3 mils and an ave.m,ge 
o f  6 ii1i.l.s. 

cladding fai l .ur 'e  dirring faF.rication docs e x i s t  wi'sh this materizl rjoinbinati on, 
bix!; i s  m t  as great a s  ?Aat with the t,ype 1100 frame and clad combtmtioa, 

The effects  of AL-@I.a,d 6061 on "dngt?on.ingSI1 is shown in Figs. 9 ( Y - Z ) 3 l O ) ,  
10 (Y-20313), and 2.1 (Y-20311~). Subsequerxt 'CO tb i s  ' .To:c~, an eddy-current 

:procedure has been eslablish.ed for ncmkstruct ive eval:mti.on of the locaki  zed 

  ow ever, the "end e f f e c t s "  

~t i s  of . interest to note in, eqerimen-t; NO. iz t h a t  in 

These results enph.as''Lze the fact  that  the probabiliky of a 

cbnddSng t l i ickne~s vs r in t ions  u't the  core ends of the fabricated composite 
p h k e  * (5) 

E ,  Forming and Assmhling --- 

curvature with a 5-J./2 i n o  radius.") Because or" the high strength. of the 
h8 1J-t $ U-AI al-l-oy, i t  w a s  no t  possible to press %he coraposite pla,%es at 

rocm teraperatusc -to the proper cixrTsdi;ure 

a n d  ~ J X Y S S ~ ~ ~  imilediateiy resiAted i n  platxs with acceptable curvature, 

whlch could be properly assembled. into a, fuel element. 

D e s i p p  spec t f ica t ions  Cor MTR-typc fuel elements stipula'it; a plate  

Preheating of the plate t o  gL0"6 
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UNCLASSIFIED 
Y -203 10 

Fig. 9 .  Specimen 14323. As Polished. Longitudinal Sections of Composite Plates 
Containing 48 wt % U-AI Al loy Framed and Clad with Type 6061 Aluminum. 
6061 aluminum clad with 8% type 1100 aluminum. 
acceptable. 6 X. 

Type 
Localized clad thinning not 
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UNCLASSIFIED 
Y -203 13 

Fig. 10. Specimen 14369. As Polished. Longitudinal Sections of Composite Plates 
Containing 48 wt % U-AI Alloy Framed and Clad with Type 6061 Aluminum. Type 
6061 aluminum clad with 2 % type 1100 aluminum. Bonding not satisfactory. Clad 
thinning more severe than in Fig. 8. 6 X. 
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UNC L ASS I F I ED 
Y-20314 

Fig, 1 1 .  Specimen 14378, As Polished. Longitudinal Sections of Composite Plates 
Containing 48 wt % U-AI Alloy Framed and Clad with Type 6061 Aluminum. 
6061 aluminum clad with 4 % type 1100 aluminum. 
is pronounced because total hot reduction increased to 84%. Composite plates in 
test fuel elements fabricated under these conditions. 6 X. 

Type 
Localized clad thinning effect 
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F-. Wszing  

Conventional techniques were used f o r  the f u e l  element brazing. The 

brazing cycle selected f o r  joining MTR-';yEe f u e l  units spec i f ies  a brazing 

i twperature o r  607'~. 
582"C;('o therefore,  during braztng the  mater ia l  i s  i n  the l i qu id  plus s o l i d  

rcgjon for approximately 30 minutes. 

would become sevcrljr damaged a t  the  brazing temperature, t h i s  mater ia l  was 
heated f o r  8 and 24 411- a t  6 0 7 O C .  

Ty-pe 6061 aluminum has a solidus temperature of 

To determine whether o r  not Type 6061 

Metallographic examination failed t o  reveal  any serious e f f e c t s  from 

Lhesc treatments. 

ard 1 3  (Y-23107). 
clad. with Type 6061 aluminum a f t e r  brazing i n t o  the f u e l  a r ray  a l so  f a i l e d  

t o  show any deleter ious ef€ects .  
G. I r r ad ia t ion  Testing 

The mi croslructures are  i l l u s t r a t e d  i n  Figs e 12 (Y-23106) 
Visual extunination of the surfaces of the  f u e l  p la tes  

One f u e l  element was lnser ted  i n  the  PER f o r  two cycles, Nos- 78 and 

CaL- 14 2 20 n/cm /see and a t o t a l  nvt of 4.5 x 10 . 73, a t  a flux of 1.9 x 10 
e-da t ions  ifidicate t h a t  t he  burnup of U-235 atoms was approximately 25%" 

After i r r ad ia t ion ,  t he  €uel element was examined i n  the  hot cell a t  
t he  _WRo PIeesureme_ri-ts were made of the  fuel-element width, using a micro- 

meter, and of the  p l a t e  spacjngs, using a ca l ibra ted  e l l i p t i c a l  probe. The 

resul-ts which are  tabulated i n  Table V I  ind ica te  t h a t  no s igni f icant  cha-nges 

i n  ex te rna l  measurements or water gaps occurred during i r r ad ia t ion .  

Sj-x p la t e  s-LrrPaces were examined f o r  flaws which may have been 

at , tr ibuted t o  i r r a d i a t i o n  damage? 'I'his examination f a i l e d  t o  reveal  any 
(3ePects e 
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UNCLASSIFIED 
"-23 106 

Fig. 12. Microstructure of Type 6081 Aluminum After 8 h r  Heat Treatment a t  
Q07'C and Ai r  Quench. Etch - 2 
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UNCLASSIFIED 
Y-23 107 

c 

Fig. 13. Microstructure of Type 6061 Aluminum After 24 hr Heat Treatment at 
607°C and Air Quench. Etch - 2% HF. 150 X. 
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Fig. 5 (OFiHL-LR-BldG 24043) Uraniwn Distribution I n  ib Cast 48 Wt, $ 
U o y  B i l l e t  after Five Repeated Remelts, e e . . 22 

Fig. 7 (~-1909) Specimen 12580. Jmngitudimzl Sections of corn- 
posite Pla tes  Containing 413 W t  $ U-AI Alloy Framed and 
Clad with Tne 1100 Ahminun. Note t he  clad failure i n  
top plate a'nd the severe deformation of the a l loy  resulting 
i n  yronoiznced variations i n  the fuel care thickness. As 
polished. 3X, * .  ., ,, e e e e I e * .  * 2 l  

Fig. 8 (Y-21068) Spcimen 14584. b n g i t u d i n a l  Sections of Cam- 

Note improvement of loca l ized  
y o s i t e  P l a t e s  Containing48 W t  $ U-RI. Alloy F5aames and Clad 
w i t h  Type 6061 fiuniinm. 
cladding above "dogbone 'I effect a Reductions in thickness 
r a t i o  w a s  76%" A s  polished, 'TX. e e a e a 22 

Fig. 9 ( Y - g O 3 l O )  Specimen 14323. Longitudinal Sections af Cam- 
posi te  P la tes  Containing 48 Ut, $ U-Alloy Framed and Clad 
with Type 6061 Ahminum. 
Type 1100 alminum. 
Aspol i shed .  6X.. . . * . . e a 24 

Type 6061 aluminum clad with 8% 
Localized clad thinning nat  acceptable.  

Fige 10 (Y-20313) Specirnen 14369. Longitudinal Sections o f  6"ol.n- 
posite Plates Cbntaining 48 Wt $ U-A1 Alloy Frarned and Clad 
with Type 6061 Rlum-inum. 
Type 1100 a l w i n w n .  Bonding not  satisfactory, Glad thinning 
more sevcre than i n  Fig. 8. As polished. 6X.  . 25 

Type 6061 aluminwn clad with 2$ 
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Fig. 11 (Y-20314) Specimen 14370. Tangitudinal Sections of Coin- 
posi be P la tes  Containing Lt8 Wt $ U-Al Alloy Framed and 
Clad with Type 6061 Aluminum. Type 6061 alwninm clad 
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