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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. ~ h u r b e r ,  J. H. Erwin, and R. J. Beaver 

Under t he  Atoms-For-Peace P h n ,  the spec i f ica t ion  t h a t  uranium be 

Limited t o  20$ enrichment i n  the U-235 isotope has necess i ta ted develop- 

ment of a highly-concentrated uranium-alwninum a l l oy  as t h e  f u e l  mate r ia l  

i n  t he  composite aluminum p l a t e s  of research reactor  f u e l  elements. Ef for t s  

have been d i rec ted  "c determining t h e  s u i t a b i l i t y  of a niminal it8 wt $ U-Al. 
a l l o y  i n  r e l a t i on  t o  previously established procedures f o r  manufacturing 

plate-type aluminwu f u e l  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 add i t iona l  fabr ica t ion  d i f f i c u l t i e s .  Xon-uniform deformation of 

the  a l l o y  during r o l l  bonding i n t o  composite p l a t e s  caused loca l ized  thinning 

of t h e  cladding, which may l i m i t t h e  mate r ia l  t o  spec i f i c  reactor  appl icat ions .  

Subst i tu t ion of Type 6061. aluminum f o r  'Type 1100 aluntinunl as frarue and clad- 

ding of t he  f u e l  p l a t e s  improves th i s  condition. 

A fuel. element, containing t h e  48 w t  $ U-AL a l loy ,  w a s  i r r ad i a t ed  i n  

the ac t i ve  l a t t i c e  of t h e  MTR l;o an estimated burnup of 25% of t he  U-235 

atoms with no observable damage, 

For t h e  past  e ight  years, plate-type aluminum research reac tor  f ue l  

elements, containing uranium i n  t he  form of an aluminum-uranium a l l o y  of - 

13 wt $ t o  1.8 wt $ U, have been read i ly  manufactured and have operated 

successful ly  i n  several  reactors .  However, under t he  recent A t o m s  f o r  Peace 

Plan, t he  s t i p d a t i o n  t h a t  t h e  uranium be l imi ted t o  a maximum enrichment 

of 20% i n  t he  U-235 isotope has presented a condition i n  which more than 

h00$ 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  t he  m e j o r i t y  of cases, t h e  concentration of 

uranium i n  t h e  aluminum-uranium a l l o y  w i l l  increase t o  more than 40 wt 74 U. 
Specif ical ly ,  an 18-plate element, containing 6 0 - m i l  t h ick  composite f u e l  

p ia tes ,  requires  a 48 w t  $ U-A1 alloy t o  achieve a fuel-element loading of 



3..(30 g of U-235. This report  presents the r e su l t s  of investiigations con- 

ducted t o  determine the  e f fec t  of t h i s  high concen'cration of uramium i n  

alwninum on conven-Lional. inducl;ion melting and casting procedurcc; cladding 

techniques .,or r o l l  bonding in%o composite fuel plates ;  methods of ;joining 

p la tes  i n t o  an assembl.y by brazj.ng; and the  performance of a t e s t  element 

under .i,rrad,iati,on i n  the MTR. The general approach t o  the  problem was t o  

adhere a s  nearly a s  possible t o  methods previously established a t  ORNL ( 1  1 

fo r  manufacturing plate-type research reactor  fue l  elements. 

111. CONCLIiSlONS 

1. A nominal 48 $ IJ-A1 a l l oy  exhibi ts  random uranium segregation 

with a spread of approximately 4 I& %. Since the  uran im I s  Limited 

i n  U-235 enrichment t o  20$, the homogeneity of t h i s  isoibpe i n  the  

a l l o y  i s  acceptable. 

2. The high percentage of intermetal-lic compound j.n -the a l l o y  

results i n  a material  of high strength but l i t t l e  d u c t i l i t y .  

3. The a l l oy  casting cannot be roJ.l.ed bare without excessive edge 

cracking and must be framed i n  alurnin~m p r io r  t o  breakdown linto p l a t e .  

1-1. W i n g  soll-bonding i n t o  composite pla tes ,  the a l l o y  core exhibits 

non-uni.fom defouma.tion a t  i t s  ends, which causes local ized thl.nning 

of Lhe p l a t e  cl.add.ing. Thi.8 condi-tion i s  improved by subs-Litution of 

AIl-clad Type 6061 aluminum f o r  Type 1100 aluminum a s  the p l a t e  frame 

and cI.ad mater ia l .  

5. Because of the  localized t h i n  cladding, -the protect ion offered by 

the  cladding must be evaluated f o r  the  spe cifi .  c reactor  appl icat ion.  

6. An 18-plate f u e l  eLement, containing 2-90 g OF U-235 incorporated 

i n  a nominal 43 wt % U-,U. a l l o y  was i r rad ia ted  i n  the  ac t ive  l a t t i c e  
2 20 of the M ' R  i n  a f l ux  of 1.9 x d4 n / m  /set f o r  11.. 5 x 10 nvt, 

which i s  estimated t o  be a burnup of 25% o r  the  U-235 atoms. No 

s ign i f ican t  i r radia t ioi i  dmage was observed. 

TV. DISCCSSIOiV -.--- 

A.  Pael Element - and Design 

An 18-p1.a t e  element, ccneist ing of 60-mil thick -@la tes, was selected 

because i t  represented, a desi-mn frequen-tly used i n  research reac1,ors. 



Kowever, t he  volume occupied by the fuel-bearing a l l o y  core was 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 t he  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 1% g of U-235 with an enrichment of 20%. 

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

Tyye 6061, alwninum was se lected a s  t h e  frame and clad mate r ia l  f o r  

t he  composite f u e l  p l a t e  ins tead of the  more conventional Type 1100 aluminum. 

This modification was based upon past experience with o ther  mater ia ls ,  which 

indicated t h a t  whenever a core mater ia l  with an appreciably higher yie ld  

s t ~ e r , ~ h  than t he  frame and cladding mater ia l  i s  ro l l ed  i n t o  a composite 

f u e l  p l a t e ,  severe deformation f requent 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.  (" As l i s t e d  i n  Table 11, the  yie ld  s t rength  a t  5 4 0 " ~  of a 43 w t  $I 
U-AL a l l o y  i s  approximately 41$ greater  than t h a t  of the  type 1130 aluminum 

and severe "end e f f ec t s "  may be predicted* Although no aluminum frame and 

cladding a l l oys  were found which matched t he  y ie ld  s t rength  of t h e  highly 

concentrated U-Al a l loy ,  the  type 6061 aluminum appeared t o  be t he  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 mater ia l .  It was an t ic ipa ted  t h a t  t he  "end 

e f f ec t s "  could be minimized but not optimized. 

B. Melting and Casting 

An important, consideration i n  aluminum 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  a r e  ava i l -  

ab le  on t h e  homogeneity of aluminum-uranium d l o y s  i n  t he  range of 1-3 t o  

18 vt 56 uranium, (3' it was 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  

ae fec t s  i n  an uranium-ahminum a l l o y  with a nominal 48 wt $I U - a  composition. 

It w i l l  be noted i n  examining t he  aluminum-uranium phase diag-ram(4) i l l u s -  

t r a t e d  i n  Pig. 1 (Y-20808), t h a t  t he  di f ference 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 

di f ference of lnerely 110°C f o r  an 18 w t  $ U-Al a l l oy .  Also, during so l i d i -  

f i c a t i on ,  the  composition of the  Liquid of t he  48 w t  '$ a l l o y  decreases t o  

1 3  w t  $I U, a dif ference of 35 w t  $. Ill the  18 w t  U-Al. a l loy ,  t he  change 

of the  l i qu id  composition during so l i d i f i c a t i on  i s  only 5 w t  $ U. Based on 



DESIGN DATA ON MSWL'Y COIWAINING 48 WT $ ALLOY 

Nurnbe~ of f u e l  plates  per  element 

Nominal water gap spacing, inches 

Width and Bengtb of ac t ive  port ion of p la ie ,  inches 

Overall widt,h and length of f u e l  p la tes ,  inches ( 2 )  

(16 
Total thickness of fuel pla tes ,  inches 

COW thickness of f i n e l  p la tes ,  inches 

Nominab core composition, w t  '$ 

U-235 conLent per  plate,  grams 

IT-275 content per  assembly, grams 

73 -235 f u e l  d i s t r ibu t ion ,  &rms/cm 
2 

Type o r  MTR a ssemtP2.y 

Side pba;S,es - ORPJI, DWG. B-22055 
Overall. dimensions, inches 

Uranium -48 

20.00 

10.56 

190 

o .027 
Mark X ( ~ o d i f i e d )  



YIELD STRENGTHS OF ALUMINUM ALLOYS AT 540 O C  

Number Yield Strength ** 
Alloy of Specimens (0.25 off set ) PSI 

* Aluminum Association Designation 

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



. 1 . Aluminum-Uranium Phase Diagram. 



these  f a c t s ,  it would be expected t h a t  a 48 w t  5 U-A1. a l l o y  would be more 

prone t o  segregation than an 18 wt % U-A3, a l l o y  under s imi la r  melting 

prac t ices  , 

The soundness of the  cas t ing i s  c losely  re la ted  t o  entrapment of gas 

during solidif icai , ion under non-equilibrium condit ions.  ksuming t h a t  a 

major contr ibutor  of t h i s  gas i s  t he  hydrogen i n  t he  uranium melt ing stock, 

then considerable poros i ty  might be expected i n  the 40 w t  $ U-Al a l l oys  

because of the  l a rge  mass of uranilm required i n  t he  charge. To minimize 

this. problem, t h e  uranium melt ing stock used i n  t h i s  inves-Ligation was 

vacuum re-melted i'rora b i s cu i t  mater ia l .  

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

a r e  a i r - induct ion melted i n  graphite crucibles  and poured i n  graphite molds, 

it was decided t o  follow t h i s  p rac t ice  a s  c losely  as possible i n  melting 

and cas t ing  t h e  48 w t  $ U-Al  a l l oy .  The graphite crucible  was l a rge  enough 

to  contain a charge of '4500 grams. The cavi ty  of the  slab-type grapkite 

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

head f o r  feeding. The mold walls  were 1 - in .  th ick.  The mold was preheated 

to 2 0 0 - 3 5 0 ~ C .  

The procedure followed i n  melt ing the  a l l o y  i s  l i s t e d  below; 

1. Chi~rge 2340 g of alwninum p i g  (99.995 Al) . 
2.  Melt and superheat t o  9 0 ' ~ .  

3. Add chunk uranium obtained by shearing vacuum cas t  s l abs .  

. Increase melt temperature t o  1 1 7 5 " ~ .  

5. Hold melt a t  1175°C u n t i l  uranium has been completely 

dissolved a s  determined by graphite probe. 

6 .  Pour i n  preheated graphite mold. 

Location of samples and r e s u l t s  of ana ly t i c a l  chemistry f o r  a cas t ing 

prepared using t he  above procedure a r e  shown i n  f i g .  2 (OEWL-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 ,  results  

vary randomly from 44.10 t o  49.90 w t  $ U, a spread of 5.80 w t  $. However, 

f u r t he r  i n t o  t he  head, a sharp increase  i n  uranium concentration i s  observed. 

Scalping of the  s l ab  revealed considerable subsurface porosity,  as i l l u s t r a t e d  

i n  I3g. 3 (Y-19950). Such cas t ings  cracked i n t o  pieces during subsequent hot 

breakdown i n t o  p l a t e .  A probable explanation f o r  t h i s  porosiLy i s  th& %he 



UNCLASSIFIED 
ORNL-LR-DWG 24044 

TOP I 

j A  COMBINED 
47.58 

MIDDLE 1 

I 49.87 

i 48.84 

BOTTOM I 

I 

54/4 in. --J 

Fig. 2 .  Uranium Distribution in a 48 w t  % U-Al 
Alloy Billet After One Melting Cycle. 



Fig. 3 .  Scalped 48 w t  % U-A! Casting After One Melting Cycle.  



a l l o y  melt a t  the ti,me of pouring i s  supersatu.rated w i t h  hydrogen, and 

t h a t  durin.g so l i d i f i c a t i on  the hyd,rogen is evolved and trapped, wit;h.i.u Lhe 

so l id i fy ing  a l l o y  as gas pockets. It, wax f e l% t h a t  .this condition could 

be mini~~iized, o r  possibly eliinina.ted, by approacb.ing equilibrium or" hydrogen 

i n  t he  a l l oy  a t  the solidus temperature. Indications froin previous work 

suggested that remelting might prove helpful .  ib ercperimen-t was conducted 

i n  which the  melt was pcrir~itted t o  sol i .d i fy  i n  the  c r~c ik t1 . e~  reheated t o  

11.75"C, and again nll.owed t o  sol.idlfy i n  t he  crucible.  Af-ter each cycle, 

l e s s  effervescence was observed i n  the  top of the ine1.t as it so l i d i f i ed  i n  

t h e  crucible ,  After t he  four th  cyele no appreciable effervescence could 

be seen, and the  cas t ing was poured a t  the  end of the  f i f t 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 ~ i  

Fig. 4 (Y-19974). AddiLional melts  were made, and it was observed that' t he  

same melts  showed ins ign i f ican t  e f f e rvesce~ce  a f t e r  three  and on occasion, 

only two remelts. However, a specif icat ion was es tabl ished t o  remelt a 

minimum of four times, with close observation of t he  degree of effervescence 

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

The repeated melt technique did not significa:at ly a l t e r  the  segpe- 

gation pa t te rn .  As shown i n  Fig, 5 (OWL-LR-RVG. 21+043 ), t he  random segre- 

gation varied from lt5.61.. w t  ';lo U . to 50.60 w t  $ TJ, a spread of 3.99 di $. 
The data shown i n  Figs. 2 and 5 indicate  that the  uranium 2n t h i s  

a l h y  e rh ib i ted  a maxked tendency t o  segregate i n  t he  head of t he  cas t ing.  

This condition resu l ted  i n  a decrease i n  t he  uranium concentrat;ion of t he  

usable material. i.n t h e  body of t he  ea.stj.ng. Examrimtion of the mater ia l  

i n  t he  head revealed considel7ab.l.e porosity.  The high-uranium contela"r,-n 

t h i s  region was caused by depletion of the eu.tectic consti-Lutents i n  thj-s region by 

downward Plow of eu tec t ic  l i q i d  through. the  interdendri.ti .  c network during 

t h e  f i.na.1 stages of sol.idi f i ca t ion .  

Figure 6 (Y-20317, H-20316, Y-20752) i l l a s t r a t e s  t he  microstructures 

of mater ia l  removed from the  top, mid.dle, and bottom of -the remelted 

cas t ing shown i n  Fig. I+, dt the  locat ions  designated, i n  E7.g. 5. The 

s t ruc ture  of the  eu tec t ic  and t he  primary UAa4 in te rmeta l l i c  compouzd i s  

markedly d i f fe ren t  i n  t he  respective locat ions .  A lamel lar  eu t ec t i c  e x i s t s  

a t  t he  bottom of the  casting, 1ahi1.e a more divorced s t m c t u r e  occurs a t  the  

top.  On the  basis  of x-ray d i f f r ac t i on  r e su l t s ,  Lhe percentages of i n t e r -  



Fig. 4. Scalped 48 wt % U-AI Alloy Casting After Five Repeated Remelts. 
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Fig. 5.  Uranium Distribution in o Cast 4 
Alloy Bi l let A f t e r  F ive  Repeated Remelts. 





meta l l i c  cornpounds and aluminum present  i n  t he  samples a r e  estimated below: 

Top - 
uP.14 55$ 

U A l  
3 

none 

Al 45% 

Middle 

50% 

none 

50$ 

Bottom -- 
60% 

none 

40% 

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 t he  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 froii 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 c a 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  qu i te  sca t t e red .  Several cas t ings  exhibited horno- 

geneity of t he  uranium which was near ly  eguivalen-1; t o  17 wt % U-A3. a l loys;  

o ther  cas t ings  showed considerable segregation. In t h e  majori ty of cases, 

t he  degree of segregation of t he  uranium would not ma t e r i a1 . l~  effect, accurate 

predic t ion of t he  mass of U-235 i n  the  f u e l  element, s ince the  uranium con- 

tains only 20% of the U-235 isotope.  It i s  important t h a t  the  U-235 conten-t 

i n  any one f u e l  core does not exceed t he  l i m i t  es tabl ished by hea t - t rans fe r  

considerat ions.  Therefore, t he  por t ion of the  cas t ing (generally the  extreme 

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  es tabl ished tolerance,  must be re jec ted  and recycled. 

The e f f e c t  of segregation i n  predic t ing t he  U-235 content i n  a f u e l  

element was analyzed and the  r e s u l t s  presented i n  'hb1.e IV. Two cases were 

considered f o r  comparativz plxpposes. In the  f i r s t  case, a highly segregated 

cas t ing  was selected;  i n  the  second case, a very homogeneous cas t ing was 

chosen. In  each case t he  U-235 content was predic ted using two methods of 

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

e a l c d a t e  t he  U-235 content of each core, and t he  t o t a l  weight of U-235 i n  

t he  t e n  cores obtained. In  the  second method, the average analys is ,  based, 

on only th ree  samples, w a s  used t o  ca lcu la te  t he  U-235 content of each core, 

and the t o - t a l  weight of U-235 i n  t he  t en  cores obtained. T'i w i l l  be ob- 

served t h t  i n  Case No. I, i n  which t he  a l l o y  w a s  qu i t e  badly segregated, 

t h e  simple sampling procedure yielded r e s u l t s  which were within one per  cent 



T A B L E  I l l  

ANALYTICAL URANIUM ANALYSES OF HOT ROLLED A L L O Y  PLATES 

Average -----.- -.----- 45.70 ------- 46.88 48.32 46.71 45.53 45.99 44.93 47.88 47.31 

Analysis 

Based on 

100% Casting- 
to-Slob Y icld* 

Casting Number 
Sample 

Location 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  

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

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

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 

Analysis 

Based on 

85% Casting-  

to-Slab Yield* 

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 is 77% of the charged metal. 



TAYLE iV  

EFFECT OF SEGREGATION IN PREDICTING ti-235 CONTENT OF PLATE-TYPE ALUMINUU FUEL ELEMENTS 
CONTAINING G A L  ALLOYS IN THE 44 TO 48 WT L U RANGE 

Calcu- Colcu- Calcu- Coicu- Caicu- Calcu- Colcu- Colcu- Calcu- Calcu- Calcu- Calcu- Coicu- Colcu- Colcu- 

Cranium Aciuaj lated luted lated lated lated iated A~~~~~ loted iated lot* Actuai latrd lated lated ~~~~~l lared lated iated ~~~~~i Total gms 

Analysis A Core Ai6 Core B Core B+t Core C Core C + D  Core D Core D + 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 No. 9 2 No. 10 

gins U-235 ------- 10.32 ----..- 10.32 ------. 10.32 ------- 10.32 ---.--- 10.32 ------- 10.32 ------- 10.32 ------- 10.32 ------- 10.32 ------- 10.32 ------- ------- 103.20 r. 
0. 

Case No. 2-8 

(1) Data of Casting i4o. 11, Table Ill. 
(2) Dato of Casting No. 9, Table Ill. 



of the value obtained by -tihe more precise  method, In  Case No, 2, simple 

sampling of a homogeneous a l l o y  permitted a gredi.ct;ion within 0,0@ of the  

es tabl ished mlue obtained hy extensive saanpli ng , 

C, Breakdown of Al,loy Casting Into  Plate 

AJd^ cast ings  were preheaked f o r  th ree  hours a t  600Qc anti ro l l ed  t o  

plate on a 20-in, x 30-in. two-high m i l l  w i t h  a ten-minute reheat between 

passeso Roll ing of the  first f e w  cast ings w a s  m s u c c e s s f d  becav,se of 

severe edge cracking, !This condition w a s  greatAy minimized by i n se r t j ng  

the cropped and scalped cas t ing  i n  an alminwn frame and enclosing by tack 

welding 0.024-in. thick sheets of Type 1x00 al^umi.nun %o both sides of the 

frame. Type 1100 aluminum was i n i t i a l l y  se lected as the frame material. 

Because of its Lower y ie ld  strength,  the type 1.100 alyninurn separated from 

the U-AL. a l l o y  during ro l l ing .  Substitu'6ioa of 6061, alm-airaun appeared t o  

cause too much cans tmin t ,  as evidenced by transverse crack,ing s f  the U-A1. 

a l . 2 0 ~  dreri.ng the final stages of rol . l ing.  This condition was minimized by 

removing the core Prom the frame p r i o r  t o  t h e  Last milk pa.ssQ The incon- 

venience of removing the frame during robling m y  be el.iminated w i t h  the  

se lect ion of an aluminum a l l o y  with a 600'~ yie ld  s t rength intermediate 
between Types 1100 a d  6061 a1,crminum. 

Framing of the cas t  s l ab  d i d ~ o t  el iminate edge cracking, Xtl an 

e f f o r t  t o  improve t h i s  condition, several hot-mU.ing reduction schedules 

asere f nvestigated, and. the one l i s t e d  Bel.ow was u3"citnalely selected, 

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

Edge cracks, pene tmt ing  as much as one inch i n t o  the abloy,werc 

camiron wLLh t h i s  :practice& A s  a IF~E;LCLL of LhFs conditionp the casling-to- 

fuel, core yield was only 32$ compared t o  a casting-to-fuel  core y ie ld  of 



72% f o r  a l loys  i n  the  1 3  t o  18 wt  $ U range. Further work i s  requtred t o  

improve t h i s  y i e ld .  

The tota,l. reduction i n  reducing t he  thickness from 1.048-in. Lo 

0.255-in. was 7676. The t e n  f u e l  cores puxhed 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 content based on t he  average analyses of t he  a l l oy ,  

D. Fabrication of Composite Fuel P1,ates -.. ---. --.- 
Three fac tors  must be considered i n  r o l l  bondlng composite ahminum 

f u e l  p l a t e s  containing uranium-a.liminum a l l oys :  

1. Corftplete mmetall.urg-ical bonding between mating surfaces 

2. Satisfactory f i t  between core and frame during ro l l i ng .  

3.  Uniform dzfomat ion oi" t he  fuel a l l o y  and t he  a3_wninum cladding. 

Conditions f o r  obts.ining metal lurgical  bonding have been well 

established i n  t.he past  f o r  rol.1. bonding 13 to  18 wt  '$ 17-Al a l loys  i n t o  

composite Type 1100 aluminum elad p la tes ;  ( I )  i. e . ,  preheat temperature 

of 595OC, total, reduction i n  thickness of 84%, and reduction per pass of 

35%. 
The second f ac tu r  i s  re la ted  t o  matehing t he  y ie ld  strengths,  a t  t h e  

ho t - ro l l ing  Lmperature, of  t he  im te r i a l s  se lected f o r  t he  core and frame 

of the composite b i l l e t .  It i s  an j.mport,an-t consideration because the  

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

trapped i n  t h e  composite, r esu l t ing  i n  b l i s t e r s  during subsequent heat 

"ireatj-ng . 
The - third f ac to r  a l s o  appears t o  be a function of t h e  yie ld  s t r e n e h s ,  

at t h e  ho t - ro l l ing  temperature, of the core, f r m e ,  and clad mater ia ls .  Tn 

t he  event of a wide spread i n  yield s t r e n e h s  between these  components, 

serious "end e f fec t s"  a r e  l i k e l y  t o  occur. I n  t he  case of a ra ther  b r i t t l e  

and high-strength a l loy ,  such a s  t he  48 wt $ U-A3 a l loy ,  and a duc t i l e  low- 

s t rength Type 1100 a luninm,  it may be predicted t ha t  severe deformation 

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

shape. This condition causes local ized thinning of t he  clad and may r e s u l t  

i n  actual. rupture of .the c lad,  O f  t h e  aluminum a l l oys  t e s t ed  during t h i s  

work, t h e  one which had a yie ld  s t rength  a t  5 4 0 ~ ~  that most nearby matched 

t he  y ie ld  s-i;ren@h of t he  hig111.y concentrated U-IU a l l o y  was Type €061 



aluminum. As shown previously i n  Table 11, t he  1240 ps i  y ie ld  s t rength was 

s t i l l  20% l e s s  than t he  apparent 1560 p s i  y ie ld  s t rength  of 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 

el iminate the  "end effects1 ' ,  it was considered superior t o  Type 1100 aluminml 

i n  t h i s  respect .  

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 V 4  

Analyses of t he  "end e f fec t"  was based on metallographic measurements of two 

samples from each of f i v e  pla tes ,  and t h e  average, maximum, and minimum 

cladding thickness determined. Since t he  "dog bone" shape var ies  from one 

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

be considered. Although the  minimum value i s  considered extremely important, 

t he  average value shows s ign i f i c an t  t rends .  

The f i r s t  experiment indicated t h a t  the  48 w t  '$ U-A1 alloy and Ty-pe 

1100 aluminum combination was not sa t i s fac tory .  A s  i l l u s t r a t e d  i n  F ig-  '7 
(Y-13090), f r ac tu r e  of cladding was observed, and the  average value of 2,5 

mils 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 imi ted,  they provide support t o  the  theory proposed previously. The 

remainder of the  investigat2on was confined t o  t he  appl icat ion of Tyye 6061 

mate r ia l  a s  t h e  frame and cladding mater ia l .  

As shown i n  Fig, 8 (Y-21068), experiment No. 2 resu l ted  i n  a marked i m -  

provement, and i n  f a c t ,  t h e  8.4-mil average and 3-mil minimum represent t he  

be s t  r e s u l t s  obtained i n  t he  invest igat ion.  However, during brazing, 25% of 

the p la 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 t he  

assumption t h a t  bonding would be improved i f  it was confined t o  Type 1100 

aluminum mating surfaces.  Both s ides  of t he  Type 6061 frame mate r ia l  were 

c lad with Ty-pe 1100, and one s ide  of t he  Type 6061 cover-plate mate r ia l  

with Type 1100 by r o l l  bonding p r i o r  t o  assembling i n t o  composite f u e l  

b i l l e t s .  The 6061 mate r ia l  i n  experiments N o s c  3 through 5 were c lad with 

8% 'Type 1100. L i t t l e  improvement of t he  "end e f f ec t "  occurred, and the  

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 s a t i s f ac to ry  bonding, The th ick-  

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 



SUMMARY OF FAEF7ICAl;Oi. D A T A  ;S :NG 5061 A h D  ALCLP.D 6051 CLAD'31MG A$D FF2AtME MATE R i n ~  
I N  N A b U F A C T U R I N G  COMPOSITE FUEL PLATES CONTAIN IHZ  48 WT 7; U - A L  AL 'LZY  

WITH A NOhiilNAL C L A D - C 0 4 E - C L A D  THICKNESS OF 17-26-17 MILS 

Loca l i zed  Cladding 
Type Type 

% -rota1 % Hot Th ickness  (mi is )  B i i s te r  Re iec t lons  
No. of Aluminum Aluminum 

Expcr imenf P la tes  Cladding Hot Reduct ion Ro l l i ng  Above Core End ?rior t o  After Fro me 

Mater ia l  Ma?eria I Min[a) box:bj  A ~ ~ : c )  Reduct ion Per Psss  Temp. i3:azing B r a z i n ~  

1 iao 

6051 

Alc lad  6061 

8% Alc lad  

A lc lad  6061 

8% Alc lad  

A lc  lad 506 1 

8% AIc lad  

AIc lad  6061 

2% Aic iad  

A lc iad  6051 

2% Alc lod  

A lc lad  605'1 
4% A ic i ad  

'1100 

606 1 

A lc lad  6051 

8% A l c l ad  

A lc lad  6061 

8% Aiclac; 

A lc lad  6063 
8% A lc lad  

A lc iad  6061 

2% A ic l ad  

A l c l od  6061 

2% Aic!ad 

AIc lad 6061 
4% b.lclad 

25% 

none 

- - -  - -  - 

22% 

33% 

33% 

none 

- - 

*L!sted i o r  Comparative Purposes 

( ~ ' ~ e p r e s e n t s  the minimum value observed o f  approximately 20 mecsurernants from 5 ? l d e s  

( b ' ~ e p r e r e n t s  t h e  maximum value observed of approximately 20 measurements from 5 plafes 

ECi~ . tp ressn t r  the average value observed of approximately 20 measurements from 5 ?late= 

( d ) ~ e p r e s e n t s  the overage value observed of approximately 6 maasurementr from 1 plate 



UNCLASSIFIED 
Y-19090 

Fig. 9. Specimen 12588. As Polished. Longitudinal Sections of Composite Plates 
Containing 48 wt % U-A1 Alloy Framed and Clad with Type 1100 Aluminum. Note 
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 .  



UNCLASSIFIED 
Y-21068 

Fig, 8. Specimen 14584. As Polished. Longitudinal Sections of Composite Plates 
Containing 46 wt  % U-AI Al lay Framed and Clad wi th Type 4061 Aluminum. Note 
improvement of local imed cladding above "dagbone" effect. Reductions in thick- 
nessratiawas7'6%. 7 X .  



improvement i n  $he "and ei"fec.t", and it can be observed tht the  average 

I,c!:xdized clad thickness i s  between 6 and. 7 m i l s  with no clad fa-il.ures. 

i!oveui?r, experiment No. '7 .i-evealed thi2't even %rith. s 84$ toJral reduction i n  

l;hi c h e s s ,  25% b l i s t e r  r e j e c t i on  occurred during flux anneal.ing, and j3$ 

addit , ional  ' b l i s t e r  r e j e c t i ons  occurred during brazing* These reJec-Lions 

were at tr ibuted t o  poor bonding r e su l t i ng  from 3 l ack  of sufficicn-i; Type 

1100 on th.e ca~iposi%e f r m e s  and. covers. Increasing .the type i 1 C O  on t.he 

trme and covers t o  four per  cent  resulted i n  satisfactory bonding of -the 

cornposi%e pla-be, as shown :in experiment No. 8. However, t he  "end e f f ec t s "  

became worse, ind ica t ing  t h a t  tlne thickness of %be l a y e r  of -the high- 

s-trength Type 606.1 on t h e  bf-metal l ic  cover p l a t e  of t he  b i l l e t  i s  xel,atec?. 

t o  t he  degree of "end effect" i n  t he  final.  product. The 5.7-mil average 

local ized elladding thickness was accepted f o r  manufac-Luring t h e  enriched 

::~laLes for the t e s t  e l e ~ ~ ~ e n % s  because o f  t,he l imi ted  .Lime t h e  elemeuJ~s .caoiLd 

be i n  -the reac to r .  It i s  of i n t e r e s t  t o  note in eqerimenl; No. 8 t h a t  i n  

Lize ex:minati.on. of' one specimen from each or f i v e  separate plates, a 

clai1din.g fa i l lwe  &.wing fab-si e a t  ion w a s  observed; however, ~neasu,.rement s of 

sri x specimexiii f m m  one p l a t e  reveal.ed a minim~m of 3 mils and an average 

o f  6 i i l i . 1 ~ .  These results enphas-Lze the fact t h a t  the probabil iky of a 

cl-adding fail .ur.e during fab.ri ca t ion docs e x i s t  w i  'sh this mate r ia l  cmnbinati on, 

b~! ;  i s  ~ o t  as great as  .tlaat with t he  t,y-pe 1100 frame and clad combtna,tioa, 

The effects  of AL-clad 6061 on "ddog9on.ing1' i s  shown i n  Figs,  (Y-20310)~ 

10 ( Y - 2 0 ~ 1 3 ) ~  and 2.1 (Y-20311c) . Subsequerxt to .this ?&TO:&, an eddy-current 

pmcedure has been eslabl:i.ahed f o r  ncmks t ruc t ive  eval:mti.on of t h e  _bocakized 

cbaddhg thickness vs r i a t i ons  xi; the core ends of t h e  fabr ica ted  composite 

ph l ; e .  (5 1 
E ,  Forming and, Asscmhl.ing --- 

Design. spec i f i ca t ions  f o r  MTR-type fuel.  elem.ents sti.pula'ie a p l a t e  

curvature with a 5-l/2 ino radius. ") Because of the  high j t rength  of t h e  

h8 1J-t $ U - U  al.l.oy, it w a s  not poss ible  t o  p ress  %he corqosi-te pla%es a t  

room tempera-busc -t;o t he  proper cix.r7sai;ureo Preheating of the p l a t e  t o  51~0°C 

a n d  pressing imnediateiy reslrC3ated i n  p l a t e s  with acceptable cu rmtu re  , 
w h l  ch could be properly assembled i n t o  a, f u e l  element. 



UNCLASSIFIED 
Y -203 10 

Fig. 9. Specimen 14323. As Polished. Longitudinal Sections sf Composite Plates 
Containing 48 wt % U-A1 Al loy Framed and Clad with Type 6061 Aluminum. Type 
6061 aluminum clad with 8% type 1 100 aluminum. Localized clad thinning not 
acceptable. 6 X. 



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.  



UNCLASSIFIED 
Y-20314 

Fig,  11  . Specimen 14370, As Polished. Longitudinal Sections sf Composite Plates 
Containing 48 wt % U-AI Alloy Framed and Clad with Type 6061 Aluminum. Type 
6061 aluminum clad with 4 % type I100 aluminum. Localized clad thinning effect 
is pronounced because total hot reduction increased to 84%. Composite plates in 
test fuel elements fabricated under these conditions. 6 X. 



F-. Wszing  

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

brazing cycle se lected f o r  joining MTR-brne f u e l  un i t s  spec i f i es  a brazing 

irurperature of 6 0 7 ~ 6 .  Ty-pe 6061 aluminum has a solidus temperature of 

582°~;( '0 therefore,  during brazing t he  mater ia l  i s  i n  the  l i qu id  plus s o l i d  

rcgj  ~n f o r  approximately 30 minutes. To determine whether o r  not Type 6061 

would become sever ly  damaged a t  the  brazing temperature, t h i s  mater ia l  was 

hcatecl f o r  8 and 24 411- a t  6 0 7 ~ ~ .  

Metallographic examination f a i l e d  t o  reveal  any serious e f f e c t s  from 

Lhesc treatments. The microstructures a re  i l l u s t r a t e d  i n  Figs. 12 (Y-23106) 

ard  1 3  (Y-23107). Visual extunination of the  surfaces of the  f u e l  p la tes  

c lad 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 dele ter ious  e f f ec t s .  

G. I r r ad i a t i on  Tcsting 

One f u e l  element was lnse r ted  i n  the  PER f o r  two cycles, Nos- 78 and 
14 2 20 

73, a t  a f lux of 1 .9  x 10 n/cm /see and a t o t a l  nvt of 4.5 x 10 . Cal- 

e -da t ions  ind ica te  t h a t  t he  burnup of U-235 atoms was approximately 25%. 

After i r r ad i a t i on ,  the f u e l  element was examined i n  t he  hot c e l l  a t  

t he  _WR2 PIeasurerne_rl-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 ib ra ted  e l l i p t i c a l  probe. The 

resul-ts which are  tabula ted i n  Table VI ind ica te  t h a t  no s ign i f ican t  cha-nges 

i n  ex te rna l  measurements o r  water gaps occurred during i r r ad i a t i on .  

Stx p la t e  s ~ r f a c e s  were examined f o r  flaws which may have been 

a t t r i bu t ed  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. 

The authors wish t o  acknowledge C. DuBose f o r  the  photomicrography, 

We La3.n~: f o r  t he  :maly t ica l  chemistry, J. Woods f o r  the  mechanical 

p~oper - t i es ,  H. Wal-la,ce f o r  t he  fabr icat ion,  G, Angel f o r  the  cas t ing work, 

and J., Richter Tor the x-ray analyses- 



UNCLASSIFIED 
Y-23106 

Fig. 12. Microstructure ~f Type 6061 Aluminum After 8 h r  Heat Treatment a t  
Q07'C and A i r  Quench. Etch - 2 



UNCLASSIFIED 
Y-23107 

Fig. 13. Microstructure of Type 6061 Aluminum After 24 hr Heat Treatment at 
607OC and Air Quench. Etch - 2% HF. 150 X. 
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Fig. 7 (Y-1909)  Specimen 12588. J~ongitudinal  Sections of Com- 
pos i t e  P la tes  Containing 48 W t  $ U-Al Alloy Framed and 
Clad with Tne 1100 Aluminurn. Note t he  clad f a i l u r e  i n  
top plate a'nd the severe deformation of t h e  a l l o y  resu l t ing  
i n  yronolznced var ia t ions  i n  the f u e l  care thickness. A s  

. . . . . . . . . . . . . . . . . . . . . .  polished. 3X, 21 

Fig. 8 (Y-21068) Spcimen 14504. b n g i t u d i n a l  Gections of C m -  
yos i te  P la tes  Containing 48 W t  $ U-RI. Alloy F5aames and Clad 
with Type 6061 fiuniinm. Note improvement of l o c a l i z e d  
cladding above "dogbone" e f f e c t .  Reductions i n  thickness 

. . . . . . . . . . . .  r a t i o  w a s  76%" A s  polished. 'TX. 22 

Fig. 9 (Y-20310) Specimen 14323. Longitudinal Sections af Cam- 
pos i te  P la tes  Containing 48 ta t  $ U-Alloy Framed and Clad 
with !P$ye 6061 fluminum. Type 6061 aluminum clad with 8% 
Type l l O O  aluainum. Localized clad th inning nat  acceptable.  . . . . . . . . . . . . . . . . . . . .  A s  polished.  6 ~ .  24 

0 - 3 . 3  Specirnen 14369. Longitudinal Sections of Com- 
pos i te  P la tes  Cbntaining 48 W t  $ U-Al Alloy Frarned and Clad 
wf t h  Tlype 6061 Rlum-inum. Type 6061 aluminwn clad with 2$ 
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