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FOREWORD 

This r e p o r t  p resents  r e s u l t s  obtained during I960 and 1961 i n  work 

t o  demonstrate the f e a s i b i l i t y  of making € F I R  f u e l  elements t o  the spec i -  

f i c a t i o n s  beiriy considered a t  t h a t  t i m e .  The eleuients descr ibed were 

made f o r  a c r i t i c a l  t e s t  program a-nd a r e  now obsolete. Many of the 

remaining problems repor ted  have s ince  'oeen solved or  circumvented.. 
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INITIAL DEVELOPMENT OF H F I R  FUEL ASSEMBLIES 

R. J. Beaver, J. W. Tackett , '  J. H. -in, 

G. M. Slaughter and W. J. Kueera2 

This rept j r t  descri'oes t h e  i n i t i a l  development 
of' IPIR-type -rue1 assemblies aimed a t  demonstrating 
f e a s i b i l i t y  arid concluded w i t h  -the f a b r i c a t i o n  of 
the  8-kg-23 5U al.uminum-base fuel assembly f o r  t h e  
HFIR Crit ical  Experixient No. 2. 

Contoured f u e l  cores and a fuel element con- 
.tafriirig as mmy a s  369 involute-shaped p l a t e s  i n  
one a.rray had never before  been a-ttempted. The 
f u e l  elemerits made f o r  the c r i t i c a . 1  experiment were 
s imi l a r  t o  but no-t the same a s  .the f u e l  elements 
t h a t  u.ltimate1.y were spec i f i ed  for t h e  operat ing 
r eac to r .  The inner-annulus element contained 
171 f u e l  p la tes ;  the outer-anriulus elemerut. contai-ned 
369 p l a t e s .  

The f u e l  loading f o r  t h i s  c r i t t c a l  t e s t  .was l o w  
enough t h a t  the all-oy Al-24% U could be used a s  t h e  
fuel m a t e r i a l  for the outer-annulus p la t e s .  We 
chose t o  vaciiixn melt  and c a s t  t h i s  a l l o y  and examine 
t h e  novelty of' hot pressing segments of extruded 
ba r s  to obta in  t h e  spec i f i ed  contoured core. 

t i o n  t o  t h e  inner-annulus p l a t e s  only. Therefore 
we se l ec t ed  powder metallurgy as t h e  process f o r  
making a f u e l  mixture containing 26 wt % U3O8, 
0.07 wt $ B4C, balance alwnirium. These cores w e r e  
f i r s t  cold pressed t o  rec tangular  blocks and l a t e r  
hot pressed t o  t h e  spec i f i ed  corrLour. Alwninum 
pieces were made t o  match the contours of both types 
of f u e l  cores. 

pieces  were made by hot r o l l i n g ,  and t h e  p l a t e s  were 
shaped i n t o  involu tes .  
i n t o  f u e l  a r r ays  and joined by mechanical fas ten ing  
and wel.ding. 

cess ing  HFIR f u e l  p l a t e s  and elements wi th  prec ise  

Boron was spec i f i ed  as a burnable poison addi- 

Alclad p l a t e s  containing these  contoured core 

The p l a t e s  were assembled 

The results of t h i s  program showed t h a t  pro- 

"Present address,  S t e l l i t e  Division, Union Carbide Corporation, 

2P1-esent, address ,  D. A. Stewart Oil Co., L t d . ,  Elmhurs-t, Ill. 

Kokcrmo, Indiana.. 
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c o n t r o l  of dimensions and f u e l  loading i s  feasrible. 
B l i s t e r i n g  of fuel  p l a t e s  w a s  t h e  clajor pyoblem 
encouniered. 

The 1.00-Mw High Flux i so tope  Heactor i s  designed t o  Produce i n  a 

" f lux  trap" thermal  neuti-on fi-uxes i .n  t h e  order  of 

5 X 1015 ne7utrons cmm2 sec- l .  

i n  al~uminim, cooled snd modersted. by l i g h t  water,  and r e f l e c t e d  wi th  

beryll ium. The desigu i s  based on achieving, wi th  reasonabl-e economy, 

mill igram qiiant2ti.es of 2 5 2 C f  from a l i m i t c d  supply of' 242Pu feed 

materi.ai-. 

It i s  fue led  with highly enriched uranium 

In 196C, t h e  fue l  e12ments f o r  this reactor were i-n t h e  e a r l y  s tages  

of development. The proposed cornpactness of t h i s  reac,t;or, i~ts intended. 

high av-erage power densi-ty of 2 Mw/litci-, R heat  Clux of 

0 .8  x l o6  B t u  ft"2 hr - l ,  and a possibl-e hot-spot power densi-ky of 

5 Mw/liter imposed d-enanding reqiiirernents i n  t h e  metallurgica.1 engineeri-ng 

and  qur,li_ty con t ro l  of these fuel elements./ '  

Spec i f ic  festures of the d.esign of' the f u e l  assmb1.y f o r  C r i t i c a l  

Fxperiment No. 2 descr ibed i n  Fig. I, which i1-I.ustrates t h e  -two 

annular f u e l  elements. These two fuel bod.ies 3 re  combined by s l ipp ing  

t h e  outer-2nnulus element over t h e  inner-annulus element t o  form a fuel 

assembly coctaining 540 p la t e s .  The o v e r a l l  d-iameter i s  1'7.124 i n . ,  and 

the " f 3 . u ~  t r a p "  (or  t a r g e t  region) ,  wi th in  -ihe iririer-nnnulirs element, 

has a diameter  of 5.067 i n .  To fi-L Lhe coni,posite 0.050-in. - t h i ck  f'uel 

p l a t e s  i n t o  these  concentr ic  annii1a.r a r r ays  and ai; the s3.11ie ti.ne main- 

t a i n  uniforlii spacings betweec pla-tes,  t h e  p l a t e s  must be involu tes  with 

3R. D. Cheverton, IfNucI.ear Design of t h e  HFIR," Resezrch Resctor 
file] El-emeizt Conference, Sep-Lembzr .-. ............... 17-19, 1962, C3tI..i~iiblJrg, Tennessee, 
TID-'7642, Book 1, pp. 89-98. 

4N. Hilvc-ty 2nd. 1. G. Chapman, "Thermal Design of t h e  WFiR E'uel. 
Element, " Research ........ Reac-Lor Fuel El.emetit Conference, SepteEber ... 17-19, 1962, 
-- GatI . i .o 'o i~rg ,  Tennessee, TID-7642, Book 1, pp. 138---51.. 

-. __^__I_ __I-- 
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c1osel.y control.l.ed curvatui-es. Any ind iv idua l  measurement must be wi th in  

t0.010 of 0.050 i n .  , and t h e  average widtiti oP t h e  water channel a t  any 

loca t ion  must be controll-ed t o  wi th in  k0.005 i n .  of t h e  nouiinal. 

Aluminum w a s  sei-ected as t h e  bas i c  me‘ial i n  t h e  cons t ruc t ion  o f  t h e  

fuel.  assembly, p r inc ipa l ly  because of i-Ls I.ow absorpt,ion of thermal  neu- 

t r o n s  and. re1ativel.y high thermal conduct ivi ty ,  although corrosion produc-1;s 

can b u i l d  up with atteridsnt increases  i n  -the c e n t r a l  f u e l  temperature.  

Type 6061 aI.iuninum w a s  s e l ec t ed  f o r  t h e  fuel-pla . te  cladding and side 

pl-ates because of i t s  super ior  mechanlcal propert i -es  compa:red wi th  o the r  

aluqinim a l loys ,  p a r t i c u l a r l y  7.-t s elevated-temperature creep st rengt i i .  

The f u e l  investment, thought t o  he  about 8 kg 235U j.n t h e  geometry 

described, requ.ires t h e  use of a burnable poison i n  t h e  inner  snnulus .3  

Boron was se l ec t ed  as t h i s  poison. Pro’nle-ms were encoun-tei-ed i n  cointrol- 

l i n g  t h e  boron conten’k i.n a U-30$ A 1  a l l o y  f i r s t  consldered Lnor t h i s  

appl ica t ion .  Therefore a powder-metallurgy process, which permit ted 

d iscre- te  p i r t i c l e s  of B4C t o  be mixed with the fuel, w a s  selec’ced for 

making cores  f o r  t h e  inner-annulus p l a t e s .  

making fuel. elernen-ts f o r  t n e  research  r eac to r  a t  -the F’uerto Hico Nix lear  

Center,8 we se l ec t ed  U3O8 as t h e  Yuel. compound. 

t h e  outer  annul.us, so f o r  t h i s  fuel. element the uraniulli-aluminum a l l o y  

system was an obvious choice.  ‘I’he outer-a-nniilus element requi red  

5.68 kg of 235U, and we cal.cu.l.ated tlhat the concentrat ion of uraniim i n  

t h e  urani~um-aluminixn a l l o y  nominal.1.y would ’OF: 24 w t  %. 
we did no’i antj-ci-pate any gross  segregat ion of uranium. 

Using our experience ri.n 

No boron idas needed. i n  

A t  -l;his J-evel, 

5J. C .  Griess e t  a l . ,  ”The Corrosion of Aluminum Alloys Under -- 
Simul-ated M’H 2nd HFIH Conditions, I ’  Research Reactor Fuel  El-ement 
Conference, Sep-Lemher 17--19, 1962, G-Llinbii-g, Tennessee, ...........-̂ ____ T1D-7642, 

-I. 
Book 2, pp. 612-34. 

6Al.coa Aluminum . Hmdbook -.-,..-, p. 34 ,  AludLnm Company of America, 

7J. H. Erwj.~i, W. J. Kucera, D. T. Bourgef;te and R. J-. Beaver, 

Piittsburg, Pcnnsylvznis, 1957. 

“Development of an Aluminum-Base Fuel Element f o r  t h e  High Flux I so tope  
Reactor1’ Metal~lurgy D i v - .  Ann. Progr. Rept. J u l y  1, 1960, ORNL-2988, 
pp. 289-97. 

8W. J’. Kiicera, C .  F. Cci”iten, Jr., sn.d R .  J. Bmver,  Specificati-ons ....... 
znd- Procedures Used i n  ManUfaCiUYing U308-A1iminum Dispersion Fuel 
‘Elements f o r  Core I of -the 3 i e r t o  Rico Ilesearch Reacto-r, ORNL-3458 
(Oct. 7, 1.963). 

............ 
.......... 
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To achieve as uniform a neutron flux as possible ,  the r u e 1  section 

The i n i t i a l  designs i n  each plate w a s  contoured i n  t h e  r a d i a l  d i r ec t ion .  

arc spec i f ica l . ly  i l l u s t r a t e d  i n  Figs. 2 arid 3 ,  which d e t a i l  thea dimen- 

s ions  ol t h e  inne r  and outer  f u e l  p l a t e s ,  respec t ive ly .  In t h e  inner-  

annulus p l a t e ,  the  f u e l  s ec t ion  i s  th innes t  (0.007 i n .  ) a t  t h e  edge 

c l o s e s t  to t h e  i.nrler-an.nu1us el?.emerit; t h e  thickriess increases i;o a m8.x- 
i m w n  a-t; a d i s t ance  of 2 i n .  from the inner  edge of th is  plate and 

decreases  t o  0.02(+ i n .  u t  the raaial locirt ion far.l;hest frortl the target 
region. 

and i s  loca ted  a t  the r n a x i m m  d i s t ance  from the t a r g e t  region. 

Local segsegstion of f u e l  wi th in  a i 'abricated p1.atc.i scheduled for 

The t h i n n e s t  por t ion  of t h e  outer-annulus p l a t e  i s  0.015 i n .  

reactor  opera t ions  can cause a. hut spot.  For t h i s  c r i t r i ca l  test f u e l  

assembly, however, segregation, wi th in  t h e  expected limits, was unimpor- 

tant and w a s  not s tud ied .  

near t h i s  concentrat ion9 and mix-Lures of U3 0 8  i n  aluminurrl10 ind ica ted  

t h a t  gross segregation kms not  likely. 

k s t  experience with uraniun-alunlirlml alloys 

To confirm -the physics of a r e a c t o r  core  containing 8 kg 235U w i t h  

t h e  boron burnable poison, fine1 elements were prepared f o r  a c r i - t ica l  

test. These components simulated the geometric p a t t e r n  arid rrtaterriale of 

cons t ruc t ion  judged most sui.t&le a t  t h e  t ime f o r  t h e  r eac to r .  We chose 

t o  build. the  fuel. elements using the processing fent i i res  embodied i n  a 

concept designated "Mark I I B .  " 

of -this concept; a r e :  

The pertinent;  i den t i fy ing  f ea tu res  

1. Only one s ide  plate i n  each element i s  used i n t o  which fui.1 

p l a t e s  a r e  inser-ted.  

ou ts ide  sur face  of t h i s  inner t-ube. 

Grooves for accept ing pl.a.tes a r e  machined i n t o  the  

2 .  A l l  p l a t e s  bu t  t h e  last  few are  mechanically fas tened t o  the 

The las t  few can be at tached by cutting short i nne r  tube  by peening. 

'OM. M. ?dartin and C. F. Le i t ten ,  Jr. "Dispersions of U02, U308, and 
B4C i n  Type 1100 Aluminum," Metallurgy Div. Ann. Wogr. Rept. J M y - 1 ,  1960, 
ORNL-2988, pp. 28 '748 .  
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circumferential .  s l o t s  i n t o  the i n s i d e  sur face  of t h e  i-nner tube a t  I - i n .  

i n t e r v a l s  along tile length  of' t h e  element and plug wel-ding t h c  file1 

p l a t e s  to t h e  s i d c  p la t e .  

i n  t h e  event t h i s  desisn w a s  u l t ima te ly  selec.ted f o r  r eac to r  use, i t  w a s  

not done on t h e  c r i t i c a l  t e s t  asselnbly. ) 
The outer  edges of t h e  fuel plztes  a r c  bent  t o  forrn a 3.j.p and 

(Although f e a s i b i l i t y  had been demonstrated 

3. 

1-ay upon each o ther  when assembled. 

i n t e r v a l s  s long t h e  length  of t h e  element t i e  t h e s e  pl.a.tes toge ther  q u i t e  

e f f ec t ive ly .  This  ben-t 1.ip design incorpora tes  t h e  f lexibil i 'cy for 

cor rec t ing  t h e  sApaciiig between p l a t e s  by t h e  1x2 of shims between pl-ates 

during assembly and p r i o r  t o  welding. 

Ci.rcumferentia1 welds a t  1 - in .  

4. An outer  t ubu la r  srid.e p l a t e  i s  s h r i n k - f i t t e d  onto tile welded 

ass mnb la@. 

I n  both t h e  inne r  and outer  f u e l  elements f o r  C r i t i c a l  Tes t  No. 2,  

s l o t s  were provided i n  each 60" segment f o r  inser t i .cn o r  removal of t e s t  

p l a t e s .  This feature i s  il.1usl;i.ated i n  Fig.  4, which shows t h e  f u e l  
assembly we made for t h i s  c r i t i c a l  t e s t .  

The fuel. and burnable poison loadings spec i f i ed  f o r  t h e  c r t t i c a l .  

t e s t  ssseriibly are  l i s t e d  below: 

? g  

Inner- Annulus Element 23)+!,5 1.669 

Out cr-Annul.us Element 5683 none 

To ta l  802% 1.669 

235u, g log 
--.-- 

A tolera-nee of I l k  of t hese  values w a s  des i red .  

Per t inent  di-inensional d h t a  and fuel.  and burnabl-e poison loadings i n  

t h e  fuel p l a t e s  arc  lis'wd i n  Table 3.. Material spec i f i ca t ions  a r e  

l i s t e d  i n  Table 2. 

Although w e  had not y e t  e s t ab l i shed  zi process f o r  f a b r i c a t i n g  

reactor-grade HE'IH f u e l  p l a t e s  to specifica'Lions, w e  proceeded t o  make 

t h e  c r i t i c a l  t e s t  assembly using methods under development a t  t h a t  t ime. 

Sj-nce t h i s  f u e l  assembly w a s  marl.e f o r  a critical t e s t ,  we were not 

requi-red t o  meet dimensional s p e c i f i c a t i o n s  o r  o ther  requirements, such 

as bonding and f u e l  homogenei-ty of reactor-grade p a r t s .  

ob jec t jve  w a s  to prepare -fu.el assemblies w i th  t h e  sprcilCied f u e l  and 

Our main 
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ndary objec t ive  w a s  t o  make t h  

components a s  c lose  t o  design dimensions 

pinpointed along t h e  way w t f o r  f u t u r e  r e so lu t ion .  We se lec ted  
techniques pr imar i ly  on t 

producing aluminum-base r 
ava i l ab le  on t h e  s p e c i f i c  methods un 

assembly a t  t vent iona l  powder w a s  a likely 

development f o r  t h e  mIR f u e l  

nnulus fue l  and f i l l e r  blanks, which 

r e a d i l y  be contoured by hot pressing.  

chose t o  make s lugs  from vacuum-cast extruded Al-24$ U a l loy .  

s lugs  were a l s o  contoured by hot pressing.  

For t h e  o 

These 

Con 

technique f o r  cladding f u e l  p l a t e s  by hot r o l l i n g  w a s  used, l o w -  

pressure marforming w a s  examined f o r  s 

i n t o  involu tes .  

t e  f u e l  p l a t e s  

Fig. 4. Fuel Assembly Made f o r  HFIR C r i t i c a l  Experiment No. 2. 
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Table 1. Per t inen t  Design Data of HFIR Fuel  P la t e s  

Inner  Annulus Outer Annulus 

Number of P l a t e s  per  Fuel  Element 

Overal l  Dimensions, i n .  
Length 
Width 
Thickness 

Fuel  Sect ion Dimensions i n .  
Length 
Width 
Maximum Thickness 

Mater i als  
Fuel  P l a t e  Cladding 
Fuel  P l a t e  Frame 
Fuel  Sect ion 

Fuel  
Burnable poison 
Aluminum 

Burnable poi son 
Aluminum 

F i l l e r  Piece 

Fuel  and Burnable Poison Content 
u, g 

B, mg 

23 5 
10 

Enrichment, w t  % 
23 5u 

=OB 

Nominal Concentration, w t  % 
Fuel  Core 

F i l l e r  Piece 

17 1 369 

24.000 
3.800 
0.050 

24.000 
3.500 
0.050 

20 f 1/2 20 5 1/2 
3.068 f 0.062 2.778 rt 0.062 
0.028 0.028 

Type 6061 Al 
Type 6061 Al 

u3 0 8  
B4C (na tu ra l  
Type 1100 

B4C ( n a t u r a l  
Type 1100 

13.70 
9.78 

93 
18.8 

26.31 U-308, 
0.072 B4CJ 
b a l  Al 

0.065 B4C 
b a l  Al 

Type 6061 Al 
Type 6061 A 1  

U-A1 a l loy  
None 
Type 1100 

None 
Type 1100 

15.40 
None 

93 
None 

24 U 
76 Al 

Type 1100 
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T a b l e  2. Mater ia l  Spoc i f i ca t i ans  

F~-ai-nes and cover plntes 
Wrought type  6061 alminuiu cotifomring to GTM Designa,%ion: 

13 209 - 58 
Melti.ng stock for  U-A1 a l l o y  of outer-annu.1us p l a t e  

Aluminum melt ing stock conforming t o  RSTM Designation: B 1-79 - 59, 
al.loy 995 A 

Aliminum powder as d i spe r san t  i n  irlrier-annu~.irs p l a t e  

Side p l a t e s ,  end f i t t i - n g s ,  combs 

ALmiiinurri powder r x p i . v a l e r i t  to ALCOA Atomized Powder No. 1.C)I 

Wrmght type 6061- s l v x i r i u m  conforming to ASTM Designati.on: 
B 209 - 58 

TJraniwn Me-La1 f o r  U-Al Alloy of Outer-Annulus Plate 

U308 as Dispersoid in Inner-Annulus P l a t c  

U308 iiianufactured by the Y-12 p lan t  of UCNC. P ~ r i ~ i c l x - s i z e  
range is 44 to 149 L J .  

Boron Carbid? as Dis~iersofd  in Inner-Annulus P l a t e  

High-purity grade B4C containing approximately '76 w t  % iiatural 
boron. 
P a r t i c l e  s i z e  less t han  4.4 p. 

I so top ic  concentraLian of ''33 18.8 wi; 4 nominal. 

GLTEEFNL DESCRI-PTION OF THE FmRJCATION PROCESS 

The process f l o w  chart described i t 1  Fig. 5 s h o w s  t h e  vs.ri.ou.s 

f a b r i c s t i o n  sequences foLLored i n  manufacturing t h e  f u e l  elemerks. The 

process for rmking t h e  outer-a.nnu1u.s f'u.c.1 elemen-t; i n i t i a t e s  w t t h  niel-Ling 

and cas-ti.ng 3.n va.ci.ii.un t l - l t ?  A l - Z %  U a l loy .  Vncuwn rrielting was sel.eei;ed 

bo m i l i f m i  ze t h e  hydrogen coric5nt;rai;iori i n  the  a l l o y  1itiC3, hopefully, to 

el . imina, te  bl.fi;-te-rs of fiuel. plates cnused by hydrogen expansi on, ~~I- r ich  

rn:iy occur i n  subsequent iS00"C heat -Lreatmeri-i;. A f t m  the rerric)va1 of' t h e  

feeding  head, t h e  cas t i ng  w a s  iiormeliy I1 in. lorig. 
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Extrusion 

i t s  pi-od.uction 

i n t o  contcmred 

and swaging i n t o  a 7 /8 - in .  - d i a m  rod was chosen because of 

potent ia l .  in prc-,vri.ding slugs tha-t could later bc pressed 

compacts. Before the swaged rod was cui; i n t o  slug:;, 

samples were taken a t  j -n t e rva l s  al.!mg its length 2nd chemically r,nal.yzed 

f o r  uraniimi, t o  locate reg ions  i n  the r D d  w i t h  iinacceptably l-.igh i:irani-iua 

concentrat ion.  

concentrat ion.  

The r e s u l t s  were also used t o  p red ic t  tire a.vc.rage uranj-uri 

The alurninim ~ i e c e s  f o r  ms.tching t h e  contour of thc f u e l  er>rnpact 

were sheared from I./8-in. - th ick  type llO0 a l m i n i m  sheet ;  and, l i k e  the  

f u . e 1  s lugs,  were hot pressed t o  the c o r r e c t  shape. 

t h e  convex s u r f a c e  of t h e  fut7l core rnateed with -LIE concave surface or“ 

t h e  f i l l e r  piece -Lo form a rectangular pa:callel.cpiped. 

p h c e d  i n t o  the p i c t u r e  frame, a1.l oi’ ?;hese hot-pressed cores  vere 

degreased i n  -trichloroetkiyleiie vapor, t h e  burr from t h e  hot,-processir-g 

opera t ion  was reinoved, and d e n s i t y  of t h e  fu.el. cores  was detcrrnirled. 

The densiky d a t a  were used t o  predi.ct t h e  235U content  i n  each core.  

“nen f i tkc-d  -t;og?tiler, 

P r i o r  to ’ueing 

The r-nclosing the fu.e1. was a. t y p  G O 6 l  a l i m i n m  plaLe, rolled 

t o  0.358 i.n. t h i ck .  A hole for accepting the tuel-core-~iller-piece 

assemblage w a s  made by a eom’oin.a.ti.on of pinching amd broa-ching. 

core and lristching f i l l e r  p iece  were s h r i n k - f i t t e d  i n t o  the frsrne. This  

f r m i e d .  a.ssem’ola.ge was then  hot rolled bare t o  half of t h e  ori.gina.1 thick- 

ness t o  o b t a i n  a c l o s e r  f i t  between the core pieces  and t h e  frame. hjt,er 

degreasirig i n  t r i ch lo roe thy lene  vapor and wire brushing, -the O.O5(]-in. - 
th ick  type 6061 a3.imitiurn cover p l s t e s  were welded along t h e  edge t o  each 

side of the frame. 

The f ~ i e l .  

Si.nce plates f o r  the inner-unnulus elelrielit conta in  boron, powder 

me‘isllury w a s  s e l ec t ed  f o r  preparj.ng t h e  f u e l  compact a.nd F i l l e r  p ieces .  

Previ.o-us work had ind ica t ed  thaL t o  meet t h e  IQIR specific:_i-tioris w i t i l  

U-Al.-B alloys wou.1.d be di.fficul.t. I’ The powder-metal.lu.ry process Cor 

making compscts i n i t i a t e d  with t h e  weighing of the exact quar i t i t i es  of 

t h e  ing red ien t  powders (U308, AI., I34C i n  t h e  case of the fuel. pieces; 

Al, BAC in t h e  case of f i l l e r  .pieces) specified f o r  each fu .e l  core. The 

I’D. T. Bourgette,  W. J. Kucera, J. €1. Erwin, and T. D. Watts, 
Metallurgy Div. h n .  Proqr. R p c t .  May 31, 1961, ORTJL-3160, pp. lcJlLlO3; 
T. D. Watts and A. 2. Lotts ,  i b i d .  pp. 145-66. 
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powders Tor one f u e l  compact were placed i n  a j a r .  The 5ar was capped 

and, along vli th 23 o ther  jars, was pl-aced wi th in  coii tainers a-ttached t o  

a d.ouble con ica l  blender,  an6 t h e  powders i n  eaclh of tile jars were mixed. 

Afterwards, t h e  mixture w a s  pressed a t  room tempera.ture t o  form a dense 

rec-t  sngular  par3.l lelepiped. The hot- pres s ing  opel-3 t ion, previously c i t e d  

f o r  riaking both contoured a l l o y  f u e l  cores  and t h e  aluminum-fil ler pieces ,  

w a s  a l s o  used t o  make t h e  powder-netallurgy-fuel cores  and f i l l e r s .  

Density measurements of t he  hot-pressed powder-metallurgy product were 

not needed. These cores  went d i r e c t l y  i n t o  t h e  alumininn frames a f te r  

minor trimming. A s  showri i n  Fig.  5 ,  t h e  frames fo r  t h e s e  cores  were 

0.427 i n .  thi-ck,  and t h e  cover pieces  were 0.125 i n .  th ick .  Also, t h e  

framed cores  were not  prerol lkd.  The powder-me-tallurgy cores  were simply 

s h r i n k - f i t t e d  i .n.to t h e  frame, and cover pJ.r,tes were a t tached  i n  t h e  same 

manner as f o r  t h e  outcr-annulus p l a t e s .  

From t h e  hot rol l - ing of p l a t e s  u n t i l  t he  coniple-Lion of t h e  process,  

bo th  inner-  and outer-annulus p l a t e s  were handled s imi l a r ly ,  bu t  sepa- 

ra-Lely. 

el-ement and t h e  powder-metallurgy p l a t e s  were assigned t o  t h e  inner -  

annulus element. 

c1.a.dding t o  t h e  f u e l  core  and L”mme. 

84% i n  thickness;  t h e  inner-annulus p l a t e  was reduced 92% i n  thickness .  

Acceptable Ylatness of p l a t e s  w a s  achieved by su.fCicien’c passes  through 

a roller l e v e l e r  with an intermediate  anneal  a t  500°C. 

Ulkimately t h e  al.loy p l a t e s  were assembled i n t o  t h e  outer-annulus 

These p l a t e s  were a1.1 r o l l e d  a t  450°C t o  bo.i?d t h e  

The ou.ter-annulus ? l a t e  w a s  red-uced 

The f u e l  core i n  t h e  p l a t e  was loca ted  f luoroscopica l ly .  The 

o r i e n t a t i o n  of -the p l a t e  w a s  f i xed  by an eddy-current technique, which 

enabled us  t o  dete-mine t h e  region OP maxi r im fue l -core  th ickness .  ‘The 

p l a t e s  were readied f o r  forming hy shear ing s l i g h t l y  oversize  i n  I.eng”iki 

and width, machining t o  t h e  spec i f i ed  dlmensions, degreasing i n  t r ichl-o-  

roetbylene vapor, and final.1.y c leaning j.n EL s o l u t i o n  cons i s t ing  of 2 p a r t s  

concd HF, 10 p a r t s  concd W03, and 100 p a r t s  water by vol.ime. The ac id  

wa.s r in sed  from t h e  p l a t e  wi th  water,  and t h e  p l a t e s  w e r e  allowed t o  dry  

ai; room temperature.  

The flow cha r t  (Fig. 5) r e f l e c t s  t h e  s i g n i f i c a n t  f e a t u r e s  of t h e  

assembly and jo in ing  process,  which t y p i f i e s  thi .s  fuel-element design. 

Faxh p l a t ?  w a s  assernbled i n t o  a groove of t h e  inner  t ubu la r  s i d e  p l a t e  
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and securely fas tened  to t h i s  side @ate by peening t h e  s ide -p la t e  ledge 

onto t h e  plste. 

volmne occupied by  the  p l a t e s  and t h e  imtel-media-te spacings during .the 

buildtip of t h e  elenlent, t o  avoid e. finished diameter i n  ~ X C ~ E S  oj? t h e  

spec i f i ca t ions .  We, t he re fo re ,  used Teflon sh ims  between plates. After  

assembly t h e  outr.r edges of t h e  p l a t e s  w e r e  welded toge ther .  The welded 

sur face  was machined smooth, and. t h e  oa t s ide  tubu la r  s i d e  ,plate  w3.s 

slirirnk orito t h e  assemblage. The spa.cings between p l a t e s  were inspected,  

and f i n a l l y  end f i t t i n g s  were a t tached  f o r  adapt ing the corriporients i n t o  

the c r i t i c a l .  tes-t; f a c i l i t y .  We c a l l  a t - ten t ion  t o  t h e  f ? c t  t11a.t the las t  

Pew p l a t e s  t o  be assmibled were not joined -Lo t h e  inner  slde plate, 

because t h i s  element w a s  merely for a crit ical .  test. Had %his been f o r  

t h e  opera t ing  rc?ac.tor, t h e  s p e c i f i c a t i o n s  would have requi red  tiiat t h e s e  

pl.ates be f i x e d  -Lo the  inner  side p l a t e  by s h o r t  c i r cumfe ren t i a l  welds 

spaced a t  1- in .  i n t e r v a l s  al.ong the l eng th  of the P1.nel. element. 

Preliminary work ind ica t ed  t h a t  such an attachmen.t was 

A cri-Lic%l part  of t h i s  operat ion 1m.s t o  c o n t r o l  the 

s~.ugs of a n  a.3.unirn.m all.oy corl.tainiiig n.orr!-inaIly 24- wi; $ u and or 9. 

s i z e  7 / 8  i n .  diam X approximately 2 I/€? i n .  long were made for subse- 

quen'i lid; pressri.ny i n t o  cont(3i.red. l"ue3. coi-es. 

from vac1~1.xr1 cas t ings  3 i n .  i n  diameter and gene ra l ly  13. j.n. long. To 
prepare the castizig, fresh1.y cleaned uran.iu.rn and aluminum melting stock 

were cha.rged into a s t a b i l i z e d  zri.rc0ni.a c ruc ib l e .  The metals were 1ier.l;ed 

t o  1000°C under zi dynamic vscu.uln of 1 t o  3 11, and the  rno2te-n rmss w a s  
poured into a water-cooled copper mold. 

* 
These s1u.g~ wer? made 

Af ter  the t o p  por t ion  or" the cas t ing  was cropped, the bi1.l.e-t was 

heated to 550°C and ex-Lruded i r z t o  EL 1-i.0. -d.iam rod. Tota l  r e d w t i o n  i n  

t h e  c ros s - sec t iona l  area was 89$. 
diameter.  

between 80 and 90 i n .  

The rod was cold swaged to 7/8 in i n  

The l ength  of the swzged rod a f t e r  cropping g e n e r d l y  rsnged 

Sa-mples approximately 2 in. long weye removep. 

12 J. W. Taclrett,  " A l ~ i f l u f a - f U l o y  Fuel Elr rnent  Dcvel-optiieut, " 
Meta1lurgy Div. Ann. Frogr. Repi;. J ~ l y  I., 196cI, ORNL-2998, pp. 465-68. 
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from t h i s  rod t o  ob ta in  t h e  average uranium concentrat ion.  Two were 

removed from each end and two a t  equal  d i s t ances  from each end. These 

dis-Lances were measured so  ' L h d t  t h e  rod. could ul 'kimately be sa~red i n t o  

t h r e e  segments wi.th a iiraniixn ana lys i s  a v a i l a b l e  f o r  esch end of each 

segment. T h u ~  w e  could c a l c u l a t e  an average uranium concentrat ion f o r  

each segment. With t h i s  value t h e  slug length  w i t h  t h e  highest  probabi l -  

i.Ly of y i e ld ing  cores  containing c lose  t o  15.4 

This length  genera l ly  w a s  2 1-/8 i n .  bu t  frequently- var ied  t o  2 ]./I6 and 

2 3/16 i n .  

of 235U was determined. 

The type of segregat ion p a t t e r n  genera l ly  observed i n  t h e  extruded 

rod i s  shown i n  Fig.  6. Most of t h e  rod w a s  q u i t e  homogeneous, although 

i n  one region t h e  concentrat ion w a s  approximately 5 t o  10% higher than  

i n  t h e  balance of the rod. Although l o c a l  segregat ions were iiiasked by 

our averaging systeiii, they  were subsequently i d e n t i f i e d  i n  dens i ty  

mcasurements of t h e  hot-pressed core.  

Figure '/ c o r r e l a t e s  t h e  dens i ty  of hot-pressed uranium-aluminum cores  

and t h e  uranium concentrat ion determined by d isso lv ing  R s e r i e s  of cores 

and chemlcally analyzing f o r  uranium. Our ca lcu la t ions  showed t h i s  co r re -  

i-ation t o  be accura te  w-ithin +-0.5$ w i t h  a confidence l i m i t  of 95%. The 

d e n s i t i e s  were obtained on each hot-pressed trimmed compact by a.lcoho1- 

d i  splacernen-t techniques.  The uranium concentrat ion w a s  de-termined from 

t h e  co r re l s t i on .  From t h e  known weight of the core and enrichrient of 

.the uranium, assignment o-f t h e  235U conbent w a s  s t ra ightforward.  The 

data a r e  summarized i n  Fig.  8. 
I n  the system used, 58.4% of t h e  p l a t e s  were wi th in  +-2$ of t h e  

nominal value of 15 .4  g and. 91.5% of t h e  f u e l  cores  were wi th in  A$. 

The r e s u l t s  obtained were acceptable  f o r  t h e  c r i t i c a l  t e s t  assembly. We 

feel- tha t  wi th  additional process development, it i s  reasonable t o  p rc -  

di.ct that fuel. p l a t e s  contaj~ning Al---24$ U a l l o y  can be held t o  a 235U 
spec i f i ca t ion  of 15 .4  Q f 276, although recyc l ing  i n t o  subsequent mel t s  

wi.3.1 obviously be necessary. 

During t h e  course of t h i s  work, w e  examined t h e  macroscopic scgre- 

ga t ion  wi th in  hot-pressed Al-24% U a7.l.oy f u e l  cores  by c u t t i n g  each core 

i n t o  t h r e e  pieces ,  rnrssuring t h e  dens i ty  of esch piece,  and ass igning  a 

uranium value based on ' c k  c o r r e l a t i o n  shown previously.  The r e s u l t s ,  

l i s t e d  i n  Tablc 3, do not  i n d i c a t e  any gross scgregat lon.  
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Table 3. Romogerieity i n  Fux" J?uel Cores from t h e  Same Melt 

Di€f ererice 

Average Analysis 

Uranium Dens it y froin t h e  Concent rat i on 

(% ) (wt %) 
(g/ cm3 ) Sample 

1 ( e n t i r e )  
1-1 
1.-2 
1-3 

3 ( e n t i r e )  
3-1 
3-2 
3 -3 

11 (ent- i re)  
11-1. 
11-2 
11-3 
13 ( e n t i r e )  
u -1 
13-2 
13 -3 

3.389 
3.390 
3.391 
3.379 

3 .) 392 
3.398 
3.392 
3.381 

3.332 
3.338 
3.315 
3. 340 

3.334 
3.342 
3.320 
3.335 

24.96 
25.00 
25.02 
24.70 

25.05 
25.23 
25.05 
24. '75 

23.30 
23.60 
22.80 
23.55 

23.35 
23.60 
23.00 
23.40 

HI. 16 
+o. 2A 
-1.. 05 

w. 72 
0.00 

-1.. 20 

+1.28 
-2.15 
1.07 

+1.0'7 
-1.50 
-a. 21 

PREPARATION OF THE BORON-BEA.ECING FUEL CORES AND 

FILLEX? PIECES FOR THE INNER-ANNULUS PZATES 

The fue l  cores  and fiI . ler  pieces  f o r  t h e  inner-annulus pla-tes 

contain boron as a burnable poison. The t o l e rances  des i red  in t h e  con- 

t r o l  of t h e  boron content per plate and t h e  homogeneity of boron wi t . h in  

t h e  p l a t e  elimina-terl t h e  se l ec t ion  of the uranium-aluminum slloy or  a 

boron-alwninum a l loy  f o r  t h i s  appl ica t ion .  By choosing a powder-metal.- * 

metallurgy process t o  prepare fuel cornpacts from U3O8, B&C, and alwiiinwrt 

powders, we r e a l i z e d  t h e  advantage t h a t  exact yuani;ities of these  ingre- 

d i e n t s  could be weighed, blende&, and pressed in.to a fu.el. compact w i t h  

maximum assurance tEn.6 t h e  1oad.i.r-g requirem.ents fo r  each f u e l  p la te  icere 

[ n e t .  T'ne fuel. and burnable poison content i n  an;y specific p l a t e  did n o t  

d.epend upon homogeneity of a n  ingot  o f  these mater ia l s  2s it would ir i  alloy- 
cores.  The calcu.la.ted q u a n t i t i e s  of U308 and B4C f o r  each alwninurn-base 

f u e l  and f i l l e r  blank were 17.401 g U308, 46 m g  B4C for t h e  f u e l  piece, 



and 22.4 mg Rl)C for the f i l l e r  piece.  

66.146 and 34.161 g ,  respec t ivc ly .  

0.072 wt $ B4,C ?or t h e  fuel piece,  2nd 0.365 

f i l l e r  p i ece .  

To ta l  weights of  each par-i; were 

The conceiitra-Lions were 26 w t  $ U.308, 
B4C i n  t h e  aluniriurn 

Because of t h e  hea l th  hazards assoc ia ted  wi th  handling Tinely divided 

1J308 powder, t h j  s compound w a s  weighed in- to  t h e  R4C-aluminum mixture 

wi th in  a glove box as a kist p a r t  of iiie weighing operation. This gro-  

cedure w a s  not  necessary i n  preparing t h e  f i l l e r  piece,  whi.cki otherwise 

w a s  made i n  t h e  same manner. 

A l t h o ~ g h  each f u e l  and f i l l e r  compact w a s  handled as a s e p a m t e  

e n t i t y  during weighing, 24- jars, each containing t h e  proper mixbure, 

were dry blended i n  one operat ion f o r  2 h r  on a double oblique blender .  

Fach mixture W B G  then  pressed at 30 tsi. t o  form fuel compacts 

1 X 2 . 8  X 0.425 i n .  The d e n s i t i e s  of t hese  cornpacts iveraged 95% of tbeo- 

r e t i c a l .  Because of t h e  neal'ci! hazards assoc ia ted  w i t h  hand-ling t h e  toxic 

U308, t h e  compac-Ls were pressed wi th in  a gl.ove box. 

SHAPING OF CORES AND FILLEB PIECES 

Yrevious work i n  producing tapered uraniurn-;ll.imiinm alloy i"uel. cores 

by hot pyessing iridicateil t h a t  'Ghis was a convenjent and economica.3. 

method. f o r  forming nourec t i l i nea r  shapes. T h i s  method w a s  t he re f  ore  

se l ec t ed  f o r  insking t h e  contoured f u e l  compacts and Pil~llers f o r  bo-til the 

inner  and outer  f u e l  pla-tes.  The process was spp l i czb le  f o r  cyl.indr?'.cal 

uranium-alul-niniun s lugs,  t he  powder f u e l  and f i l l e r  compacts, and t h e  

aluminum p l a t e  s tock used f o r  f i l l e r  p ieces  i n  t i e  outer-annulus pl.at,es. 

1.3 

The p r o f i l k  design i s  shown i n  Fig.  9.  When t h e  two p ieces  for each 

p l a t e  are matched, they  fern a recta-ngul-ai. block f o r  i n s e r t i o n  i n t o  an 

aluminum p i c t u r e  i"ram.e, thus  s implifying b i l l e t  assembly and plate-rol l . ing 

p rac t i ce .  The designs sliowii i n  Fig. 10 a r e  ca l cu la t ed  -to produce fuel 

sec t ions  i n  r o l l e d  p l a t e s  with contoured sur faces  i I . lus t ra ted  i n  Figs .  2 

2nd 3 .  

-g___l 

13T. D. Watts and A. L. Lotts ,  "Almi.nm.-Matrix fl?-U308-B4C Pressiags 
with Symnetrical, S-'iraig'nt-Ta.pe:r Geometr2y, Metallurgy Div. Ann. l?rogr. 
Rept. May 31, 3.941, ORIL-3140, pp. 165-56. 

.-.--.-I_ 
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The too l ing  f o r  hot pressing Lis i .1l.ustrated i n  Fig.  10 with a r ec -  

tangular  inner-annulus f u e l  compact read j  t o  be pressed. The male d i e  

i s  contoured, whereas t h e  female d i e  contains a cavi ty  with a flat bed. 

The piece to be hot pressed r e s t s  on t h i s  bed. 

we pressed t h e  fuel-bear ing compacts for both iriner- and outer-annu1u.s 

p l a t e s .  

t he  male die w a s  corltoured convex ins tead  ol' concave. 

With t,hi.s arrangement; 

Tooling design f o r  making the filler pieces w a s  sirnil-ar except 

The d i e s  were designed t o  produce compacts whose width w a s  calcu- 

l a t e d  t o  be 8% less than t h e  width of the  f u e l  sectiori i n  the f in i shed  

plate. 

r o l l i n g  i n t o  the  composite p la te .  

used for the inner-ann1Ax pl.ates the hot-pressing d i e  was made 0.020 i n .  

widel. than t h e  width of t h e  cold-pressed compacts. 

T h i s  allowance w a s  made f o r  spread of the fuel sec t ion  during 

For t h e  powder-netallwgy corny - .cts 

The dies were preheated t o  150°C prior t o  pressing each batch.  

Palm o i l  w a s  a.pplied t o  the d i e  surfaces  before each fuel. or  f i l l e r  

piece w a s  hot pressed. The f u e l  cores arid f i l l e r s  were heated for 30  n i I n  

a t  50OoC, placed immediately i n  the d i e  cha-rniber, and pressed at 70 t s i .  

0.300 

- 
2 0.200 
U> (I) 

W z Y 

I c 
u 

0.400 

0 

0 0.5 I .O 1.5 2.0 2.5 3.0 0 0.5 4.0 1.5 2.0 2.5 
WIDTH (in.) WIDTH (in.)  

Fig. 9. Die Profiles for Fuel Core arid F i l l ~ r  Pieces. 
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Y-432 I 7  

Fig. 10. Die Arrangement f o r  H o t  Pressing Compacts. 

t h e  The bu r r s  produced by ha t  pressing were removed by hand f i l i n g ,  

compacts w e r e  d reased i n  t r i c h l o r  

Measurements of t h e  p r o f i l e  of t 1 compacts and 

f i l l e r s  a f t e r  hot pressing a r e  l i s t e d  i n  Table 4 .  

on fou r  s e t s  of compacts and f i l l e r s  

Although t h e  r e su  

The da ta  were obtained 

l imi ted ,  they  i n d i c a t e  f a i r l y  goad reproducib i l -  

s, t h e  thickness  w a s  s l i g h t l y  g r  
t p r o f i l e  from sec t ions  of t 

r o l l e d  f u e l  p l a t e s ,  

i n  t h e  f in i shed  p l a t e  w a s  s l i  

n i n  Fig. 11, revealed t h a t  t h e  c 

1 Y  less than  t h e  thickness  desired.  
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Table 4. Profile Measurementtsa of Hot-Pressed Inner-Annulus Pa,rts 

Core Thickness F i l l e r  Thickness 

De v i  a ti on ( i n .  ) ( in .  ) Deviat i o n  b Location 
(B i Produx t i on Design 

( in .  ) Production (B 1 
DesignC 

Average Average 

0 0.095 
13.055 0.101 0. 1-94 
0.239 0. 127 0.127 
0.423 0.155 0.157 
0.607 0.184 0,187 
0.791 0.215 0.219 
0.975 0.246 0.252 

1.34.3 0.303 0.310 
1.527 0.325 0.328 
1. 71.1. 0.377 0.338 
1.895 0.344 0.344 
2.079 0.344 0.343 
2.263 0. 33'7 0.355 
2.447 0.323 0.322 
2.631. 0.304 0.304 
2.8'75 0.275 0.297 

1.159 0.277 0.284 

+3.0 
+I.. 5 
+l. 3 
+l. 6 
3.1.9 
+2.4 
+2.5 
+2.3 
a. 9 
a. 3 
0 
-0.3 
43.6 
-0.3 
0 

1-1.. 5 

0.333 0.340 
0.32'7 0.333 
0.301 0.305 
0.273 0.275 
0.244 0.244 
0.2u 0.212 
0.182 0.178 
0.151 0.147 
0.125 0.117 
0.103 0.1130 
0.091 0.089 
0.084 0.084 
0.084 0.086 
0.091 0.093 
13-1-05 0.107 

0.153 0.146 
0.124 0.123 

+2.1 
+1.8 
+1.3 
+o. 7 
0 
-0.5 
-2.2 
-2.6 
4 . 8  
-2.9 
-2.2 
0 

+2.4 
4-2.2 
+l. 9 
-0.8 
-4.6 

a 

bDistance from t h i n n e s t  edge of ccJre 

These data represent  fou r  s e t s  of parts niensured. 

C Design th ickness  g rad ien t  based on percentage o€ maximum th ickness .  

Admittedly, these dabs a r e  sorriewhat l i m i t e d ,  bu t  d e f i n i t e  t r ends  e x i s t  

t h a t  are of s ign i f  icance i n  consideriug local ?*egi.ons where '' 5U dens i -  

t i e s  ma.y be fourid. It i s  obvious from t h e  concept of radial f u e l  distri- 

but ion  i n  t h e  KFIR f u e l  p l a t e s  t h a t  local f u e l  conten t  wi th in  a. p la te  

m u s t  be examined i n  ternis of '''U mass per u n i t  p l a t e  area. 

t h i s  t ype  of d i s t r i b u t j o n  s p e c i f i c a t i o n  depends riot only on the dist r i 'ou-  

t i o n  of the uranium i n  the fuel. mi.xt;u.re itself b u t  also on variat-ions 

i n  the th ickness  of the f i n e 1  sec t ion .  Of t h e  four pl.ates examined, 

th ickness  r e p r o d u c i b i l i t y  frcjni one plate t o  annt'ner .was gei?e:ral.ly w i th in  

1 .5  mils 2nd seems to be  relatfvely independent of core thickness. How- 

ever, i r i  percentage terms, it can be seen t h a t  t h e  t h i n  (7 .6 j-rii1.s) edge 

of t h e  f u e l  core w a s  only c o n t r o l l a b l e  from one plate t o  ano.t;her with3.n 

Meeti-ng 



UNCLASSIFIED 
ORNL LR-DWG 78413 

~ 1 1  30 

i 
0 LT 

L L  
C 

~~ ~- ~~ ~~ - I -  0 
0 10 2 0  

FUEL SECT ON IJI3TH OF ROLLFD JLATE ( i n  1 

i ]  
I 
3 0  

Fig. 11. Comparison Between t h e  Actual and Specif ied Fuel Contours 
i n  Inner-Annulus Fuel Pla t e s .  

+8$ of t h e  o v e r a l l  average th ickness  a-t t h a t  loca t ion .  

por t ions  of t h e  core were genei-ally con t ro l l ab le  to with in  k3$. 

of even more si-gnificsnce i s  t h e  comparison o r  sec.tions oC t h e  same p l a t e .  

Again, con t ro l  was not near ly  as good at 'che t h i n  edge as i n  t h e  th i cke r  
port ions;  dev i s t ions  ranged between 5 and. 17%. ?In .the t h i c k e r  por t ions ,  

devia-tion w a s  usually wi.thin ?3$, althoilgh a few higher values were 

ob served. 

The t h i c k e r  

Perhaps 

Coxtour rnensuremcnts of t h e  hod~.-pressed f u e l  and f i l l e r  p ieces  f o r  

t h e  outer-annu.1.u.s plat,e are l i s t e d  i-n Table 5. 
t h e  f u e l  sec t ions  i n  t h r e e  r o l l e d  outer-annulus p l a t e s  s e l ec t ed  a t  random 

a r e  grap'nica17.y i l l u s t r a t e d  in Fig. 12- 

-tile a.verage ou-Lx-a.nnulus profi1.e i s  l e s s  than  t h e  design specif icat i -on.  

Although t h e  da t a  a r e  again l imi ted ,  the  reprod.ucibil.i.ty from one p l a t e  

-'LO another  sppesrs t o  be s i m i l a r  t o  t h a t  observed i n  t h e  inner-annulus 

pla-Le. 

con t ro l  t o  wi th in  23% i s  possible ,  However, a-L leas-'i one case shows a 

r1eviai;ion of *6$. 

The avera.ge p r o f i l e  of 

L i k e  i n  t h e  inner-annulus plates ,  

Deviations i n  reprod.ucibili.ty wi th in  a p l a t e  i nd ica t ed  t h a t  



Core Thickness Fi 11.w Thickness 
(in. ) (in. ) DPviatlon Deviation 

b Loest i on  
(in. ) c Frodiiction (% 1 Fr oduc t i o t i  (k ) 

Design Design 
Average Average 

0 
0. 05.5 
0.239 
0.423 
0.607 
0.791 
0.88% 
0. 975 
1.. 067 
1.159 
1.251 
1.34 3 
1.527 
1. 7 1:1. 
I-. 895 
2.079 
2.263 
2.447 
2. 61-2 

G. 193 
0.2c4 
0.241 
0.276 
0.304 
0.312 
0.317 
0.317 
0.334 
0.311 
0.307 
0.301 
0.385 
0.368 
0.247 
0. 22'1 
0.206 
0 . 18'/ 
0.173 

0.204 
0.214 
0.25% 
0.284 
0. 305 
0.315 
0.31'7 
0.31.6 
0.315 
0. -3 12 
0.307 

0.287 
0.271 
0. 2.52 
0.231 
0.211 
0.191. 
0.181 

ii. 302 

-t5.7 
G.9 
+4. e 
3.2.9 
-a. 3 
4-1.. 0 
0 

- 0 . 3  
4-0.3 
+o. 3 
0 
-HI . 3 
-t-o. 7 
-1-1. L 
4-2.0 
+I.. 8 
+% .4- 
+2.1. 
t.4-. 6 

0.170 
0. 3.59 
0.122 
0.087 
0 . (35'3 
0. OS]. 
0.046 
0.046 
0.049 
0.052 
0.056 
0.062 
0.0'78 
0.095 
0.116 
0.136 
0. 1.57 
0. L'76 
0 * I.90 

II. 1.63 
0.148 
0.108 
0.077 
0.056 
0. C4'7 
0.04.6 
0.046 
0.048 
0.05:1 
0,056 
0.662 
0. 0'7'7 
0. 095 
0. 1-16 
0.136 
0.157 
0.179 
0. 1.96 

4. 1. 
-45.9 
-11.5 
-1l. 5 
-5.1 
-7- 8 
0 
0 

-2. r: 
-1.9 
0 
0 
-1.3 
0 
0 
0 
0 
+l. 7 
3-3.2 

~ ~~ 

a These data represent t e n  se-Ls r3f -par ts  measured" 

'Distance f r o m  t~ii nrwst edge of core. 

c Design thickness gradien t  based on pt'rcentuge of roa,xirnum tklicktless. 
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Fig. 1.2. Comparison Between t h e  Actual and Specif ied Fuel Contours 
i n  the Outer-Annulus Fuel. P la te .  

ROLLING OF COMPOSITE FUEL PLXCES 

I n  previous work, we had found d ~ i f f i c u l t y  i n  obtaining scceptab le  

bonding between mating sur faces  of type 6061 sluminurn during hot r o l l i n g .  

A t  t h a t  time, w e  circumvented t h i s  probl~ean by u.sing type 6061 c lad  wi th  

a t h i n  l aye r  of type 1100 aluminum, wh-ich allowed l i s  to prepare t h e  

p l a t e s  so t h a t  the mating sur faces  t o  be bonded were type 11.00 alumi_num. 

For expediency and s ince  unbonded regj-ons between f i re1 and cladd-ing were 

acceptable  f o r  t h i s  c r i t i c a l .  t e s t  element, we decided t o  proceed with 

hoL-roll  bonding between sur faces  of‘ 6061 aluminum d i r e c t l y .  

production of p l a t e s ,  we heated electropol. ished type 6061 a?.iiminum siir- 

f aces  i n  a i r  a t  tempera-tiires ranging from 400 t o  550°C -to observe t h e  

charac te r  of t h e  oxidat ion product that idas formed. 

P r i o r  t o  

From t hese  - t e s t s  w e  

14W.  C. Thurber and H. J. Beaver, Development of Silicon-Modified 
48 wYi $ U-A1 Alloys f o r  Alixriinum Plste-Type Fuel E l & m e n t s ,  ORNL-2602 
(Mar. 9, 195’3). 
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hoped t o  s e l e c t  8. ro l l i r i g  temperature a.t  w'ni-ch t he  oxide w a s  not t h e  

loose p0rou.s rrarri.et.y t h a t  i s  de t r imenta l  i o  .metallurgical. bonding. The 

r e s u l t s  are i l l u s t r a t e d  p i c t o r i a l l y  i n  Fig. 13. 

to change from sclherent a t  500°C t o  a loose bI - i s te r ing  type a t  515°C. 

A l t k i o u g h  we would have prefer red  t o  preheat and reheat  ~ u r  plates  B t 

50(] k 5"C,  :.re qu.eskioried con t ro l l i ng  i)ur furnace terriper.a.Lmre thst :$)re- 

c i s e l y ,  and th('3-ref'ore selected. 450" G as the preheat arid reheat -Lernpersture 

for rolling fuel. pl-ates for the c r i t j  cn3. t e s t  ssseicbly. 

The oxide formed appears 

Billet designs for t h e  inner-  and outer-annulus p l a t e s  are shown in 

Figs. 14 arid 15, respecti-vely-.  In t h e  a s ~ ~ i ~ ~ i b l y  process, the fusrne i s  

heated t o  450°C, arid the core pieces a r e  placed i r r  t h e  cavi ty ,  t 1 i u . s  

achl.eving a -Light f i t .  The cover pl-ates a r e  attached by welding. A s  

shown, t h e  coriiers are l e f t  unwel-ded to permit a i r  i n  the b i l l e t  to 

escape when the b i l l e t  is iuassed through -the r o l l s .  

In t he  case of %he outer-annulus plat,e (which contai.ned t h e  a l l o y  

fue l  c o r e ) ,  the  Yrnmed sec t ion  tms  prerolled through t i  two-'nj.ph 

20 x 30-in. mil.]. i n  a i r  a t  / ~ X I " C  t o  50% of i t s  o r i g i n a l  thickness.  

surfaces ( including the f u e l  and f i l l e r  portims) were cI.eaned. w t t h  a 

s t a i n l e s s  steel. brush  under a n  exhaust hood p r i o r  -Lo attachment, oil the 

cover p l a t e s .  The inner-annull.us pI.ate (which conta.ined the powd.er- 

me"callu.rgy--prrpared core)  wax; not prerolled.  

were fitted t o  the framed f u e l  a n d  r i U e r  cores,  b(di.1 iririer a.nd oi.rter 

'oil-lets were preheated i.n a i r  f o r  1 hr st 450°C. They were t h e n  rol.1.ed 

through a. two-high 1.2- S 14-in. m i l l  w i t h  5-min r.eheeti.ilg a.t i-51)"c 'oetwee~i 

successive m i l l .  'passes. T o t a l  

hot reduct ion was 9276 for the inner-a.nnu1u.s p l a t e  and 82% f o r  t h e  o u t e r -  

a.rinii1u.s p l a t e .  After annealing i n  a i r  f o r  1 br a t  500°C ( p r i n c i p a l l y  to 

deterrnine whe-Lher any b1.i sters would i'orm), the plates were reduced 6$ 

in th ickness  st rooin tempemture through. the smne m i l l .  Reduction per 

pass during ttiis operat ion was l imi ted  t o  1%. 

T ~ I C  

Af'ter the c o w r  plate:; 

Reduction in th ickness  per pa:;s w a s  25$. 

Photomicrographs of transverse cross  sections of f in i shed  inrier- 

and outer-annulus composite plates are ri.ncluded i n  f i g s .  16 arid 17, 
respec t ive ly .  

sections in these p l a t e s .  

seen i n  the  inner-annulus fuel sec t ion ,  the U3O8 p a r t i c l e - s i z e  d i s t r i b u t i o n  

The microstructinre arid dimensiorLs a r e  t y p i c a l  of 'cht? fuel 

Although smaller and l a r g e r  p a r t i c l e s  can be 
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Fig. 16. Tra verse Cross Sections of Inner-Annulus F l a t  
Type Prepared f o r  i t i c a l  Ecperi n t  No. 2 .  Etchant: 1 part 

t s  alcohol.  (a)  i n  f i l l e r  s ec t ion  
i n .  th ick .  (b)  e of f i l l e r  s e c t i o  

sec t ion  near end of fue l .  

should not be mistaken f o r  inc lus ions .  These were i d e n t i f i e d  as voids 

and a r e  l i k e l y  s i  accumulation. I n  t h e  outer-annulus p l a t e ,  

nearly all of t h e  uranium-aluminum i n t e r m e t a l l i c  p a r t i c l e s  a r e  l e s s  than 

44 p. 

During t h e  b l i s t e r  anneal a t  500"C, most of t h e  p la  

de w i l l  d i scuss  t h i s  phenomenon subsequently. We believe,  however, i n  
l a t i o n  d i d  not i n t e r f  e, t h a t  t h e  6061 

aluminum cladding w a s  ded t o  t h e  frame, f u e l  core, and f i l l e r  

. The bonding between t h e  cladding and t h e  frame i s  shown a t  high 

magnification i n  Fig. 18. A l t  r c a t i o n  a t  t h e  b 

v i s ib l e ,  such a aranee i s  not uncommon i n  bonded and etched 

aluminum. The bond could not be peeled by tw i s t ing  o r  ch ise l ing ,  

idence of i t s  i n t e g r i t y .  I n  b l i s t e r - f r e e  areas of 

p l a t e s ,  t h e  bonding between t h e  type  6061 aluminum and A1-2446 U-alloy 
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or t h e  Al-26$ U308-BqC f u e l  s e c t i o n  w a s  acceptable.  

b l i s t e r s  during t h e  500°C b l i s t e r  t e s t  w a s  not unexpected, because it i s  

not a n  unusual phenomenon when a new kind of aluminum-base f u e l  p l a t e  

i s  being developed. Cer ta in ly ,  t h e s e  HFIR p l a t e s  wi th  t h e i r  two-piece 

contoured cores  fit t h i s  category. 

t o  t h e  entrapment of gases.  

p l a t e  a t  500°C t h e  gas expanded, c r e a t i n g  s u f f i c i e n t  pressure  l o c a l l y  on 

t h e  t h i n  cladding t o  c r e a t e  b l i s t e r s .  We categorized t h e  b l i s t e r s  as 

The occurrence of 

The b l i s t e r s  appeared t o  be r e l a t e a  
We pos tu l a t e  t h a t  during hea t ing  of t h e  

Fig.  17. Transverse Cross Sections of Outer-Annulus P l a t e s  of t h e  
Type Prepared f o r  C r i t i c a l  Experiment No. 2. Etchant: 1 part coned HC104, 
15 p a r t s  a lcohol .  ( a )  Thin f i l l e r  s e c t i o n  and 0.028-in. - t h i ck  maximum of 
f u e l  s ec t ion .  ( b )  Edge of f i l l e r  and f u e l  sec t ions ;  f u e l  0.020 i n .  t h i c k .  
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Fig. 18. Bonding a t  I n t e r f a c e  Between 6061 Aluminum Alloy Cladding 
e Sections a f t e r  82% Reduction i n  Thickness. 

(1) f i t  b l i s t e r s  ( those assoc ia ted  wi th  i n t e r s t i c e s  between t h e  f u e l  and 

f i l l e r  sec t ion  and frame), (2) i n t e r f a c i a l  b l i s t e r s  (those between 

t h e  cladding and t h e  f u e l  o r  f i l l e r  s ec t ions ) ,  and (3) i n t e r n a l  b l i s t e r s  

( those w i t h i n  t h e  cladding, t h e  f u e l  core, o r  t h e  f i l l e r  sec t ion ) .  

Most b l i s t e r s  i n  the  outer-annulus p l a t e s  were f i t  b l i s t e r s .  These 

a r e  i l l u s t r a t e d  i n  Fig. 19. A t  l e a s t  two e f f e c t s  were r 
ing. The f i r s t  i s  c i a t e d  with t h e  f i t  of t h e  core sec- 

t i o n s  i n  t h e  frame. The genera l  p rac t i ce  of p re ro l l i ng  t h e  framed 

uranium-aluminum a l l o y  core p r i o r  t o  cladding i s  conventional and 

designed t o  improve f i t  between core and frame, thus  el iminat ing i n t e r -  

s where gaseous spec ies  may be tr 

cases p re ro l l i ng  d id  not accomplish t h i s  obj ve. Fig. 20 i l l u s t r a t e s  

a prero l led  c ent ;  t h e  s i t e s  for p o t e n t i a l  gas  e n t r  t a r e  obvious. 

F i t  b l i s t e r s  i n  t h e  outer-annulus p l a t e s  were 

t o  t h e  ends or a t  t h e  e of t h e  f u e l  sect ion.  Seldom were they found 

a t  t h e  i n t e r f a c e  between the cladding 

i l l u s t r a t e s  t h e  unbonded i n t e r f a c e s  between t h e  e 

frame i n  t h e  r o l l e d  p l a t e .  

corners of t h e  welded b i l l e t  p r i o r  t o  r o l l i n g  and prevented bondi 

between t h e  core ed and t h e  frame a t  t h  loca t ions .  The en t r a  

t h e  f u e l  sec t ion .  Figure 2 1  

This w a s  caused by a cushion of a i r  i n  t h e  
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1 
B l i  

Y-37 

Fig. 20. Poor F i t  Bethccn Alloy Fuel Core and Type 6061 Aluminum 
Frame After P re ro l l i ng  a t  450°C t o  a Total Reduction i n  Thickness of 50%. 
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a i r  not only prevented bonding bu t  a l s o  e 

annealing, c r ea t ing  loca l i zed  s t r e s s e s  s u f f i c i e n t l y  high t o  cause l o c a l  

b l i s t e r i n g .  e s  c i t e d  represent  t h e  worst events,  it i s  

doubt fu l  i f  those  p l a t e s  without v i s i b l e  f i t  b l i s t e r s  were t r u l y  metal-  
l u rg  i c a l l y  bonded s of t h e  ion.  I n  f a c t ,  

random inspec t ion  of s eve ra l  of 

by u l t r a s o n i c  t h r  

a t  t h e  ends and a t  t h e  edges. 

Although t h e  c 

ind ica ted  l ack  of bonding 

I n  t h e  inner-annulus p l a t e s ,  massive b l i s t e r i n g  occurred on t h e  

sur face  of t h e  r o l l e d  p l a t e s ,  p a r t i c u l a r l y  a f t e r  annealing f o r  1 hr at 
500°C 
Fig. 22. Examination of t h e  b l i s t e r e d  regions ind ica ted  t h a t  rup tur ing  

w a s  most prevalent  a t  t h e  i 

and e i t h e r  t h e  powder me ta l lu rg ica l ly  

core,  t h e  effect i s  portrayed i n  Fig. 23. The numer 

wrought cladding a r e  rather s t a r t l i n g .  

they a r e  assoc ia ted  with t h e  region i n  t h e  cladding adjacent  t o  t h e  f u e l  

The population of t hese  b l i  rs is dramatical ly  shown i n  

cracks i n  +he 

It i s  also worth noting t h a t  

or  f i l l e r  piece.  

a t  
Fig.  22. B l i s t e r s  on Surfaces of Inner-Annulus Fuel  P l a t e  Rolled 

C and Annealed 1 hr a t  500°C. 
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Fig. 23. Ruptures i n  Cladding of Inner-Annulus Plates. Etchant:  
0.5% HF. (a) 75x. (b) 500x. 

c 
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FLATTENING PLATES 

W e  f e l t  t h a t  f o r  c a r e f u l  pos i t ion ing  i n  t h e  forming d i e  t h e  r o l l e d  

p l a t e s  should be reasonably f l a t .  W e  used a S tana t  r o l l e r  l e v e l e r  t o  

f l a t t e n  t h e  p l a t e s .  

passed through t h e  r o l l e r  l e v e l e r  s eve ra l  t i m e s  w i th  t h e  rolls as t i g h t  

as possible .  This  anneal ing-rol ler- level ing opera t ion  w a s  repeated i f  

necessary.  N o  q u a n t i t a t i v e  measurement of t h e  degree of f l a t n e s s  w a s  

taken; t h e  only requirement w a s  t h a t  most of t h e  sur face  l a y  f l a t  on a 

sur face  p l a t e .  

The p l a t e s  were annealed f o r  1 h r  a t  500°C and then 

MARKING AND SHEARING PLATES 

Previous i l l u s t r a t i o n s  show t h a t  two f e a t u r e s  of t h e  HFIR f u e l  p l a t e s  

he lp  i d e n t i f y  an inne r  p l a t e  from an  outer  p l a t e  and t h a t  a l s o  aid i n  

co r rec t  o r i e n t a t i o n  i n  t h e  f u e l  element. First, onl3; one su-rface of t h e  

f u e l  s ec t ion  i s  contoured and unde r l i e s  t h e  f i l l e r  piece,  which i s  

sandwiched between t h e  type  6061 aluminum cladding and t h e  f u e l  sec t ion .  

The opposi te  sur face  of t h e  f u e l  s ec t ion  unde r l i e s  t h e  cladding. 

ondly, t h e  l o c a t i o n  of t h e  t h i c k e s t  por t ion  of t h e  f u e l  s ec t ion  d i f f e r s  

s i g n i f i c a n t l y  i n  t h e  inner -  and outer-annulus p l a t e s .  

Tes t ing  Group developed an eddy-current method t o  l o c a t e  t h e  t h i c k e s t  

por t ion  of t h e  core  and t h e  side of t h e  p l a t e  covering t h e  contoured su r -  

f a c e  of t h e  f u e l  core .15  

Since subsequent forming requi red  knowledge of t h e  core  o r i e n t a t i o n  and 

t h e  loca t ion  of t h e  core  hump, w e  e s t ab l i shed  a marking system. A l e t t e r  

"C" w a s  imprinted i n  i n d e l i b l e  crayon on t h e  cladding sur face  c l o s e s t  t o  

t h e  curved s i d e  of t h e  fue l  core  a t  t h e  p o s i t i o n  of t h e  maximum f u e l  

th ickness .  

1/2 i n .  ou t s ide  t h e  edge of the  fue l  on an extension of t h e  l i n e  of max- 

i m u m  core  thickness .  

t h e  scr ibed  "A" i d e n t i f i c a t i o n  w a s  never removed. 

Sec- 

Our Nondestructive 

Thus w e  were a b l e  t o  properly o r i e n t  t h e  p l a t e s .  

A l e t t e r  "A" w a s  then scr ibed  a t  one end of t h e  f u e l  p l a t e  

Although t h e  crayon mark w a s  subsequently dissolved,  

The edge of t h e  p l a t e  

15R. W. McClung, Development of Nondestructive Test ing Techniques 
f o r  t h e  High Flux Iso tope  Reactor Fuel  Element, ORNL-3780 (April 1965). 
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t h a t  w a s  t o  be a t tached  t o  t h e  inner  side p l a t e  of t h e  f u e l  element w a s  

t h e  f a r t h e s t  edge from t h e  iden t i fy ing  mark. 

p l a t e  s imi l a r ly .  

We marked t h e  outer-annulus 

The length  and width of t h e  f u e l  s ec t ion  were loca ted  f luoroscopi-  

c a l l y  wi th  a template.  The template  f o r  t h e  inner-annulus p l a t e  i s  

i l l u s t r a t e d  i n  Fig.  24. Except f o r  dimensions, t h e  template  f o r  t h e  

U N C L A S S I F I E D  
ORNL-LR-OWG 70375 

NOTE: THICKNESS = 

DIMENSIONS ARE IN INCHES 

19 500 

4 20500 1 1 
- 24 125 

Fig. 24. Template used f o r  Locating Pos i t i on  of Inner-Annulus Fuel 
Sect ion During Fluoroscopic Inspec t ion  f o r  Dimensions. 

outer-annulus p l a t e  w a s  i d e n t i c a l .  

t h e  p l a t e  i s  o f f s e t  from t h e  long i tud ina l  cen te r  l i n e ,  it i s  important 

t o  l o c a t e  t h e  inner  edge of t h e  f u e l  s ec t ion  and a t  t h e  same t i m e  de t e r -  

mine t h a t  t h e  width and length  of t h e  f u e l  s ec t ion  meet t h e  dimensional 

spec i f i ca t ions .  

sect ion,  t h e  plate  i s  r e a d i l y  or ien ted  properly w i t h  r e spec t  t o  t h e  t e m -  

p l a t e .  

Since t h e  width of t h e  f u e l  s ec t ion  of 

Having a l ready  determined t h e  o r i en ta t ion  of t h e  f u e l  

The nominal w i d t h  of t h e  unfueled aluminum edge c l o s e s t  t o  t h e  
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i nne r  s i d e  p l a t e  of t h e  element i s  0.140 i n . ,  and t h e  template allows 

0.190 i n .  f o r  t h e  sheared p l a t e  wi th  0.050 in .  excess f o r  subsequent 

machining. The dimensional s p e c i f i c a t i o n s  a c t u a l l y  permit, t h i s  width of 

alumimun t o  be as much as 0.202 i n . ,  bu t  a t  t h e  same time, t h e  des i r ed  

width of -the f u e l  sec t ion  w a s  3.068 -t 0.062 i n .  The template w a s  designed 
to i n spec t  f o r  these to le rances .  Likewise, t h e  length  of t h e  f u e l  s ec t ion  

w a s  t o  be held t o  20 2 l,/2 i n .  

t h i s  inspect ion.  

Tne wires on t h e  template fo-m a. gage f o r  

Mter loca t ion  of -the f u e l  secti-on, s c r ibe  marks were made f o r  

shear ing t h e  p l a t e  t o  a width and l eng th  of 3.900 and 24.1.25 i n . ,  respec- 
t i v e l y .  The sheared p l a t e s  were s tacked i n  batches of 36 and the excess 

s tock w a s  uniformly machined from all sides, t h a t  i s ,  0.50 i n ,  from. eac21 

s ide  and 0.0625 i n .  from each end. 

&ch p l a t e  was deburred by hand f i l i n g  a n d  degreased i n  t r i c h l o r o -  

e thylene vapor. 

width of t h e  alu.minum edging w a s  w i th in  specifrica.tjorls. 
l engths  of t h e  f u e l  sec-Lions i n  80 j-nner-annulus and 244 outer-annulus 

p l a t e s  were measured Profit t h e s e  radiographs. The widths of each type 00 

pl.a.te were charac te r ized  by a "bar re l ing  e f f e c t , "  i n  which t h e  width a t  

t h e  t r ansve r se  cen te r  l i n e  w?s a t  a maxinium and t h e  width a t  t h e  ends of 
t h e  f u e l  s ec t ion  a t  a mi.ni-mum. D a t s  were collected.  at t h e  t r ansve r se  

cen te r  l i n e  and a t  9 7.n. on each si.de of i t .  The d i s t r i b u t i o n  of t h e  

rneasurements f o r  t h e  inner-annulus plate i s  shown in Fig. 25. The width 
a t  t h e  t r ansve r se  cen te r  l i n e  var ied  from 3.016 t o  3.096 i n . ,  w i t h  t h e  

g r e a t e s t  population between 3.064 and 3.080 i n .  

of t h e  cen te r  l i n e  t h e  width had decreased t o  a range of 2.780 t o  

2.952 i n . ,  wi th  t h e  g r e a t e s t  populatrion between 2.826 and 2.872 i n .  Gen.- 

e r a l l y  t h e  width 9 in. From t h e  cen te r  lim was about 1/4 i n .  l e s s  than  

a t  t h e  cen te r  l i n e .  Although i n  a l l  cases  t h e  w i d - t h  a t  t h e  cen te r  l i n e  

m e t  t h e  des i r ed  spec i f i ca t ion ,  it w a s  oiit of t o l e rance  near t h e  ends. 

The p l a t e s  w e r e  then  radiographed t o  v e r i f y  tha't tile 

The widths and 

A t  3 i n .  from each s i d e  

The des i r ed  width of t h e  core  section i n  t h e  ou-ter-annulas pl-ates 

was 2.778 -I- 0.062 in .  As  s'ntmn i n  Fig. 26, t h e  w i r l t h  a.t t h e  cen te r  l i n e  

ranged between 2.734 and 2.794 i n . ,  with most values  grouped between 

2.750 arid. 2.778 i n .  A t  9 i n .  on each s i d e  of the center  l i n e  t h e  widths 
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Fig. 25. D i s t r ibu t ion  of b e l - S e c t i o n  Widths i n  Inner-Annulins Tla tes  
Rolled f o r  t h e  Cr i t i ca l  T e s t  Assembly. 

were less and ranged between 2.140 and 2.656 i n .  Generally t h e  fuel 

sec t ion  width t h e r e  w a s  about l / L ,  i n .  l e s s  than  a t  t h e  cen te r  l i n e ,  t h e  

same as f o r  -the inner  annulus. Again, although t h e  width met t h e  des i r ed  

spec i f i ca t ion  a t  t h e  cen te r  Sine, it w a s  out of t o l e rance  near t h e  ends 

of t h e  f u e l  sect ion.  

The des i r ed  length  of f u e l  sectri.on i n  p l a t e s  f o r  both annuli  was 

20 i 1/2 i n .  

of p l a t e s  a r e  shown i n  Fig.  27. A normal d i s t r i b u t i o n  appears t o  e x i s t  

f o r  t h e  outer-annulus p l a t e ,  w i t h  t h e  g r e a t e s t  population ranging be.twet'n 

19 7/8 and 20 1/8 i n .  On t h e  other  hand, t h e  inner-annulus da ta  showed 

a skewed d i s t r i b u t i o n .  Most of the Lengths are greater  Lhan 20 i n .  and 

range between 20 and 20 1/4 i n .  I n  any event, t h e  fue l - sec t ion  lengths  

j.n a l l  cases  measured f o r  both  inner  and outer  p l a t e s  m e t  t h e  des i red  

spec i f  i cat; i on. 

The d i s t r i b u t i o n s  of t h e  fue l - sec t ion  lengths  i n  both types 
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Fig. 27. D i s t r ibu t ion  of Fuel-Section Length i n  P l a t e s  Rolled f o r  
t h e  C r i t i c a l  Tes t  Element. 

FOWLING PLATES I N T O  INVOLUTES 

The spec i f i ed  involu te  shapes f o r  both inner  and outer  p l a t e s  a r e  

shown i n  de t a i l .  i n  Figs.  2% and 29. 

p l a t e  i s  a unique f e a t u r e  of .the type of p l a t e  f o r  this assembly design. 

Previous work had shown t h a t  low pressure rnarforming produced acceptable  

r e s u l t s  on unfueled type 6061-0 p l a t e .  l6 

had been obtained on f u e l  pla.tes, it w a s  genera l ly  agreed t h a t  t h e  pro- 

ces s  would. r e s u l t  i n  f u e l  p l a t e s  formed we l l  enough t o  s a t i s f y  t h e  

requirements f o r  8 c r i t i c a l  t e s t  assembly. 

The " l ip"  a t  t h e  outer  edge of t h e  

Although only meager r e s u l t s  

16J. H. Erwin, W. J. Kucera, D. T. Bourgette, and R. J. Beaver, 
"Development of a n  Aluminum-Base Fuel  Element f o r  t h e  High Flax  I so tope  
Reactor," Metallurgy Biv. Ann. Progr. Rept. J u l y  1, 1960, ORPJL-2988, 
pp. 289-97. 
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I n  thi: :  process t h e  -f.LaL fuel. p k L e  i s  placed on a rubber bed and 

W.e p l a t e  formed t o  a11 j-nv-ol.ixte shape by means of a s t e e l  d i e  machined 

t o  t h e  required coritour. The equipment i s  i.ll?.istra-ted i n  Fig. 20. A 

1. 3/4-in. - t t i ick bed oc ru~~ tx r  a.s '3. p)errn.inent r&be:r )lase i s  topped rniith. 

a repl.aceable 3/d-in.-thi .ck slab of rubber, a l l  held i n  a steel die. 

Mounted on t c ~ p  of %he rub be^ i.s a plate-holding fixture i n  wliich each 

p h t e  can be accura te ly  posi t ioned for rnaxirriixn r ep roduc ib i l i t y .  I n  tlie 

operatj.cn, the ma1.e d i e ,  u-L-Lsched t o  the  u-pper p la ten  of' th.e p:ress, 

descends oi-t'co t h e  plate, exer t ing  1: presslire of IGCICI psj.. As -the pres- 

sure i s  appl-ied, t h e  fuel p l a t e  and. repl:3-ceabl.e ruhbt~r pad wm.p them- 

se lves  a . round the rnsle d i e .  Maple Heights Hi-Temp Form Pad Rubber w i t h  

:3. th ickness  uni formi ty  of 51/32 in. was found t o  b e  acceptab1.t: as -the 

pad rubber, a.lthough it w a s  replaced af te r .  f'ormi-ng spprcximately 

20 plates because of mechanical. damage. 

We evaluated the  iinifor-rnity and repr.oducibil.itY of t h e  mari'onning 

mettiod in shaping t h e  p l a t e  j.nto t h e  invo lu te  b y  inspectlllg plates 

selected. a-t; randri-m. As shown ir! Fig. 31., -the p k t e s  were Inspected. a t  

four r a d i a l  l oca t ions  and a t  seven equally spaced i n t e r v a l s  a long t h e  

I_en.gth of t h e  p l a t e ;  thu:;  28 measurements were recorded f o r  each plate. 

The measuring equipment i s  il-l-ustra'ced i n  Fig. 32. Measuremen-1;s were 

m.ade by t r a v e r s i n g  t h e  p l z k  wi th  t,he t r a i n  of dial. gages. Al.-t;boiugh 

t h i s  equi.pnent permits 3 c o n t i m o m  I.ongi.tudinal t r a c e  of t h e  curved 

:;ur%aces, on1.y measurements a t  t h e  loca t ions  noted above were recorded. 

The results accumulated From 36 inn(x-arinulus pl.ai;es and 107- oi11;er.- 

anm1u.s pl.at;es are surmal-ized i n  Table 6 .  

Uniformity of' t h e  rndi-us ca.n be observed by inspec t ing  {;he res.nlts 

taken a t  each one of -the s p e c i f i c  r a d i i  repor ted .  You. w i l . 1 .  note l;h:3.t 

t h e  only r ad ius  close t o  t h e  theoretics-l i s  radiu-s p 2  i n  t h e  inlier-  

anmlus pl-ate and r ad ius  p 1  i n  t h e  ouber-annulus p l a t e .  Even a t  t h i s  

early stage of development, t h e  swnmari zed r e s u l t s  f o r  t h e  inner  -annulus 

plates show ins tances  of control of r a d i i  i n  indivi.du.a.1 plates with in  a 

range of 2 . 4  mi1.s (j33 l o c a t i o n ) .  

annulus p l a t e s  a r c  not qiuite as impressive but are s t i l l  creditab1.e. 

Subsequent development of the method has led. t o  improved curvature 

T'he uniformity dats on t h e  oirter- 
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e * 

-- 

Fig. 30. Plate-Forming Dies i n  Press. Note contoured male d i e  on 
upper p l a t en  and female d i e  f i l l e d  wi th  rubber on bottom pla ten .  
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Fig. 32. J i g  for Measuring Shape of HFIR Fuel P l a t e s .  

Table 6. Summarized Data on Curvature Reproducibi l i ty  

Rverage Deviationa (mils) Range of V a l  (mils) Axial 
Lo c a t  i on 

P1 P2 P 3  P 4  P 1  P 2  P 3  134 

+8.5 
+6.2 
+5.6 
4-5.9 
6.7 
+7.6 
+lo. 2 

1 -5.4 
2 -2.6 
3 4.4 
4 -0.8 
5 -1.7 
6 -5.4 
7 -5.4 

-3.6 
-1.3 
-1.8 
-2.1 
-1.7 
4.6 
-1.8 

4-2.6 
+11.8 
+16.2 
+17.3 
+15.7 
4-11.1 

+2.4 

Inner Annulus 

+7.5 +13.7 20 
+8.8 4-12.2 14 
+8.7 +13.5 18 
4-9.2 e12.5 19 
+9.3 +l3.3 25 
S . 8  +l3.3 24 
+9.6 +16.0 23 

I3 
12 
15 
16 
18 
19 
24 

24 
22 
25 
28 
31 
34 
36 

15 
12 
12 
14 
17 
20 
20 

Outer Annulus 

+0.4 4-0.1 46 18 15 17 
+6.2 +6.9 39 23 18 18 
+8.2 +7.5 39 19 17 18 
+8.5 +5*8 44 19 15 21 
+7.7 +6.9 40 19 14 20 
+4.9 +7.2 34 15 16 25 
-1.0 +1.8 29 24 20 16 

a Negative o r  pos i t i ve  aver  devia t ion  f r  r a d i i  of curvature 
given i n  Fig. 31. 

ghest of a l l  i nd iv idua l  measur 
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r ep roduc ib i l i t y  f o r  a newer design of HFIR f u e l  plates17 and p l a t e s  of 

s i m i l a r  composition f o r  a d i f f e r e n t  reac tor .18  

The dup l i ca t ion  between p l a t e s  can be  est imated by inspec t ing  t h e  

t a b l e  f o r  ranges of values.  The ranges f o r  t h e  inner-annulus p l a t e s  

var ied  from 1 2  t o  36 m i l s ,  whereas t h e  outer-annulus p l a t e s  showed a 

somewhat g r e a t e r  range of 15 t o  46 m i l s .  

An important cons idera t ion  i n  making t h i s  type  of element i s  t h e  

formation of t h e  co r rec t  angle  of t h e  l i p  a t  t h e  outer  edge of t h e  p l a t e .  

However, during t h i s  program, t ime d i d  not permit improvement of d i e s  t o  

exac t ly  accomplish t h i s  ob jec t ive .  Instead,  t h e  f irst  d ie  a v a i l a b l e  w a s  

used t o  produce t h e  angle  as c lose ly  as poss ib le .  Then a box-brake w a s  

used t o  co r rec t  t o  t h e  angle  t h a t  gave t h e  b e s t  f i t  during assembly. 

The brake equipment w a s  designed so  t h a t  a f t e r  t h e  l i p  w a s  produced t h e  

angle  could be measured w i t h  a depth micrometer. This  se tup  w a s  designed 

t o  simulate t h e  r e l a t i v e  pos i t i ons  of t h e  i n s i d e  edge of t h e  p l a t e  and 

t h e  l i p  edge of t h e  p l a t e  w i th  r e spec t  t o  t h e i r  pos i t ion ing  i n  t h e  

a c t u a l  assembly. 

ASSEMBLY OF FLTEL PLATES AND MECHANICAL JOINING 

The genera l  scheme of assembly and mechanical attachment of fue l  

p l a t e s  i n  t h i s  design i s  t o  (1) mount t h e  tubu la r  s ide  p l a t e  on an  

engine l a t h e ,  

p l a t e  i n  t h e  groove. Because of l i m i t e d  space i n  t h e  l as t  s t ages  of 

assembly, one cannot peen t h e  las t  f e w  p l a t e s  i n t o  t h e  assembly. The 

preplacement of Teflon p l a s t i c  s t r i p s  between p l a t e s  helped t o  c o n t r o l  

t h e  spacings between p l a t e s .  After a l l  p l a t e s  were assembled, t h e  

element w a s  banded. 

( 2 )  i n s e r t  t h e  f u e l  p l a t e  i n  t h e  groove, and (3) peen t h e  

I n  making t h e  elements f o r  t h e  Cr i t i ca l  Tes t  F a c i l i t y ,  two changes 

were requi red  t o  make t h e  assembly more amenable t o  c r i t i c a l  experiments. 

The c r i t i c a l  t e s t  design requi red  t h a t  0 .010-in.- thick a i r  gaps be 

l'-J. H. Erwin, M. M. Martin, W. J. Werner, J. P. Hammond, and 
C. F. Le i t ten ,  Jr., "Fuel P l a t e  Fabr ica t ion ,"  Metals and Ceramics Div. 
Ann. F'rogr. Rept. June 13, 1965, OKVL-3870, pp. 215-18. 

l8J. H. Erwin, S. Peterson, and C. F. k i t t e n ,  Jr. ,  Development of 
a Forming Method f o r  Curved ATR Fuel  P la tes ,  ORXL-3983 (August 1966). 
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incorporated. i.n t h e  i n s i d e  s i d e  p l a t e  of the i nne r  nn~:iulus and the out- 

s i d e  side p l a t e  of the outei- annulus. The Fn:;-ide s i d e  p h t e  ol" the Liwler 

annu-lus, pri.or t o  g ~ o o v i n g ,  T.J;~S red-uced i n  diameter and x io the r  a.l-Lminum 

~ , u b e ,  0.020 in. 'chick wi th  O.Ol.(.l-j.:i. separators, was s h r i n k - f i t t e d  t o  the 

s i d e  p l a t e .  C3.osu.res were welded at the ends of the t i~bes  t o  prevent 

leakage of w a t e r  i n t o  t h e  ai.r annu1.u~. For f;ke oixterr annulus, tlie air 

gaps were prrovid.ed. by maclririing eleven 0.010-i.n, -deep by 1 3/L.-in, -wide 

cu'c:; i n  t h e  cu ta ide  wel-ded. sixrface p r i o r  to press f i t t j n g  the o u t s i d e  tube .  

L 

The other. s igni i ' icant  chsnge incorporated i n  the c r i t i c a l  t e s t  

assembly wzs .the allowa.nce For vaca.iicj.es in t h e  f u e l  p l a t e  srray t o  perii1j.t 

inst:rtion and removal. of six t e s t  pla.i;es i n  each element. T h i s  

n e c e s s i t a t e r l  a change a t  t h e  outer periphery of t h e  elemen-ts st each of 

t h e  six removable-plate pos i t ions .  To c l o s e  t h e  gap act 'the periphery,  a. 

sp:leing s t r i p ,  0.050 x 0.375 x 2 1  i n . ,  was spot-welded t o  t h e  p la te  adja- 

c e n t  t o  t h e  vacancy. The spacer was ul.tiinate1.y welded -crhen t h e  Fuel 

p l a t e s  were welded toge ther  at .the ou te r  periphery.  

Figure 33 shows t h e  a.sseinbly equipwilt with the i.nner a.nniilus par-  

tiallji assemhle&. T'he assembly f ix ture  consists of a support msndre3. 

wi th  the  invo lu te  backup bar and. the peener mounted on a 2A-in. en.gri.ne 

l a t h e .  

vated by a ball. a n d  r a c e  meckinnism. The r ap id  s t rokes  appl ied  by t h e  

t o o l  p l a s t i c a l l y  deform tlie edge of t h e  a.1iminuxi groove onto t h e  fue l  

pl.a~te. The result  i s  a. s t rong  meciia-nn'.cal. at tachm-ent 0-P ' the f u e l  p l a t e  t o  

t h e  inne r  t u b e .  The peening t o o l  opera tes  on a back. pressure of a i r  or" 

3 5  ps i  and t r a v e r s e s  t h e  lengtkh of t h e  element a t  a ra te  of 5 in./min. 

The peener i s  a fast-acting air-driven 1/16-in - d i m  wire cacti- 

To start  t h e  assembly, we placed t h e  tubular s i d e  p l a t e  on the 

mandrel. and 1.ocked t h i s  grcoved tube  wi th  r e l a t i o n  t o  the posS.ti.on of' 

t h e  index p l a t e  with t h e  invol.ute backup bar .  After indexing t h e  tobe  

-to position t h e  proper separator r i b  in correct r e l a t i o n s h i p  t o  'che 

peening tool, w e  cleaned t h e  groove w i t h  a s i n s 1 1  b r i s t l e  T-,rush. Before 
i n n  o c r t i n g  1 t h e  p l a t e ,  w e  also wiped i t s  inne r  edge wi th  f a c i a l  t i s s u e  t o  

ensure freedom frm dus-t or other  foreign m a t t e r .  Visually w e  a.scer.- 

t a ined  that the p l a t e  was ful.ly in se r t ed .  I n  addi t ion ,  as i l l u s t r a t e d  
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4 

Fig. 33. Setup for Assembling and Peening Plates  I n t o  Fuel Arrays. 

. These st r i  
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I t  

A 

)Y-39706 

Fig. 34. Inspec t ion  of t h e  Contour of Fue l  P l a t e s  During t h e  
Buildup of Fuel  Arrays. 

Accumulation of s m a l l  dev ia t ions  caused t h e  f in i shed  cy l inder  t o  be 

overs ize  i n  diameter by 0.140 i n .  To c o r r e c t  t h i s  condi t ion w e  removed 

t h e  Teflon shims and reduced t h e  diameter 0.140 i n .  by a t o r s i o n a l  defor-  

mation. The e f f e c t  of t h i s  opera t ion  on d i s t o r t i o n  of t h e  p l a t e  spacings 

w a s  not  inves t iga ted .  Subsequent spacing measurements on t h e  f in i shed  

part when compared wi th  measurernen-cs of t h e  inner-annulus element (made 

l a t e r  w i t h  t h e  b e n e f i t  of experience)  i n d i c a t e  t h a t  d i s t o r t i o n  probably 

occurred during t h i s  repair, as might be expected. However, t h e  spacing 

dimensions w e r e  acceptab le  f o r  t h i s  c r i t i c a l  t e s t  component. The 

completed outer  annulus i s  shown i n  Fig.  36. 
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I Y-39726 

Fig. 35. Inner Annulus Assembled, Shown During Measurement of Diameter. 

I 

- 

E 

I 

Fig. 36. Assembled Outer Annulus with  Temporary Cadmium Insert. 
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A continuous cy l inder  of polyetheylene, 9 in .  OD X 5 1/3 i n .  I D ,  
covered wi th  an 0.030-in. - th ick  sheet  of cadmium res ides  wi th in  t h i s  

f u e l  element. This combination w a s  used t o  prevent a c r i t i c a l i t y  

acc ident  during assembly. 

WELDING OF ASSEMBLED ELEMENT 

As c i t e d  previously,  t h e  Mark IIB f u e l  element design was d i s t i n c -  

t i v e  from o the r s  under considerat ion because (1) t h e  p l a t e s  a r e  assem- 

bled i n t o  only one tubu la r  s ide  p l a t e ,  ( 2 )  t h e  inner  edges of a l l  except 

t h e  last  few p l a t e s  a r e  jo ined  t o  t h i s  s ide  p l a t e  by peening, (3) t h e  

las t  few p l a t e s  a r e  welded t o  t h e  s i d e  p l a t e  by shor t  c i rcumferent ia l  

welds spaced a t  1- in .  i n t e r v a l s  on t h e  i n s i d e  of t h i s  inner  s ide  p l a t e ,  

( 4 )  t h e  outer  edges of t h e  p l a t e s  a r e  bent  t o  cause an overlap of one 

outer  edge on another and then a r e  welded toge ther  a t  1- in .  i n t e r v a l s  

along t h e  length,  and (5 )  an outer  sheath i s  s h r i n k - f i t t e d  over t h e  

welded as semblage . 
The welded cons t ruc t ion  of t h i s  c r i t i c a l  t e s t  assembly w a s  essen- 

t i a l l y  a prototype of t h e  Mark I I B  design, p a r t i c u l a r l y  t h e  welding of 

t h e  inner-annulus element. Except for e l imina t ion  of t h e  sho r t  circwn- 

f e r e n t i a l  welds on t h e  inne r  s ide  p l a t e  ( f o r  a t t ach ing  t h e  las t  few 

assembled p l a t e s ) ,  t h e  process w a s  q u i t e  representa t ive .  Although t h e  

outer-annulus element w a s  welded s imi l a r ly ,  a f t e r  a l l  t h e  3/4-in.  -wide 

c i rcumferent ia l  welds along t h e  outer  periphery were made a t  t h e  spec i -  

f i e d  1- in .  i n t e r v a l s ,  t h e  remaining sur faces  were subsequently puddled 

with weld metal .  This w a s  done so that t h e  uniform a i r  gaps, spec i f i ed  

only f o r  t h i s  c r i t i c a l  t e s t  assembly, could be machined i n t o  t h i s  surface.  

We se l ec t ed  tungsten ine r t -gas  techniques,  using type 4043-aluminum 

f i l l e r  wire,  3/16 i n .  i n  diameter,  as t h e  feed wire  and found t h a t  a 

welding cu r ren t  of approximately 80 amp gave us  acceptable  r e s u l t s .  
Preparatory t o  welding, we degreased t h e  f u e l  elements and wire  brushed 

t h e  outs ide  surface.  We a l s o  provided a means f o r  passing cool  a i r  

through t h e  p l a t e s  during welding. Figure 37 i l l u s t r a t e s  t h e  banded 

assembly with a plug containing cadmium t o  prevent a c r i t i c a l i t y  inc ident .  

The system f o r  purging cool  a i r  through t h e  element i s  a l s o  shown. 
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Fig. 37. Banded Outer Annulus Welding. 

Figure 38 i l l u s t r a t e s  t j o i n t  design. This design i s  b a s i c a l l y  

l a y  f l u s h  aga ins t  of t h e  f i l l e t  type s ince  t h e  bent l i p s  of t h e  p l a t  

her  around t h e  circumference of t h e  generated cy l inder .  

W e  f e l t  t h a t  p r i o r  t o  welding, Teflon s e r s  should be placed 

between t h e  fuel  p l a t e s ,  not only t o  co r rec t  channels, which w e r e  obvi- 

ously out  of s i f i c a t i o n  a f t e r  assembly, bu t  a l s o  t o  maintain uniform- 

i t y  throughout t h e  welding o 

assembled inner-annulus element had Teflon s t r i p s  loca ted  only near t h e  
bent l i p s  as wh received f o r  welding. Fie; s many spacings 

t h a t  a r e  c l e a r l y  d i s t o r t e d .  

. As i l l u s t r a t e d  i n  Fig. 39, t h e  

We added Teflon spacers a t  each end t o  a 
t h  of 8 i n . ,  loca ted  as i l l u s t r a t e d  i n  f i g .  39b. The improvement can 

eye and i s  confirmed by t h e  p l a t e  c ing measure- 
ments summarized i n  Table 7. O f  3 i nd iv idua l  m e  

f i l l e d  t h e  des i red  spec i f i ca t ions  of 0.050 k 0.010 
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_1 
P ’  

Fig. 38. Typical  Weldrnents Jo in ing  the Fuel  P la t e s .  (9)  J o i n t s  
before  welding. (b)  Transverse sec t ion  through welds. ( e )  As-welded 
sur face ,  showing c i r cwnfe ren t i a l  welds. 
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U 
Fig. 39. Assembled Inner Annulus. ( a )  As assembled. ( b )  After 

i n s e r t i o n  of add i t iona l  spacers t o  improve p l a t e  spacings. 

Table 7. Summary of S e n t s  
f o r  HFIR C r i t i c a l  Test  No.  2 

Outer Annulus Inner  Annulus 

Number of p l a t e s  369 
Itumber of channels inspected 85 

of widths i 4 

e r  of ind iv idua l  measurements 10 
84 

Channel cross se t i o n s  within 85 
i f ica t ions , '  

17 1 
159 
7 

3339 
98 

99.3 

Speci f ica t ions  f o r  ind iv idua l  urements: 0.050 .t 0.010 i n .  a 

bSpecif icat ions f channel widths: 0. 

.3% of t h e  channel c ross -sec t ion  averages m e t  t h e  i f i -  

ca t ion  of 0.050 k 0.005 i n .  The inner  tube shown i n  Fig. i s  an 

adapter which we sh r ink - f i t t ed  t o  t h i s  inner-annulus elem 

spec i f i c  with t h e  c r i t i c a l  t 
f u e l  element design.  

This i s  

t assembly and i s  not pa r t  of the reac to r  

Pr ior  t o  welding, t h e  element . A t  t h a t  t i m e  t h e  diameter 

urea wi th  a pi- tape was 10.425 i n .  We attempted t o  minimize d i s t o r t i o n  
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of t h e  invo lu te  f u e l  p l a  by first l imi t ing  t h e  24 c i rcumferent ia l  

s t o  l / ~  i n ,  W e  s quent ly  made a d d i t i o n a l  1/2-in. -wide 

r i n g s  i n  t h e  r e g i  re supported by t h e  g-in.-long 

Teflon s t r i p s .  The diameter ged only 0.003 i n .  When we these  
1/2-in.-wide welds i n  t h e  region t h a t  d id  not ha 

Teflon shims, t h e  diameter shrank 0.010 i n .  

l/B-in.-wide welds and Fig. 41 t h e  

t h e  support of t h e  

Figure 40 i l l u s t r a t e s  t h e  

l e t e l y  welded pa r t .  

Figure 42 shows t h e  f u e l  element i n  i 

d sur face  of t h e  element w a s  m 

s. The rough 

tube was s h r i n k - f i t t e d  onto t h e  element. W e  made d e t a i l e d  measurements 

of t 
t o  machining t h e  welds. 

n p l a t e s  a f t e r  r ing  t h e  Teflon spacers and p r i o r  

The outer-annulus e l  en t  w a s  welded i n  a manner s i m i l a r  t o  

r annulus ex t t h a t  3/4-in. -long welds were made i n i t i a l l y ,  

Ci on J-Y 
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Photo 53480 
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Fig. 41. Overall  View of Completely Welded Inner Annulus. 

OAK RI . **I 
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Fig. 42. F i n i  Inner  Annulus. (a) After machining of ou ter  
surface p r i o r  t o  f i t t i n g  . ( b )  Af te r  s h r i n k - f i t t i n g  t h e  
outer  tube  onto t h e  element. 
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t h e  sur face  l e t e l y  puddled wi th  weld metal  l l u s t r a t e d  i n  

. The element, with i t s  surf with t h e  high 

spots  removed ning, i s  i l l u s t r a t e d  i n  Fig. 44. The end fitti 

shown adapt t 
a t tached  by t 

lement i n  t h e  c r i t i c a l  t e s t  f a c i l i t y  and w e r e  

The p l a t e  array,  t h e  s l o t s  f o r  t he  removable p l a t  7 and t h e  bottom 

1 ~ s  element a r e  i l l u s t r a t e d  i n  mounting p l a t e  of t h e  completed outer -  

Fig. 45. 

t s  of this outer  e l  t a r e  summari 
i n  Table 7. The values  a r e  much less impressive than  those  f o r  t h e  inner  

element. This r e s u l t  s not unexpected beca of t h e  problem i n i t i a l l y  

countered i n  l i n g  t h i s  p a r t i c u l a r  outer-annulus e 

on our second e 

t e s t  as  s embly , 
con t ro l  of t o l e rances  w e  obtained w i t h  t h e  inner-annulus c 

nce i n  making t h e  inner  element f o r  t h i s  c r i t i c a l  

1 t h a t  ou ter  elements can be produced with t h e  same 

Fig. 43. Outer Annulus Showing Completely Fuddled Surface. 
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I I 
Fig. ,&.  Outer Annulus Pr ior  t o  F i t t i n g  on Outer Tube. ( a )  Overall 

v i e w  showing end f i t t i n g .  ( b )  Closeup showing grooves i n  surface.  
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Fig. 45. Completed Outer Annulus 

AND BURNABLE P O I S O N  LOADINGS 

The q u a n t i t i e s  of f u e l  and burnable poi i n  t h i s  c r i t i c a l  t e s t  

assembly a r e  g i  i n  Table 8. These values a r e  s l i g h t l y  

spec i f ied .  The major i ty  of t h e  

r i a l  l o s t  i n  trimming t h e  bu r r  

f o r  t h e  inne r  annulus. 

can be accounted f o r  by t h e  mate- 

I n  these  operat ions we l o s t  an aver 
m each f u e l  c e t  and 1.00 g from f i l l e r  piece.  Based on t h e  

assumption t h a t  

loss  reduced t h e  235U content from 13.715 t o  13.456 g per p l a t e  

U3O8 and B4C were homogeneously d i s t r ibu ted ,  t h i s  

content from 9.760 t o  9.568 mg per p l a t e .  The 235U content assigned 
t f o r  -the outer-annulus p l a t e s  based on t h e  wei 

and dens i ty  of t h e  deburred e; therefore ,  pro 

f a c t o r  i n  ca l cu la t ing  t h e  fuel loading. You w i l  
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content i n  t h e  outer  annulus i s  wi th in  1% of t h e  spec i f i ca t ion .  

variance i n  235U content from one p l a t e  t o  another i n  t h e  363 f i x e d  

p l a t e s  w a s  g r e a t e r  than  t h a t  f o r  inner-annulus p l a t e s  and has been c i t e d  

previously i n  t h i s  r e p o r t .  

assembly were c a r e f u l l y  selected,  each conta in ing  15.4 g of 235U. 

The 

The s i x  removable p l a t e s  of t h i s  369-plate 

Table 8. h e 1  and Poison Contents i n  Fuel  Elements 
f o r  C r i t i c a l  Experiment 

Spec i f ied  Content (g ) Actual Content (g )  
Fuel Element 

23 5u 1°B 2 3 5 ~  log 

Inner  Annulus 

Outer Annulus 

T o t a l  

2345 1.669 

5683 

8028 1.669 

2301 1.636 

5628 

7929 1.636 

RADIATION SAFETY 

During t h e  course of t h i s  work, ca re  was exerc ised  t o  be c e r t a i n  

We were t h a t  ample p ro tec t ion  from r a d i a t i o n  hazards w a s  maintained. 

e s p e c i a l l y  concerned about t h e  p o s s i b i l i t i e s  of a c r i t i c a l i t y  acc ident  

i n  t h e  event t h a t  t h e  369-plate outer-annulus element w a s  a c c i d e n t a l l y  

flooded wi th  water.  

c r i t i c a l i t y  inc iden t  by l i n i n g  t h e  i n s i d e  of t h e  element wi th  0.020-in. - 
t h i c k  cadmium. Although t h e  precaution w a s  a wise one, subsequent t e s t s  

i n  t h e  C r i t i c a l  Test  F a c i l i t y  revea led  t h a t  t h e  outer-annulus element, 

when f i l l e d  wi th  water, d i d  not reach c r i t i c a l i t y .  

A s  noted previously,  w e  eliminated any chance of a 

CONCLUSIONS 

Making t h e  HFIR CE-2 f u e l  assembly both provided a f u e l  assembly f o r  

c r i t i c a l i t y  t e s t i n g  and demonstrated f e a s i b i l i t y  of t h e  fuel-element 

processing as concluded below: 

1. The vacuum-cast extruded Al-24$ U-alloy i s  a reasonable bas i c  

f u e l  form t o  consider f o r  HFIR outer-annulus f u e l  compacts. The r e s u l t s  
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i n d i c a t e  that the 235U content  of each c m p a c t  can be predic ted  by 

d e n s i t y  determinat ions t o  wi th in  50.5%. 

2.  The concept of adding t h e  burnable poison as BQC and mixing it 

w i . t h  U3O8 and aluminum powders t o  f o m  cumpacts i s  a sound approach to 

processing p l a t e s  f o r  t h e  inner-annu1u.s element, e spec ia l ly  from t h e  

s tandpoint  of accura te  knowledge of t h e  boron content;. I n  t h e  hot- 

p ress ing  process used -to shape t h e s e  compacts, burrs occurred, sild sub- 

sequent removal of t h e s e  b u r r s  added sane uncer ta in ty  i n  t h e  s c t u a l  fuel 

and boron content  of each eompsct. 

shaping the compact needs Go be  improved.. 

The fuel-benririg compacts can be contoured t o  provide 9 r a d i s l  

fuel. gradien-t  i n  the fuel. element by hot pressing.  

I n  t h i s  respec t ,  the process for  

3 .  

4.  The conventional ho t - ro l - l ing  process , which uses the conmon 

picture-frame technique, appears t o  be an acceptab1.e method for preparing 

composite p l a t e s  con.ta.ining fuel cores  contoured -Lo achieve r a d i a l  r u e 1  

grad ien t s .  The evidence i n d i c a t e s  -that t h e  preheat  and rehea t  

temperatures should n o t  exceed 500°C. 

5 .  B l i s t e r i n g  of f u e l  p l a t e s  i n  the f a b r i c a t i o n  process WELS comnon 

and i n  t h e  case of pla-bes containing the r"ue1. alloy i s  r e l a t e d  to t h e  

poor fit-up of t h e  component b i l l e t  parts, which resulted i n  subsequent 

a i r  entrapment. 

6 .  Low-pressure rnarforniing o f f e r s  promise as 3. me-Llmd f o r  reproduc- 

i b l y  f orrnling the  f ab r i ca t ed  r"u.el p l a t e s  i r l to  i t ivolute  shapes. 

7. The results obtained, particular3-y i n  ssserribling and fa.stening 

t h e  inne r -anmlus  element, j -ndicates  thst t h e  Mark I I B  fuel. assernbly 

design i s  a reasonable approach t o  the 8.ssmblage and jo in ing  of' the  

f u e l  p l a t e s .  

s d j u s t i n g  gaps between p l a t e s  t o  wi th in  -the requi red  specif  ica-trons 

during welding of t h e  p l a t e s  toge ther .  

A d i s t i n c t  advantage that it o f f e r s  is .the f l . ex ib i l i . ty  i n  

The authors  w i s h  t o  acknowledge t h e  guidance of G. M. Adamson, J r .  

during t h i s  program, and t h e  a s s i s t ance  of T. D. Watts and D. T.  Bourgebte 
i n  helping us make t h e  f u e l  cores  f o r  t h e  components. 





65 

ORNL - 4 10 8 
UC-25 - Metals, Ceramics, and Mater ia l s  

1-3. 
4-5. 

6-25. 
26. 
27. 
28. 
29. 

30-3d. 
3 5 .  
36. 
3’7. 
38. 
39. 
40. 
41. 
42. 
/+3 . 
44. 
45. 
46. 
4.‘7. 
48. 
49. 

5O-52. 

77. 
78. 
79. 
80. 
81. 
82. 
83. 

84. 
85. 
86. 
87. 
88. 
89. 
90. 

INTERNAL DISTRIBUTION 

C c r i t r  a1 R e  s ea r  eh Libr a ry  
ORNL - Y-12 Technical L i b r a r y  
Document Reference Section 

Lnbora t o r y  Records 
Laboratory Records, ORNL R. C. 
OFNL Patent Office 
G. M. Adarnson, Jr. 
J. R. Barkman (Y-12) 
R.  J. Beaver 

G. E. Boyd 
C. Brashear 
C. D. Csgle 
G. L. Copeland 
J. A. Cox 
F. L. Cul le r  
J. E. Cunningham 
R. G. Donnelly 
J. H. W i n  
D. E. Ferguson 
B. E. Fos te r  
J. H Frye, Jr. 
R. J. Gray 
L. A. Haack 
14. R. Hill 

A. 1,. BoCh 

53. D. 0. Hobson 
54. E. M. King 
55. R. W. Knight 
56. C. E. Larson 
57. H. G. MaePinerson 
58. M. M. Martin 
59. W. R. Martin 
69. 3. W. McClung 
61. H. F. McDu_f-Pie 

63. R. Nutt 
64.. L. C. Oakes 
65. S. Peterson 
66. A. E. Richt 
67. C. E. Sessions 
68. G, M. Sl.aughl;er 
69. S. D. Snyder 
70. J. T. Venard 
71. T. N. Washbum 
‘72. W. J. Werner 
73. A. M. Weinberg 
74. M. B. Bever ( consu l t an t )  
7 5 .  A. R. Kaiifmann (consul tan t  ) 
76. J. A. Krmhans l  ( consu l t an t )  

62. D. L. M ~ E l r o y  

EXTERNAL DISTRIBUTION 

J. Binns, Metals and Controls Corporation, Attleboro, Mass. 
D. F. Cope, RDT, SSR, AEC, Oak Ridge National Laboratory 
D. R. deBoisblanc, P h i l l i p s  Petroleum Corporation, AED 
J. L. Gregg, Bard Hall, Cornel l  Univers i ty  
Ray Jones, AEC, Washington 
E. A. Kiritner, AEC, Washington 
W. J. Kucera, D. A. Stewa.rt O i l .  Co., Ltd., 944 Ta.yl0-r h e . ,  

W. J. Larkin, AEC, Oak R i Q e  Operations 
P. W. MeDaniel, AEC, Washington 
D. D. Rausch, AEC, Washington 
H. M. Roth., AEC, Oak Ridge Operations 
J. M. Simmons, AEC, Washington 
E. E. Stansbury, Universitjr of Tennessee 
J. A. Swartout, Union Carbide 

Elmhurst, Ill. 



66 

91. J. W. Tackett ,  S-Lel l i te  Division, Union Carbide Corporation, 

93. W. W. Ward, AEC, Washington 
93. D';.vri.sion of Research and Devel-opment, AEC, Oak Xidge Operations 

94-371. Gi-ven d i s t r i b u t i o n  as shown i.n TID-(IS00 und.er Me-tals, Ceyamics, 

Kokomo, Indiana 

3n.d Materials Category (25 copies  - CFSTI) 




