




Contract No. W-7405-eng-26 

mmLs AND CERAMICS DIVISION 

FABRICATION OF RESEARCH REACTOR FUEL ELEMENTS 

G. M. Adamson, Jr. 

Paper presented at the AEC Indust,ry Meeting, 
Water Reactor Fuel Element Technology, 
January 29-30, 1968, Washington, D. C. 

JUNE 1968 

3 4 q 5 b  03232439 2 
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 
ope rated by 

UNION CARBIDE CORPORATIOI\I 
for the 

U.S. ATOMIC ErJERGY COMMISSION 

..:.. .<,. . ..> . . .. . ... . .. :. . .  ................................................................................... - 





CONTENTS 

Page 
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

Introduction . . . . . . . . . . . . . . . . . . . . . . . . .  I 
Reactor Problems . . . . . . . . . . . . . . . . . . . . . . .  3 

HFIR Design . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

Fuel P l a t e  Fabrication . . . . . . . . . . . . . . . . . . . .  9 

I lF IR  Fuel Core Fabrication . . . . . . . . . . . . . . .  9 

HFIR P l a t e  Rolling . . . . . . . . . . . . . . . . . . .  1.1 . 

U A l 3  P l a t e  Fabrica. t i o n  . . . . . . . . . . . . . . . . .  13 

Alloy Fuel P l a t e  Fabricat ion . . . . . . . . . . . . . .  14 
Fuel Element Assembly . . . . . . . . . . . . . . . . . . . . .  15 

Assembly of ATR . . . . . . . . . . . . . . . . . . . . .  15 

H F I R  Assembly . . . . . . . . . . . . . . . . . . . . . .  16 

Fuel P l a t e  Inspection . . . . . . . . . . . . . . . . . . . . .  2 1  

Fuel Dis t r ibu t ion  and Homogeneity . . . . . . . . . . . .  22 
Nonbonds . . . . . . . . . . . . . . . . . . . . . . . .  22 

Core Outline and Channel Spacing . . . . . . . . . . . .  23 

Crit i .cal  F a c i l i t i e s  . . . . . . . . . . . . . . . . . . .  23 

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . .  24 





FABRICATION OF RESEARCH REACTOR FUEL ELEmNTS 

G. M. Adamson, Jr, 

A discussion i s  presented on the f ab r i ca t ion  techniques 
used t o  f ab r i ca t e  fuel. elements f o r  research reac tors .  Such 
fue l  elements a r e  a.1uminui-n base with fue l s  of e i t h e r  uranium- 
aluminum a l l o y  01- dispersions o f  powdered U3Og o r  UA13 i n  
aluminum powder. 
t h e  ones used. i n  the  advanced high perfonlance reactors sixh 
as  XFIR and ATR. 

The primary operation o r  design problem a f fec t ing  

Ehphasis i s  on the  l a t t e r  -tJyes which are 

f ab r i ca t ion  i s  control  of' hot  spots .  T h i s  requires  c lose 
control  of uranium loading and d i s t r ibu t ion ,  core t;hFckness, 
qua l i t y  of bonds, absence of' blisters, and mi fo rm water- 
channel thickness.  Control of each fac tor  i s  discussed. 

The fabr ica t ion  o f  the  dispers ion p l a t e s  i s  divided 
i n t o  Yne following areas:  powder preparation, core f a b r i -  
cation, p l a t e  ro l l i ng ,  and inspect ion.  Techniques f o r  both 
U308 and UAL3 a r e  presented. Assembly operations a re  
included f o r  elements joined both by f,he mech.anical r o l l  
swaging technique and. by welding. The l a t t e r  represents 
the technique now being used t o  f ab r i ca t e  t h c  HFIR elements. 

INTRODUC'I I O N  

The cha rac t e r i s t i c s  o f  research reac tors  and h.ow they differ. from 

power reac tors  have been discussed,'  I n  t h i s  paper we  w i l . 1  discuss the  

f u e l  elements f o r  these reac tors  and how they m e  fabricated.  The f u e l  

elements f o r  the research. reac tors  a r e  a11n.os-t always aluminum-base f la - t -  

p l a t e  elements r a the r  t h m  the  p e l l e t s  i n  tubes .used frjr power reac tors .  

I n  t h i s  d.iscussion we w i l l  group the r.esea.rch rea.ctors i n t o  two 

categories:  t he  low-performmce cores such as MTR, OM, E3R, pl-us the  

various pool reac tors ,  and the  high-perfoimance cores w l i i c h  will include 

'W. C. Francis,  Idaho Nuclear Corpocatiori, "File1 Elements f o r  
Thermal Test Reactors - F e r r ~ m a n e e  a t  hXTS," paper presented at the 
AEC Industry Meeting, Water Reactor Fuel Element Technology, 
January 29-30, 19622, Washington, D. C .  
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H F i R ,  ATII, and A2R2.  

have been fabr ica ted  f o r  over 20 years, being preceded only by the  

canned uranium slugs.  The high-performance dispers ion systems are ,  

however, of  a much :mor? recent vintage, being only a Pew years o ld .  

Plate- type f u e l  elernen-Ls f o r  research reac tors  

The low-performance systeiiis have used. a s ing le  type of  f u e l  - t h a t  

i s ,  a core of urani.um-aluminwn a l l o y  w i t ?  uranium concentrations usual ly  
l e s s  than 20 wt %. 
r e l a t i v e l y  cheap and simFle t o  f ab r i ca t e  arid f i t  i n  well with cormercial 

equtpment. Their technology i s  wel l  underst,ood by the  commercial 

producers and they have been well  tested.  over t h e i r  20 years of  use,  

\?nile l i rni ted in uranium content these  fue ls  a r e  

'Iwo new types o f  dispersion f'uels a r e  now being developed. These 

a re  U3Og powders and powders of  uranium-aluminum in te rmeta l l ics ,  

nominally TJAl3. While the  in t e rme ta l l i c s  cover a range of uranium con- 

centrat ions,  we w i l l ,  f o r  t h i s  drscussion, i d e n t i f y  them a1.l as UAl3. 

The new f u e l s  a r e  capable of yi-elding very high f u e l  loadings wit'fl good 

homogeneity but; a r e  more expensive and difi"icu3.t t o  f ab r i ca t e  -than i s  

the a l loy .  ?"ne dispersion fue l s  have anot'ner advantage over t he  a l l o y  

i n  -t;hat i t  i s  qui te  sjmple t o  add a burnable poison by adding another 

powder t o  the  blend. 

the a l l o y  and t'fleir dens i ty  d i f fe rences  make segregation a major prob- 

lem i n  those systems. 

Tne boron compounds have a very low s o l u b i l i t y  .in 

A dispers ion f u e l  p l a t e  i s  one i n  which a powdered f u e l  i s  dispersed 

wi th in  an  aluminum powder matrix with the core belng completely enclosed 

o r  c lad  wit'n alimi.num. A v a r i e t y  of s i ze s  a:nd shapes of f u e l  pai-ticl.es 

a r e  present  and- they a r e  d is t r ibu%ed i n  a f a r  from i d e a l  manner. Fuel 

powder f r ac tu r ing  and s t r inger ing  a r e  common. 

The processes used f o r  f ab r i ca t ing  all. these compounds i n t o  f u e l  

p l a t e s  a r e  e s s e n t i a l l y  the  same. They cons is t  of  the  following major 

operati-ons: core preparati.on, p l a t e  f ab r i ca t ion  and cladding, p l a t e  

inspec-bioi?, p l a t e  forming, element assembly, attachment o f  hardware 
componeiits, and f i n a l  machining. The g rea t e s t  divergences in. t he  

procedures f o r  the  various sysLems a r e  i n  the  core preparatioii  s tep.  

All. the  p l a t e  f ab r i ca t ion  pmcedures m a k e  use of the pi.cture- 

frame, ho t - ro l l ing  technique. The major components used i n  such an 

operation a re  two f1a. t  covers, a frame o f  the same width and length,  



3 

with one o r  two cav i t i e s ,  and the  f u e l  f i l l e r s  which a r e  the  same s i z e  

as t h e  frame cavity.  Hot r o l l i n g  such a b i l l e t  bonds a l l  contacting 

surfaces  and s i zes  t h e  p l a t e .  For t h e  low-performance reactors ,  a l l  

aluminum components a r e  general ly  of type 1100, while ty-pes 6061 o r  

2219 a r e  used where t h e  higher s t rengths  a re  required f o r  HFIR and ATR. 

In  these cases, a l l  bonding surfaces  contain a t h i n  l aye r  of type 1100 

which has been clad t o  the  base stock. 

REACTOR PROEfLEMS 

Before discussing the  fabr ica t ion  sequence i n  more d e t a i l ,  l e t  us 
discuss  some o f  the  problems encountered with these  systems. 

high-performance reac tors ,  t h e  major problem i s  avoiding hot spots  

within the  p l a t e s  during operation. 

i s  qui te  low, s o  hot spots  can r e s u l t  and have resu l ted  i n  p l a t e  

melting. 
must therefore  be control led a r e  uranium loading, uranium d i s t r ibu t ion ,  

core thickness,  qua l i t y  of heat  t r ans fe r  bonds, and t h e  uniformity of  
p l a t e  curvature.  

In  t h e  

With such p l a t e s ,  t he  burnout margin 

Factors i n  p l a t e  f ab r i ca t ion  a f f ec t ing  hot  spots and which 

The most ser ious of  these,  and espec ia l ly  with t h e  UA13 fue l s ,  i s  

t he  cont ro l  of core thickness.  If the  p rope r t i e s  of the  core and frame 

mate r i a l  a r e  not c lose ly  matched, an end phenomenon known as dogboning 

r e s u l t s  (see Fig. 1). A thickening o f  the  f u e l  cores a t  each end i s  
found which causes both an increase i n  amount o f  f u e l  and a thinning of  

the cladding. The problem i s  circumvented by b e t t e r  matching of the  

p rope r t i e s  of t h e  frame and cores by varying t h e  a l loy  o r  t he  heat  

treatments o r  by using s m a l l  t apers  a t  t he  core ends so  l e s s  s t a r t i n g  

mater ia l  i s  ava i lab le  i n  these a reas .  

. 

As t h e  f u e l  loadings a r e  increased o r  t he  cores become thinner ,  

problems i n  f u e l  homogeneity increase.  

r e s u l t  f rom clumping, a very severe example o f  which i s  shown i n  Fig. 2. 
Such f u e l  concentrations a r e  usual ly  the  result of poor material. prepa- 

r a t i o n  o r  blending p rac t i ces .  

Fuel concentrations usua l ly  

A most ser ious problem i n  f ab r i ca t ing  aluminum i s  the  formation o f  

b l i s t e r s  o r  nonbonds between the  various components. E i ther  a nonbond 
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Fig. 2. Fuel Clumping i n  Dispersion P l a t e .  1OOX. A s  polished. 
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or blister anywhere within a fuel plate may be a barrier to proper heat 

transfer. Since most inspection techniques do not differentiate between 

these two defects, they will be discussed together. The principal types 

of blisters are shown in Fig. 3. They may originate from (1) improper 

end or side fits of the core and frames; (2) laminations, clumping, or 

impurities within the core; (3) nonbonds at various interfaces; 

( 4 )  incipient melting of segregated areas within the alloy; or (5) an 

alloy containing excessive hydrogen. 

PHOTO 5 8 5 7 2  

. .  

. . * .  . 
FIT 100 x NONBOND 100 x 

CORE 33 x PROL lFlC 250 X 

Fig. 3. 
As polished. 

Illustration of Blister Types Observed in HFIR Fuel Plates. 

Another problem is the dimensional control required of the cores. 

These requirements result from several considerations: 

assurance that no fuel is exposed; (2) keeping fuel away from areas in 

which adequate cooling is not available such as within the side plate 

slots; (3) assuring sufficient cladding thickness for corrosion resistance; 

and ( 4 )  avoiding fuel extending beyond specified limits and entering a 

region in which flux peaking occurs, such as excessive lengths. 

(1) providing 
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A s  mentioned previously,  a b ig  contr ibutor  t o  this problem i s  core 
A second problem i n  this area  is  main- thickening caused by dogboning. 

ta in ing  t h e  spec i f ied  end tolerances for core length.  

operator can cont ro l  core length only i n d i r e c t l y  and, f o r  most of t he  

research reac tor  p l a t e s  (0.050 in .  t h i ck  X 24 in.  l o  
thickness of 0.001 in .  w i l l  cause a length change of 0.5 i n .  While p l a t e  

length cont ro l  can be achieved, other  more d i f f i cu l t  t o  c o n t r o l p a r a -  

e t e r s  a l so  a f f e c t  these core lengths.  

a r e  f a r  from s t r a i g h t  o r  sharp; f u e l  p a r t i c l e s  may s t r i n g e r  ou t  f o r  

considerable dis tances  and of ten  tapers  a r e  present  a t  the  ends. 
of these types r e s u l t  f rom i 
guides, improper roll lubr ica t ion ,  o r  low-density cores. 

The r o l l i n g  

A s  shown i n  Fig. 4,  t he  core ends 

Defects 

roper r o l l i n g  prac t ice ,  usual ly  poor 

I 1 

Fig. 4. Dispersion Fuel P l a t e  End Charac te r i s t ics .  A s  polished. 
150X. 
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One of t he  d i f f i c u l t  problems encountered i n  f u e l  p l a t e  fabr ica-  

t i o n  has been surface defects .  If deep scratches or  gouges a re  present ,  

they may compromise cladding thickness.  The aluminum p l a t e s  a r e  so  s o f t  
t h a t  i f  they a r e  dragged over any surface a scra tch  w i l l  r e s u l t .  All 

mills and shop equipment m u s t  be kept c lean and f r e e  of any chips.  One 

technique f o r  minimizing these  problems i s  t o  cover a l l  working surfaces  

with rubber f l o o r  mats t h a t  have pointed nubbins. 

HFIR DESIGN 

With all these problems, i s  it poss ib le  t o  f ab r i ca t e  p l a t e s ?  Since 

the  answer i s  obviously yes, t he  next question i s  how? 

fab r i ca t ion  procedures i n  more d e t a i l ,  we w i l l  s tart  with the  procedures 

being used i n  the  commercial production o f  HFIR elements. 

To discuss  the  

The HFIR core assembly (shown i n  Fig. 5 )  i s  made up of  only two 
elements; t he  e n t i r e  assembly i s  about 18 i n .  i n  diameter and about 

3 C  in .  long with an ac t ive  f u e l  length  of 20 i n .  Note the  unusual 

c i r c u l a r  s ide  p l a t e s  and the  involu te  curvature f o r  the  f u e l  p l a t e s .  

The p ins  f o r  i r r a d i a t i n g  t h e  isotopes,  which i s  t h e  prime function of 

t h i s  reac tor ,  a r e  loca ted  i n  the  center  hole of t he  inner element. 

A cross  sec t ion  of a f u e l  p l a t e  i s  shown i n  Fig.  6. These p l a t e s  

a r e  unusual i n  t h a t  the  f u e l  core i s  not rectangular,  as i s  found i n  

o ther  research reac tors .  The white area within the  aluminum envelope 

represents  f u e l  with varying thicknesses,  helping t o  produce a f l a t  

flux p r o f i l e  and reducing the  peak-to-average power density,  thereby 

permit t ing a higher average power. To s implify fabr ica t ion ,  an aluminum 

powder f i l l e r  sec t ion  (black a rea )  i s  added t o  make a rectangular core. 

I n  t h e  inner  annulus, t h e  BkC powder used as  a burnable poison i s  located 

i n  the  f i l l e r  sect ion.  The f u e l  core i s  a dispers ion of U3Os powder i n  

aluninum powder. 
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ORNL-DWG 66-11172 

/-ALUMINUM ENVELOPE 

# 

Fig. 6 .  HFIR Inner Annulus Fuel P l a t e  Cross Section. 
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F'UEL PLATE FABRICATION 

The flow char t  of t h e  p l a t e  fabr ica t ion  operat ion i s  shown i n  

Fig.  7. It cons is t s  of two major areas ,  t he  group of operations on 
the  l e f t  being those involved i n  the  core f ab r i ca t ion  with those i n  

the  center  on p l a t e  fabr ica t ion .  

operations.  
Note the  l a rge  number of inspect ion 

Fuel Core Preparation 

Aluminum U,O, 
B,C Powder Powder Powder 

Weigh 

Prel.r 
Vacuum 
anneol 

1 7  
Assemble 

Weld edges 

Hot roll 
+ 

Anneal 

Cold roll 
+ 

F I uoroscope 

Blank 
+ 

FI uoroscope 
Radiography 
X-ray scan 

Alpha count 
Dimensionsal 
Metal lographic 

Form 

Aluminum Frames 
and Covers 

Receive plate 

Inspect 

Shear 

Cold roll 

I 
I + 

Blister onneal 

Wire brush 
+ 
I 

Fig. 7. Major Operations f o r  HFIR Fuel P l a t e  Fabrication. 

KFIR Fuel Core Fabricat ion 

The U3O8 m u s t  be a high-fired o r  dead-burned oxide. Since the  
uranium oxid-luminum system i s  not a thermodynamically s t ab le  system, 

the  tendency i s  t o  r eac t  and form uranium-aluminum in te rmeta l l ics .  

Therefore, we des i r e  an i n e r t  oxide r a the r  than an ac t ive  oxide such as 
i s  used i n  p e l l e t  f ab r i ca t ion  f o r  power reac tors .  

i s  used it reac t s  during fabr ica t ion ,  r e su l t i ng  i n  badly warped p l a t e s .  
If an ac t ive  oxide 
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The procedure present ly  used t o  produce such an oxide requires  

both a low- and a high-f i r ing operation. The f i r e d  oxide i s  ground and 

screened t o  produce a -170 +325 mesh f r a c t i o n  f o r  use. 

important proper t ies  of t he  oxide a r e  density,  surface area,  and p a r t i c l e  

shape and s ize .  

indexes o f  how much p a r t i c l e  f rac tur ing  and s t r inger ing  w i l l  occur 

during fabr ica t ion ,  with a low-density high-surface-area p a r t i c l e  showing 

more f rac tur ing .  They would, however, produce a core of a lower dens i ty  

which i s  an advantage. 

For fabr ica t ion ,  

Density and surface area have been shown t o  be ind i r ec t  

The key t o  successful  dispers ion p l a t e  fabr ica t ion ,  a t  l e a s t  f o r  

KFIR, i s  i n  the  powder handling and pressing operations.  Excellent 

blending must be achieved i f  segregation i s  t o  be minimized. 

a maximum cont ro l  of t h e  uranium and boron concentrations,  it was 

required t h a t  each core be weighed and blended individual ly .  

To provide 

The complex f u e l  cores a r e  formed i n  a s ing le  cold-pressing opera- 

t i on .  The various components used i n  t h e  pressing a r e  shown i n  Fig. 8. 
Shown a re  t h e  two punches, a d i e  block, and t w o  shaped d i e  tops.  The 

powder f o r  the  f u e l  sect ion i s  gent ly  poured i n t o  the  d i e  with the  f irst  
d i e  top i n  place.  The upper surface i s  leveled by gent ly  working a 
s t r a i g h t  edge over t h e  d i e  top u n t i l  a l l  powder has been added and no 

cav i t i e s  a re  present .  The bottom punch i s  gent ly  ra i sed  or  lowered t o  

assist i n  t h i s  operation. The second d ie  top i s  then added and the  

procedure repeated with the  f i l l e r  powder. The powders a r e  then gent ly  

lowered i n t o  the  d i e  and pressed a t  a pressure of about 30 t s i .  The 

pressed compacts a r e  heated t o  590°C i n  vacuum t o  remove any moisture or 

pressing lubr icant .  

?3 m i l s  of the  spec i f ied  value. 

Thicknesses a r e  then measured and must be within 

Items i n  pressing which a f f e c t  t he  qua l i t y  of the  f i n a l  p l a t e  and 

therefore  must be control led are:  

1. 

2. ne i ther  c l a s s i f i c a t i o n  nor tamping can occur a s  t h e  d i e  i s  f i l l e d ,  

3 .  

4.  

5. 

powders must be wel l  blended, 

a l l  powder m u s t  be added, 

leve l ing  must be good and be with a reproducible technique, 

compaction or tamping of s m a l l  areas  m u s t  not  occur during level ing,  
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6 .  

7 .  

8. 

edges and corners must be completely f i l l ed ,  

rollup cannot occur as  powders a re  lowered i n t o  the  die ,  

a good f i t  must e x i s t  between t h e  d i e  and punches, 

9. a minimum of lubr icant  should be used. 

A similar technique i s  used f o r  other  type f u e l  p l a t e s  using U308 

fue l s  except the simple rectangular cores do not require a s  c lose a 
control  as  do the duplex ones. 

as an individual  piece.  

I n  these cases, t h e  fuel core i s  pressed 

KFIR P l a t e  Rolling 

The next phase of the  operation t o  be discussed i s  the  hot- and 

cold-rol l ing operations used t o  s i z e  the p l a t e  and t o  bond the  various 

components. The f u e l  cores a r e  assembled w i t h  t he  frames and covers 

i n t o  the r o l l  b i l l e t s .  

dimensions and paral le l ism; t h i s  requires  punching and broaching as  the 

fabr ica t ion  technique. The covers a r e  individual  pieces and, a f t e r  

For HFIR, t i g h t  tolerances are s e t  f o r  the frame 



12 

assembly, a r e  welded t o  the  frame so no r e l a t i v e  movement i s  poss ib le  

during ro l l i ng .  For the  low-performance reac tors ,  t he  frames a r e  

usua l ly  only sheared and t h e  covers a r e  a s ing le  p iece  bent around t h e  

frame . 
J u s t  before b i l l e t  assembly, a l l  bonding surfaces  are thoroughly 

cleaned and e i t h e r  sc ra tch  brushed or etched, and a l l  handling i s  with 
white gloves. Cleanliness i s  a major problem and all p a r t s  must be 

immaculate. 

l a r g e r  and th i cke r  than t h e  frame cavi ty  and a shr ink f i t  i s  used. 

To minimize the  p o s s i b i l i t y  of f i t  b l i s t e r s ,  t h e  cores a r e  

The major po r t ion  of t he  f u e l  p l a t e  reduction i s  done hot by 

r o l l i n g  a t  temperatures between 475 and 500°C. 

e i t h e r  because of a nonbond or  from inc ip i en t  melting, t h e  temperatures 

m u s t  be cont ro l led  within t h e  limits specif ied.  

To avoid b l i s t e r i n g ,  

The parameters cont ro l l ing  the  r o l l i n g  operations are:  

1. To avoid fragmentation, use as low a t o t a l  reduction as poss ib le  

and a l l  r o l l i n g  should be hot.  

2. To assure bonding, t he  t o t a l  reduction should be a minimum of 

8:l. 

3. To s e a t  the  various components and help avoid f l a s h  or f laking,  

s m a l l  reductions should be used a t  the  start .  
4. Once t h e  b i l l e t  i s  s e t ,  ind iv idua l  reductions of 25:l may be 

used. 

5 .  The hot - ro l l ing  temperature must be between 475 and 500°C. 

6. To avoid end e f f ec t s ,  t h e  roll surface and amount of r o l l  

l ub r i ca t ion  must be ca re fu l ly  control led.  

7. For f l a t  un i fo rmpla t e s ,  use as l a rge  diameter r o l l s  as 

possible .  

8. 
be done cold. 

9. 

For surface and dimensional control ,  t h e  f i n a l  reduction should 

For bes t  forming, a minimum of 20% cold reduction i s  necessary. 

10. Ei ther  very c lose  gage control  or ind iv idua l ly  t a i l o r e d  f i n a l  

passes a r e  required f o r  core length control .  

Contradictory requirements were l i s t e d  f o r  t o t a l  reduction and f o r  

amount of cold work. 

reductions of about 1O:l appear t o  be optimum. 

With the  spec i f ied  cleanl iness  and core frame f i t s ,  

Good bonding with 
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acceptable f ragnentat ion r e su l t s .  Using a l l  hot  ro l l i ng  would also 

reduce fragmentation, but the  required dimensional control  and 

formabil i ty  could not  be achieved. 

While t h e  importance o f  the f u e l  core lengths  has been st ressed,  

i t  i s  obvious t h a t  the r o l l e r  can only follow these changes ind i rec t ly .  

Two cont ro l  techniques a r e  possible:  The first; cons is t s  of r o l l i n g  t o  

a gage which i s  held wi,thin su-ff ic ient ly  c lose l i m i t s  t h a t  proper core 

length i s  a l so  achieved, To m e  t h i s  method., the  HFIR technique, pla-be 

thicknesses must be controlled within 0. (j1305 i n .  and prePrra'n1.y wi.thi.n 
0.0002 i n .  A more common t,echii-i.ilue Ls t o  -fI.uorr3seope every p l a t e  before 

the  l as t  two o r  th ree  reductions and t a i l o r  them t o  g i w  the  desired 

length.  With t h e  l a t t e r  teclmique, variati.ons in gage resu1.t which 

cause variatj-on s i n  forming. 

If the  p l a t e s  have been rolled and heal; t r ea t ed  properl.y, f o m i n g  

i s  no-L usu-ally a problem. Fuel. p l a t e s  a re  formed using e i t h e r  8 con- 

vent ional  metal-metal pressing o r  more commonly by a modified iaarfomiing 

i n  which a shaped pzmeh presses  the  p l a t e  into a rinbber o r  rJl.ast5.c pad. 

During HFIR development, more than 5!1$ of the p l a t e s  w??x being 

re jec ted  f o r  not meeting th;l) f o m i n g  tolerances.  These pl.a-t;es had been 

cold r o l l e d  7.5% for. dimensional coritrol and aniiea,led 2 hr a t  500°C as 

a b l i s t e r  test,.  The forming r e j e e t i m  r a t ?  was reduced t o  e s sen t i a l ly  

zero by increasing t h e ,  cold work t o  20%; t h i s  ga,'J-e 8 more imiform strinc- 

ture, wen a f t e r  annealing by mj.ni.mizing l o c a l  va r i a t ion  i n  cold work. 

UA13 Pl.a.te Fahricati.oa 

The second f'uel. system whose f ab r i ca t ion  w i l l  be d.iscussed i s  t h e  

dispersion o f  ITA13 i n  alwninum. Fabricat ion -tcichn.i.yues for UAls-beari.ng 

p l a t e s  a r e  very similar to those just discussed. Tne fabr ica t ion  i s  

more d i f f i c u l t  and not, as well developed. as it i s  f o r  U30g. The major 

differences OCC-UW in t h e  powder preparat ion s teps .  

Two techniques a r e  availab1.e f o r  producing the  TJA:i :: powder: mel.ting 

and powde-r metallurgy. The for?ner i s  cheaper mid more  su.ita?~le f G r  com- 

mercial  operation and will he *,he only one discussed, For use i n  the 

ATE, powders containing 69 wt 76 IS with a s i z e  r'arige of  -l..C!O +.325 mesh 



a r e  being specif ied.  

unalloyed uranium being yermitted. 
by a rc  melting. 

The major const i tuent  must be UA13 with no 

The powders a r e  usua1l.y produced 

i n  fabr ica t ing  the  UA13 by cas-Ling, meta l l ic  uranium and aliminum 

a re  mel'ied togethzr usual.ly with the addi t ion of scrap UA13 powder mate- 

r ia l .  Procedures must be used which minimize segregation which may 

a r i s e  e i the r  from incomplete melting or during cooling. To obtain a 

UA13 struc-Lure, the  melLs must 'ne quenched s ince t h i s  i s  riot the s t a b l e  

form a t  low temperatures. If induction melting i s  used, i t  must; incor- 

porate  a provision f o r  adequate s t i r r i n g  and .tile i.ngots must he rapid.ly 

cooled. With arc-melting several  mel-ting operations a re  usual ly  

required. In  the  melting operations, some mater ia l  2 s  vol.ati l ized S O  

uranium control  and stoi-chionetry problems must be faced. The in t e r -  

metal l ics  a re  more d i f f i c u l t  t o  grind t o  f i n e  powder than a re  the 

oxides. Attempting t o  grind. t h i s  powder in to  the desired s i z e  range 

r e su l t s  i n  the production of a high proportion of fiiies t h a t  musi; be 

recycled j.n t he  melts.  

Procedures used t o  f ab r i ca t e  the  UA13 powder i n t o  p l a t e s  a r e  

iden t i ca l  t o  those discussed f o r  U308. However, the  f u e l  cores con- 

ta in ing  UAl3 a re  stronger .than the  oxl.de cores and. do not match the  

proper t ies  of  t he  type 6061 alu.m:i.num frrmes as well .  Severe dogboiling 

and end defect  problem a re  encountered with these p l a t e s .  Work i s  

s t i l l  i n  progress to minimize these d i f f i c u l t i e s ,  

Al. I.oy Fuel P l a t e  Fabrication 

The t h i r d  type of  f u e l  t o  be di-scussed i s  the  one which has been 

used t h e  lorigest - t h a t  i s ,  the  uranium-aluminiim a l loy  cores. 

f u e l  tile e n t i r e  core consjs is  of the  a l loy  and i s  therefore  of a rela- 

t i v e l y  low uranium conceniratjon. This f u e l  has been and s t i l l  i s  t'ne 

one used i n  t h e  majority of t he  research reactors .  The cores a r e  fabyi- 

cated by conventional induction ne l t i ng  of meta l l ic  uranium and aluminm 

w i t h  a l l oy  scrap. Fa i r ly  l a r g e  melts producing several- ingots a re  

poss ib le ,  A major advantage of t h i s  system i s  that, since r e l a t i v e l y  

la rge  amounts of aluminum a re  added, even scrap fuel p l a t e s  may be 

With t h i s  



15 

e a s i l y  recycled i n t o  the  melting operation. 

rolled, usual ly  bare, t o  the Yniclmess desired f o r  the f u e l  p l a t e  cores. 

The cores a re  mechanically punched from the  r o l l e d  a l loy .  From t h i s  

po in t  on, the fabr ica t ion  sequence i s  i d e n t i c a l  t o  t h a t  used f o r  the 

dispersions.  

The cas t  ingots  a r e  hot 

Assembly of ATR 

The next major area to be discussed i s  t h a t  of element assernb1.y. 

While brazing and mechanically pinning techniques have been used i n  t h e  

p a s t ,  at present  only a mechanical technique, ca l led  roll swaging, or  

welding i s  being used. We w i l l  f i rst  discuss the assembly of ATR ele- 

ments which uses the  roll. swaging technique. This procedure i s  also 

representat ive of the  techniques used f o r  t h e  low-per€ormance reactors .  

I n  the  ATR elements each p l a t e  has a d i f f e r e n t  width and therefore  

must be formed t o  an individual  radius.  This means t h a t  any var ia t ions  

in forming one p l a t e  w i l l  probably not be found i n  the  adjacent p l a t e s  

as would be the  case i f  they were a l l  formed with the same die .  Assem-  

b l ing  t h e  independently formed p l a t e s  m a k e s  it more d i f f i c u l t  t o  obtain 

p l a t e  spacing control.  The angles f o r  the longi tudinal  edges of every 

p l a t e  a r e  a l s o  d i f f e r e n t ,  which necess i ta tes  varying the  angles f o r  the  

s l o t s  i n  the s i d e  p l a t e s  so  a match may be obtained. 

To use the  r o l l  swaging technique, the  two s ide  p l a t e s  a r e  mounted 

i n  a backup f i x t u r e  and t h e  f i r s t  p l a t e  i s  s l i d  i n t o  place.  The tech- 

nique used f o r  making the  j o i n t  i s  shown i n  Fig. 9. The upper land of  

the s i d e  p l a t e  s l o t  i s  mechanically deformed i n t o  the upper f u e l  p l a t e  

surface, locking t h e  p l a t e  i n  place.  This der"omnation i s  accomplished 

by wheels running down s m a l l  grooves c u t  i n  t h e  lands, both s ides  being 

done simultaneously. For c r i t i c a l  appl icat ions such as ATR, spacers 

such as Teflon a r e  i n s e r t e d  i n  each channel t o  assist i n  achieving the 

required p l a t e  spacing. The c r i t i c a l  parameters i n  achieving sound 

j o i n t s  follow. 



16 

CRNL-LR-RWG 76004 

* 9. elf 1 swaged t. 

1. 

2. 

3. 

4 ,  

5. uniform swaging pressure.  

proper f i t  of f u e l  p l a t e  i n t o  the  s ide  p l a t e  s l o t ,  
depth of pene t ra t ion  of f u e l  p l a t e  i n t o  groove, 

a l l  surfaces  must be clean - grease o r  o i l  i s  espec ia l ly  detrimental ,  

proper guiding of  swaging rolls, 

I f  proper cont ro l  i s  exercised over these  parameters, j o i n t  

s t rengths  i n  excess of 200 lb / in .  may be obtained. 

Af t e r  a l l  p l a t e s  a r e  i n  place,  the  spacers a r e  removed and combs 

The elements a r e  then machined and end boxes a r e  a t tached by welding. 

t o  f i n a l  s ize .  

HFIR Assembly 

A s  would be expected from the  geometries involved and as shown on 

the  previous flow char t ,  Fig. 

considerably more involvedsthan for other  reac tors .  It was shown 
previously t h a t  the  e n t i r e  core cons is t s  o f  only two annular elements. 

7 ,  the  assembly of the  HFIR elements i s  
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The assembly procedure used f o r  HFIR i s  unusual and i s  

t h a t  element. 

i n t o  the  opposite surface of t h e  s ide  p l a t e  from the  f u e l  p l a t e  s l o t s ;  
t he  grooves a r e  cut deep 

a r e  exposed (see Fig. lo). 

s ide  p l a t e  by MIG welds. 

depends upon having s u f f i c i e n t  f i e 1  p l a t e  e 

t i e - i n .  If one s tops and thinks,  i t  i s  r ead i ly  apparent t h a t  t he  amount 

of f'uel p l a t e  pene t r a t  

s ide p l a t e s  and the  f u e l  p l a t e s .  

The attachment technique i s  t o  cu t  a s e r i e s  of grooves 

ough so t h a t  t h e  edges of the  f u e l  p l a t e s  

These exposed edges a r e  then fused t o  the  

Achieving welds of t he  required s t rength  
exposed t o  a proper 

i s  a f fec ted  by t h e  tolerances on both t h e  

Fig. 10. Typical Weld J o i n t  - KFIR Fuel Element. 

The f i rs t  and one of the  more d i f f i c u l t  operations i n  the  HFIR 

assembly sequence i s  t h e  machining o f  the  s ide  p l a t  . The s l o t  dimen- 

sions, including para l le l i sm,  must be control led t o  about 0.001 i n .  The 

machining i s  complicated by the  f a c t  t h a t  t he  w a l l  thickness-to-diameter 



ratio of the larger tubes is such that they are not self-supporting 

within the machining tolerances required. 

are no longer cylindrical. For all machining operations, they must be 

held in the proper shape by mandrels or backup cylinders. 

If laid on their sides, they 

After machining, the side plates are placed in positioning jigs 

and the fuel plates inserted in the slots as shown in Fig. 11. 

lem here is that, unlike conventional elements, there is no simple way 

to index or position the side plates relative to each other. 

accomplished by trial and error insertion of the fuel plates and 

revolving the side plates until the plate edges are well bottomed in 

the slots. 

rather than inserted in order around the circumference. 

A prob- 

This is 

Plates are divided equally among three or four sectors 

Fig. 11. HFIR Fuel Element During Assembly. 



19 

While close tolerances a r e  maintained on p l a t e  curvature, d i f f e r -  

ences i n  water-channel spacing a r e  s t i l l  found when the  elements a r e  

assembled. To correct  these differences and force the p l a t e s  i n t o  the  

proper pos i t ion  for welding, s t r i p s  of Teflon 48 mils th ick  a re  inser ted  

i n t o  each channel a s  shown i n  Fig. 12. In  production o n l y  single  fill- 

width s t r i p s  a r e  used. 

easy t o  add and t o  remove a f t e r  welding. 

The Teflon has a na tu ra l  l u b r i c i t y  and i s  f a i r l y  

e 

l e d  Element Showing I 

To provide the  necessary control,  a completely control led welding 

machine was obtained, a s  shown i n  Fig. 13. The control  i s  obtained by 

use of feedback systems. Separate conditions a r e  es tabl ished f o r  

s t a r t i ng ,  running, and stopping of the  weld. 

The ac tua l  control  panel i s  placed r igh t  by the  elementrholding 

device. Note the  s m a l l  clearance between the  end f i t t i n g s ,  the s ide 

p l a t e ,  the  inner  torch, and the massive holding f ix tu re s .  This torch 

was spec ia l ly  b u i l t  f o r  working ins ide  the  small tube of the  inner  ele- 

ment, but  it i s  used for the  inner welds of t he  outer  elements. 

outer  welds a r e  made with a standard M I G  torch. I n  both cases the  work 

The 

under the  torches.  
The major problem with these welds, shown i n  Fig. 14, i s  obtaining 

t h e  proper t i e - i n .  The example on the  l e f t  i s  a s a t i s f ac to ry  weld. If 
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Y- 8 

I 
I 

I 

- 
Fig.  13. Welding Equipment Used f o r  HFIR Fuel Element. 

Fig. 14. Weld Penetration, H F I R  Fuel Element. ( a )  Sa t i s fac tory ,  
( b )  excess penetration, ( c )  l ack  of t i e - i n .  5X. Etchant :  1% m. 
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too much heat i s  present ,  it i s  poss ib le  t o  melt completely through the  

s ide  p l a t e  a s  i n  the  center  and even i n t o  the  f u e l  core. Also,  with 

inadequate heat,  as  on the  r igh t ,  t he  p l a t e s  a r e  not fused in .  The 

difference between these two conditions i s  very s m a l l ;  f o r  instance,  a 

change i n  s ide  s l o t  depth o f  0.025 i n .  g rea t ly  a s s i s t e d  i n  eliminating 

burn-through. This problem i s  complicated by t h e  f a c t  t h a t  there  i s  

no nondestructive t e s t i n g  technique capable of  inspect ing the  t i e - i n  o f  

these  welds. 

The second major problem i s  the  poros i ty  which may be noted i n  the  

welds shown i n  t h i s  f igure .  This i s  a funct ion of excess heat and 

cleanl iness .  Fine- with an occasional spot of medium-size poros i ty  i s  

acceptable and i s  found i n  a l l  welds. 

With a l l  of t h i s  welding, there  i s  a considerable shrinkage for 

which the  outer  tube must compensate. Almost 0.5 i n .  o f  shrinkage 

i s  found i n  the  s ide  p l a t e  length.  The o r i g i n a l  dimensions must allow 
f o r  t h i s  and the  welding sequence must s tar t  a t  the  center  and work out  

so t h a t  r e l a t i v e  movement between f u e l  p l a t e s  and s ide  p l a t e s  can occur. 
Diametral shrinkage i s  a lso a problem and va r i e s  with the  s ide  p l a t e  

diameters. For the  l a rge  tube, i t  amounts t o  0.071 i n .  i n  t he  center  

where the  m a x i m u m  i s  found. Since t h e  inner  tubes shr ink i n  the  direc-  

t i o n  of t he  machining, t h e  o r i g i n a l  dimensions must be l a rge  enough t o  
allow f o r  it. The outer  tubes shr ink away from t h e  machining, so it 
r e s u l t s  i n  a t h i cke r  wall .  However, i n  both cases, the  ends do not 

shrink a s  much a s  the  center  and very l i t t l e  occurs on the  t abs  t o  

which the  end f i t t i n g s  a r e  t o  be welded. The end t abs  and any port ions 

of t h e  element showing unusual shrinkage must therefore  be e i t h e r  

expanded o r  contracted t o  achieve t h e  desired diameter. 

FUEL PLATE INSPECTION 

With the  low-performance research reactors ,  simple and rudimentary 

inspect ion techniques were s u f f i c i e n t  t o  furn ish  t h e  required assurance. 

However, with HFIR,  ATR, and A2R2, t h i s  i s  no longer t r u e .  

su i t ab le  inspect ion procedures i s  now one of  t h e  l i m i t s  o,n fu r the r  

advances. 

Lack of 
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Fuel Distribution and 

With the low-performance reactors, 

Homogeneity 

concentrations of fuel were not 

desirable but, unless very heavy, do not cause problems. The commonly 

accepted technique for inspecting for such inhomogeneity has been a 

visual examination of the plates on a fluoroscope and, if questions 

existed, radiographing the plates. Other than a standard plate agreed 

to as being acceptable, no other standards were established. 

With the high performances of H F I R  and ATR, an appreciable fuel 

segregation could result in a hot spot. Previous inspection techniques 

did not have sufficient accuracy and reliability to prevent such an 

occurrence. For ATR homogeneity inspection, every plate is radiographed. 

Any questionable areas on the radiographs are inspected with a densitom- 

eter. 

value and any 0.500-in.-diam spot within 8%. 

ally all plates will be inspected 100% with the densitometer. 

Any spot 0.080 in. in diameter must be within 25% of the specified 

It is expected that eventu- 

For HFIR, further advances in inspection have been made and all 

plates are 100% inspected using a newly developed instrument which mea- 

sures differences in x-ray attenuation of various locations on the plate 

surface. Such an inspection is greatly complicated by the curved fuel 

core cross section. This means that every longitudinal scan will have 

its own specified value of uranium content. 

batch variations in homogeneity and in fuel core thickness. The spot 

size currently being used for this inspection is 5 / 6 4  (0.078) in. in 

diameter. The tolerances which are being routinely met are: no single 

spot may deviate from the specified value for that trace by more than 

2?$, and no average over approximately a 1-in. length may vary by more 

than 212%. 

and reliable. It has been shown to have sufficient accuracy to answer 

questions on total uranium content of a plate and on analytical accuracy. 

This value will include 

This x-ray attenuation scanner has proven to be very effective 

Nonbonds 

The standard commercial inspection technique for determining non- 

bonds is simply to heat the plates to 500°C and examine the surfaces 



23 

f o r  b l i s t e r s .  While crude, with the  t h i n  p l a t e s  involved, t h i s  

technique i s  surpr i s ing ly  r e l i a b l e  a 

To provide increased r e l i a b i l i t y ,  the current  spec i f ica t ions  are 

now also ca l l i ng  for a through-tra,nsmission u l t rasonic  inspection. The 

s e n s i t i v i t y  must be such t h a t  a 1/1.6-in. standard nonbond w i l l .  be 

re jected.  

t i o n  appears t o  be exce l len t ;  however, especial.1.y i f  f u e l  climping i s  
present ,  it may r e j e c t  an occasional acceptable p l a t e .  This re jec t ion  

of acceptable p l a t e s  i s  what has s e t  . h e  inspection l e v e l  a t  t‘ne L/lb-in. 

A1.I p l a t e s  a r e  l O O $  inspected. The r e l i a b i l i t y  of t h i s  inspec- 

spot .  

Core Outline and Channel Spacing 

Tdhile more care i.s iised and more measurements taken, the bas ic  

processes used f o r  inspecting core oubl ine and waAer-channel. spacing are 

the  same for a l l  research reac tor  elements. Core out3.i.nes are deter-  

mined by comparing the  p1.ate t o  a template i n  a fluoroscopic exanination. 

Doiibtful pl.at,es are checked and spot checks made by measuring t h e  out- 

l i n e  from x-ray f i l m s  of .the p l a t e s .  Such techniques have 8,dequate 

s e n s i t i v i t y  t o  meet present  requirements. 

Water-channel spacings a re  being measured with a var i e ty  o f  probes 

which a re  inserted. i n  the  channels, tlne most comon being s t r a i n  gage 

probes with eddy-current probes a second choice. The difference 5.n 
.inspection for the  low- and high-performnnce machines i s  the  number of 
measurements required. I%I”IR has developed an eddy-current pyobe which 

continuously records the  spacing a t  f i v e  diameters d-own each channel and 

a l so  records a continuous average of the  f i v e  probes t o  gtve a continuous 

average f o r  t h e  channel cross  sect ion.  

C r i t i c a l  Fa c i  1 i-t  i e s 

The f i n a l  major inspection i s  usiially made a f t e l -  t he  elements have 

been received a t  the  pixchaser’s  p l a n t  and i s  a measurment i n  a c r i t i c a l  

f a c i l i t y .  Such a measurement deterinines t h e  nuclear worth of Lhc element 

h i t i a l l y ,  every element i s  measured but,  as confidence i s  obtained i n  

the  fabr ica tor ,  only spot chpcking i s  iised. 
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CONCLUSION 

Even though the  research reac tor  fue l  elements a r e  aluminum based, 

they operate a t  heat and neutron f l u e s  wel l  beyond the  power reactors .  

Obtaining such performances has required development of  f la t -p la te - type  

m e 1  elements with powdered f u e l  i n  a dis-persion core and fabricated t o  
exacting tolerances.  Such elements a re  fabr icated coinmercially using 

picture-frame-type procedures. They require  a la rge  number of carefu l ly  

controlled inspection operations and a high inspector-to-operator r a t i o .  

Ei ther  mechanical or welding procedures a r e  used f o r  assembly, deperiding 

upon the  geometry involved. 
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