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^STRACT

The f e a s i b i l i t y  o f  f a b r i c a t i n g  UO2 f u e l  e lem en ts  

h av in g  d e n s i t i e s  o f  90^ t h e o r e t i c a l  by r o ta r y  sw aging  

in s id e  a Z ir c a lo y  o r  s t a i n l e s s  s t e e l  sh ea th  has been  

d em onstrated . The r e s u l t s  show t h a t  the d e n s i t y  ach ieved  

in  t h i s  p r o c e s s  i s  a f u n c t io n  both  o f  the type o f  WOg 

u sed  and the m ech an ica l p r o p e r t i e s  o f  the sh ea th in g  

m a t e r i a l ,
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flae f a b r i c a t i o n  o f  h i g h  d e n s i t j  mraninia d io x id e  f n e l  

p e l l e t s  to  e x a c t i n g  d im e n s io n a l  t o l e r a n c e s  i n v o lv e s  a  number o f  

c r i t i c a l  and e x p e n s iv e  m a n u f a c t a r i n g  o p e r a t i o n s  - ^ p i e a l l j  shomi 

i n  P i g .  1 ,  E x p e r im e n ts  were c o n d u c te d  a t  th e  Mines .Branchy 

O t ta w a ^ ^ '^  i n  w h ich  m o d i f i c a t i o n s  to  t h i s  f a b r i c a t i o n  c y c le  

were  s t u d i e d  i n  an  e f f o r t  t o  r e d u c e  m a n u f a c tu r in g  c o s t s  w h i le  

s t i l l  m a i n t a i n i n g  a  h i g h  d e g re e  o f  q u a l i t y  i n  th e  f i n a l  p r o d u c t .  

A t t e n t i o n  was a l s o  d i r e c t e d  t o  a l t e r n a t i v e  m ethods o f  f u e l  

f a b r i c a t i o n j ,  a g a i n  w i t h  the  o b j e c t i v e  o f  r e d u c i n g  f u e l  c o s t s .

One te c h n iq u e  o f  f u e l  e le m e n t  m a n u fa c tu re ^  w hich  may be 

l e s s  e x p e n s iv e  th a n  th e  c o n v e n t io n a l  methodj, i s  the d e n s i f i c a t l o n  

o f  UO2 pow der d i r e c t l y  w i t h i n  i t s  t u b u l a r  m e t a l  s h e a t h  by means 

o f  r o t a r y  sw ag in g  o p e r a t i o n s .  A s e r i e s  o f  e x p e r im e n ts ^  i n v o lv i n g  

o v e r  150 sam ples^  have b e e n  c o n d u c te d  I n  o r d e r  t o  d e m o n s t ra te  

th e  f e a s i b i l i t y  o f  su c h  a  f a b r i c a t i o n  m ethod  f o r  the  m a n u fa c tu re  

o f  f u e l  e l e m e n t s .  Bi© te c la n lq u e s  ©mployed and th e  r e s u l t s  

o b t a i n e d  to  d a te  a re  d e t a i l e d  i n  f o l l o w i n g  p o r t i o n s  o f  t h i s  

r e p o r t .

SWAGIM& EqUIPMElf

B a s i c a l l y ,  a r o t a r y  sw ag ing  m achine c o n s i s t s  o f  a  s p l i t  

d ie  w i th  b a c k -u p  hamBiers, w h ich  a r e  r o t a t e d  a t  h i g h  s p e e d  w i t h in  

a  r o l l  cag e  by means o f a  mo t o r - d r i v e n  s p in d le #

f h e s e  com ponen ts  a re  shown i n  P ig #  2 ,  As th e  d ie  

s e c t i o n s  and hammers r e v o l v e  w i t h i n  th e  r o l l  cag e  th e y  te n d  to  

move r a d i a l l y  o u tw a rd  by  c e n t r i f u g a l  fo rce®  As the hammers p a s s  each
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in d i¥ id u a l  r o l l  In the r o l l  cage they are f o r c e d  inward, th ereb y  

c l o s i n g  the  d ie  h a lv e s  and Im parting  a blow to  the work p ie c e  as 

I t  i s  f e d  tixrongh the d ie  c a v ity *  T his a c t io n  i s  r e p e a te d  a 

number o f  t im es during  each r e v o l u t i o n  o f  the sp in d le  and c a u se s  

the  work p i e c e  to be fo r g e d  to the shape o f  the d ie  c a v i t y ,

A Penn M anufacturing Company Model ipP r o ta r y  swaging  

machine ( P ig ,  3) was u sed  which had a r a te d  c a p a c ity  o f  13/16** 

diam eter  in  s o l i d  rod  or  2 l /V *  d iam eter  in  tu b in g  (based on 

m ild  s t e e l ) » During the i n i t i a l  exp er im en ts  o n ly  two d ie s  were 

a v a i la b le  -  0 ,3 0 0 ’* d iam eter  and 0 «l|28** d ia m e te r .  The l a t t e r  

s i z e  was ch osen  to  corresp ond  to  the  X-2 loop  spec im en  d iam eter  

a t  the time so as to  p e r m it  the p r e p a r a t io n  o f  specim ens fo r  

I r r a d ia t io n  t e s t i n g .  As the i n v e s t i g a t i o n  p r o c ee d e d , a d d i t io n a l  

d ie s  were o b ta in e d  i n  order to accommodate la r g e r  tu b in g  s i z e s  

and a l s o  to  p r o v id e  l e s s  d r a s t i c  re  due t i o n s  in  each  swaging p a s s ,  

CHARACTERISTIC DEFORMATIOM DTOIMa SWAGISG

When a s o l i d  rod i s  swaged the r e d u c t io n  i n  c r o s s -  

s e c t i o n  a rea  i s ,  o f  c o u r s e ,  accompanied by an in c r e a s e  in  the  

l e n g th  o f  the r o d .  Ig n o r in g  end e f f e c t s ,  i t  i s  a s im ple  m a tter  

to c a l c u l a t e  the amount o f  e lo n g a t io n  which o c c u r s  f o r  any g iv e n  

r e d u c t io n  i n  c r o s s - s e c t i o n  a r ea .

In the c a se  o f  an empty tube b e in g  swaged, the n e t  e f f e c t  

o f  the f o r c e s  c a u s in g  d e form ation  i s  such t h a t  e x t e n s i v e  w a l l  

th ic k e n in g  o c cu rs  and the e lo n g a t io n  i s  o n ly  a sm a ll  f r a c t i o n  o f  

th a t  o f  a s o l i d  rod  o f  eq u a l  d iam eter  f o r  the same r e d u c t io n  in  

t o t a l  c r o s s - s e c t i o n  a r e a .
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Swaging o f  a tube f i l l e d  w ith  a hard^ f i n e l y  d iv id e d  

nowderj which i s  the  c a se  o f  im portance in  t h i s  a p p lic a t io n ^  does  

n o t  appear from the  l i t e r a t u r e  to have r e c e iv e d  a t t e n t i o n .  Such 

an assem bly m igh t be e x p e c te d  to  e x h i b i t  behav iou r  betw een  th a t  o f  

a s o l i d  rod and th a t  o f  an empty tube o f  the s h e a th in g  m a te r ia l  

en^iloyed.

S ta g e s  i n  the r e d u c t io n  by s ’waging o f a W g  f i l l e d  tube 

are shown in  f i g u r e  Ip.

PREPARATIOH OF SPECIMSHS

In t h i s  i n v e s t i g a t i o n  the m a jo r i ty  o f  t e s t s  were 

perform ed on a s s e m b lie s  i n  w hich the llOg powder was r e t a in e d  in  

tu b u lar  sh e a th  by means of rubber p l u g s . The procedure used  

was to c u t  a l e n g th  o f  tu b in g  and p r e s s  a rubber p lu g  in to  one 

end o f  the t u b e . A known w e ig h t  o f  UOg powder was then poured  

i n t o  the tube and the tube was tapped or  v ib r a t e d  u n t i l  the powder 

assumed a minimum vo lum e» By m easuring the le n g th  o f  the powder 

s e c t i o n  and the in n er  d iam eter  o f  the tube the b u lk  d e n s i ty  o f  the  

powder cou ld  be c a l c u l a t e d  and was termed the ’’ tap d e n s i t v ” o f  the  

pow der. A secon d  rubber p lu g  was th en  p r e s s e d  in to  the tube u n t i l  

i t  c o n ta c te d  the  TJOg powder and e f f e c t i v e l y  s e a le d  the tu b e ,

A l i m i t e d  number o f  t e s t  specim ens were a l s o  made w ith  

welded end p l u g s , The procedure  f o l lo w e d  in  p r e p a r in g  th ese  

specim ens was to  w e ld  one end p lu g  i n  p l a c e ,  f i l l  the tube w ith  

UO2  powder to  i t s  tap d e n s i t y  and w eld  the second end p lu g  in  

p la c e  making su re  t h a t  tiie space  betw een end p lu g s  was f i l l e d  

c o m p le te ly  w ith  pow der. S ta g e s  in  the assem bly of swaged f u e l  

e lem en ts  are shown in  f i g s .  5 - 6 ,
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'SXPERIMaiTAL

F o r  I n i t i a l  e x p e r in e n t s ,  a s e r i e s  o f  sam ples were p rep a red  •

co ris is tJ_ng  o f  l e n g t h s  o f  0«577” 0»D. x  0*031” w a l l  Z i r c a l o j - 2  

t u b i n g  e a c h  c o n t a i n i n g  one o f  th e  5 d i f f e r e n t  ty p e s  o f  dOg pow der 

d e s c r i b e d  in  T ab le  1* The o x id e  was r e t a i n e d  in  th e  s h e a t h  by- 

means o f  r u b b e r  p l u g s  i n  e a c h  case® The sa m p le s  w ere  swaged i n  . 

t u r n  th ro 'ugh  0 *500” d ia m e te r  and 0»ij.28” d ia r a a te r  d i e s  th u s  

p r o v i d i n g  an o v e r a l l  r e d u c t i o n  i n  t o t a l  c r o s s  s e c t i o n  a r e a  o f  

S e c t io n e d  sa m p le s  f ro m  t h i s  i n v e s t i g a t i o n  a re  shown i n  Pigs® 1 and 

8 *

The r e s u l t s  o f  -tiiese t e s t s , shown i n  T ab le  I I ,  i n d i c a t e  

t h a t  f o r  -llie same amount o f  sw ag in g  r e d u c t i o n  (ljii.*5^ )  c e r t a i n  

tJOg pow ders  a t t a i n  h i g h e r  d e n s i t i e s  th a n  o t h e r s *  !Kie h i g h e s t  

swaged d e n s i t i e s  w ere  o b t a i n e d  w i th  th e  H o rto n  f u s e d  o x id e  powder 

w h ich  I s  c h a r a c t e r i z e d  by  a h i g h  p a r t i c l e  d e n s i t y  and  a  h ig h  tap  

d e n s i ty *  F o r  d i f f e r e n t  o x i d e s ,  th e  s-waged d e n s i t y  a p p e a re d  to  be 

d i r e c t l y  r e l a t e d  to  t a p  d e n s i t y  b u t  s l i g h t  d i f f e r e n c e s  I n  tap  

d e n s i t y  o f  sam p les  o f  th e  same ty pe  o f  o x id e  sho-wed no c o n s i s t e n t  

© f f e e t  o n  sw aged d e n s i t y .

I n  o r d e r  to  i n v e s t i g a t e  th e  e f f e c t  o f  t h e  e x t e n t  o f  

s-waging r e d u c t i o n  on  th e  sw aged d e n s i t y  o b t a i n a b l e  w i th  d i f f e r e n t  

ty p e s  o f  TFOp p o w d e r ,  a  s e c o n d  s e r i e s  o f  s a m p le s  o f  v a r i o u s  s t a r t i n g  

d i a i a e t e r s  was p rep a red ®  A lu m ln u m -n ick e l  a l l o y  and ty p e  3OJ4. 

s t a i n l e s s  s t e e l  s h e a t h s  were u s e d  i n  som© o f  t h e  s a m p le s ,  to  p e r m i t

t



: -  5  -

o b s e r v a t io n s  o f  the e f f e c t  o f  s h e a th in g  m a te r ia l  on the swaged 

d e n s i t v  o f  the UOg pow der,

The r e s u l t s  o f  th ese  t e s t s  are sijjrirtiarized in  Table I I I*

I t  w i l l  be ob serv ed  from Table I I I  f o r  fu se d  o x id e  c la d  in  s t a i n l e s s  

s t e e l  th a t  swaged d e n s l t v  in c r e a s e d  un to  a c e r t a i n  r e d u c t lo n  and 

th a t  a d d i t io n a l  sw aging  d id  n o t  produce an In crea se  in  ox ide  

d e n s i t y .  At e q u iv a le n t  r e d u c t io n s  the Norton fu s e d  o x id e  c la d  

in  s t a i n l e s s  s t e e l  sh e a th s  swaged to a somewhat h ig h e r  d e n s i ty  than  

s im i la r  sam ples c la d  i n  a lum inum -nickel a l l o y .

The r e s u l t s  o b ta in e d  in  th e se  two p r e l im in a r y  s e r i e s  o f  

t e s t s  l e d  to  the f o l lo w in g  t e n t a t i v e  c o n c lu s i o n s ;

1 ) UO2 powders cap ab le  o f  b e in g  swaged to  h ig h  d e n s i t i e s  

e x h i b i t  h i ^  t a p  d e n s i t i e s ,

2) S in ce  tap d e n s i t y  i s  a fu n c t io n  o f p a r t i c l e  d e n s i t y , 

p a r t i c l e  s i z e  and p a r t i c l e  s i z e  d i s t r i b u t l o n j  i t  

sh o u ld  be p o s s i b l e  to m odify tap d e n s i ty  w ith in  

c e r t a i n  l i m i t s  b'"- v a r y in g  one or more o f  th ese  

p a r a m e t e r s  and th u s  a c h ie v e  h i g h e r  swaged d e n s i t i e s .

3 ) Swaged d e n s i t y  i n c r e a s e s  w ith  sw aging r e d u c t io n  up

to  a  p o i n t  ( te rm e d  th e  c r i t i c a l  r e d u c t i o n )  and re m a in s  

e s s e n t i a l l y  c o n s t a n t  f o r  a d d i t i o n a l  sw aging  r e d u c t i o n  

beyond  t h i s  p o i n t .
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Ij.) The maxlmxim swaged d e n s i ty  a t t a in a b le  IvS denerident 

on the s h e a th in g  r a a te r ia lj  b e in g  somewhat h ig h er  f o r  

Z i r c a l o y  and s t a i n l e s s  s t e e l  than fo r  the weaker 

alnm lnu ia-n ickel a l l o y .

In the i n i t i a l  t e s t s ,  h i g h e s t  swaged d e n s i ty  was o b ta in ed  

w ith  Norton f u s e d  o x id e  c la d  in  Z ir c a lo y “2 and swaged to 

r e d u c t io n  in  area* However, i t  was thought t h a t  the a d d i t io n a l  

c o s t  o f  the f u s e d  o x id e  would g r e a t l y  reduce the p o s s i b l e  econom ic  

advantage o f  the sw aging p r o c e s s  over  the c o n v e n t io n a l  f a b r i c a t i o n  

method* E f f o r t s  were th e r e fo r e  d i r e c t e d  toward the p r o d u c t io n  of  

a s i n t e r e d  o x id e  which would have c h a r a c t e r i s t i c s  s im i la r  to 

th ose  o f  the fu s e d  o x i d e .

The Chemical E n g in eer in g  Branch u n d ertook  to  supply

a number o f  o x id e s  prepared  from d i f f e r e n t  so u rc e  m a t e r i a l s ,  t r e a t e d

in  d i f f e r e n t  ways, and s i n t e r e d  in  a stan d ard  s i n t e r i n g  c y c l e  *

The o x id e s  were c la d  in  0*^77” 0*D* x 0*031'* w a l l  Z ir c a lo y -2  tu b in g  

and were e v a lu a te d  by sw aging to r e d u c t io n *

Each o f  the s e v e r a l  b a tc h e s  o f  powder was s u b je c te d  to

a p a r t i c l e  s i z e  d i s t r i b u t i o n  a n a ly s i s  by s c r e e n in g  ( see  P i g .  9 ) ,  

an oxygen-uran i 'u in  r a t i o  was d e te r m in e d ,  and p a r t i c l e  and tap 

d e n s i t i e s  were m easured p r io r  to sw a g in g .

The r e s u l t s  o f  tn e s e  t e s t -  are g iv e n  i n  Table IV to g e th e r  

w ith  a d e s c r i p t io n  o f  the tre a tm en ts  arip liad  to  the v a r io u s  o x i d e s ,  

and are i l l u s t r a t e d  graT.rhlcally in  P i g s , 10 , 11 * R e s u l t s  showed 

the f o l lo w in g  tre n d s:

:



fi 1 )  ¥ a x ln g  and /or  p r e s s in g  produced an i n c r e a s e  in  tap d e n s i t y  

over t h a t  o b ta in e d  by s i n t e r i n g  a l o n e . Bie p a r t i c l e  d e n s i t y  o f  

b oth  ADU r o u te  and UO3 r o u te  powders was a p p a ren tly  reduced by 

p r e s s i n g ,  i n d i c a t i n g  t h a t  c lo s e d  p o r o s i t y  was d e v e lo p e d .

2)  The h i g h e s t  swaged d e n s i t y  ( e x p r e s s e d  as ^  t h e o r e t i c a l  f o r  

UO2 ) , a p a r t  f ro m  f u s e d  UO2  was o b t a i n e d  w i th  ADU r o u t e  p o w d e rs ,

as shown i n  P i g .  1 0 .  However, i n  P i g .  11 where the  tap  and swaged 

d e n s i t i e s  a re  p l o t t e d  as a p e r c e n t a g e  o f  p a r t i c l e  d e n s i t y ,  no 

d i f f e r e n c e  can be d e t e c t e d  betw een  sa m p le s  o f UO3 r o u te  and ADU 

ro u te  m a t e r i a l s ,  n o r  betw een e i t h e r  o f  th e se  m a t e r ia l s  and fu s e d  

UO20

3 ) Swaged d e n s i t y  in c r e a s e s  w i t h  tap d e n s i t y  f o r  b o th  ADU and 

UO3 ro u te  UO2 *

I4.) For  a g iv e n  tap d e n s i t y ,  the  swaged d e n s i ty  i s  h ig h e r  f o r  

h ig h e r  p a r t i c l e  d e n s i t y .

Although t h e  swaged d e n s i ty  o b ta in e d  w ith  s i n t e r e d  o x id e s  

was n o t  as h ig h  as t h a t  o b ta in e d  w ith  f u s e d  o x id e ,  d e n s i t y  o f  a t  

l e a s t  90^ o f  t h e o r e t i c a l  c o u ld  be a c h iev e d  u s in g  t h i s  ty p e  o f  

sw aging f e e d  m a t e r i a l . The optimxim powder trea tm en t i s  s lown in  

P i g .  1 2 ,

Prom the r e s u l t s  o f  T ab les  I I  and I I I  a c r i t i c a l  r e d u c t io n  

by sw ag ing  appeared to  e x i s t  beyond which no f u r t h e r  d e n s i f i c a t i o n  

o f  the o x id e  co re  o c cu rr ed , the d e n s i t y  so a c h ie v e d  f o r  a g iv e n  

o x id e  b e in g  dependent on  p r o p e r t i e s  o f  the  s h e a t h i n g  m a t e r i a l • In  

ord er  to i n v e s t i g a t e  the  c r i t i c a l  r e d u c t io n  and c h a r a c t e r i s t i c  

d e n s i t y  f o r  a number o f  s h e a t h / f u e l  c o m b in a t io n s ,  a s e r i e s  o f  

d i f f e r e n t  o x id e s  were s h e a th e d  in  Z i r c a lo y - 2 ,  aluminum and type 30i|. 

s t a i n l e s s  s t e e l ,  the  ox id e  b e in g  c o n f in e d  by end p lu g s  o f  the
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a p p r o p r i a t e  m a t e r i a l ,  w e ld e d  i n  p l a c e « Each sp e c im en  was liien  swaged 

i n  in c r e m e n t s  to  h ig h  r e d u c t i o n s ,  th e  o x id e  d e n s i t y  b e i n g  c a l c u l a t e d  

f ro m  sample d im en sion s  a f t e r  e a ch  sw aging p a s s ,

®ie r e s u l t s  a re  shown i n  T able  ¥ and s e f e r a l  a r e  p l o t t e d  i n  

P ig s  1 3 ,  and c o n f i rm e d  r e s u l t s  p r e v i o u l y  o b t a i n e d  on s a n ^ l e s  u s i i :^  

r u b b e r  p lugs®  Bae c r i t i c a l  r e d u c t i o n  was fo u n d  to  b e  r e l a t e d  to  

th e  a h e a t t i in g  m a t e r i a l ,  b e i n g  lo w e r  f o r  th e  w eak e r  s h e a t h i n g  

m a te r ia l  (aluminum) and h ig h e r  f o r  th e  s t r o n g e r  s h e a th in g  m a t e r i a l s ,

At r e d u c t i o n s  b elow  the c r i t i c a l  r e d u c t io n ,  the  o x id e  d e n s i t y  was 

found to be  in d e p e n d e n t  o f  th e  s h e a t h i n g  m a t e r ia l  and v a r ie d  w ith  

the ta p  d e n s i t y  o f  the  powder® F o r  a g iv e n  type o f  o x id e ,  the  

h i g h e s t  swaged d e n s i t y  was a s s o c i a t e d  w ith  th.e s h e a t h i n g  m a t e r ia l  

show ing  th e  h i g h e s t  c r i t i c a l  r e d u c t i o n ,  i n  t l i i s  c a s e  Z irc a lo y -2 ®

No c r a c k i n g  was e x p e r i e n c e d  w i th  aluminum o r  s t a i n l e s s  s t e e l  s h e a t h s  

a t  r e d u c t i o n s  up to  Bo^ w h e re a s  c r a c k i n g  occtirred i n  c e r t a i n  c a s e s  

f o r  Z i r c a l o y  c l a d  sp e c im en s  a t  r e d u c t i o n s  above

Some t e s t s  were perform ed i n  which the  o x id e  was p re-com p acted  

in to  p e l l e t s  a t  ij.0 ,0 0 0  p s i  b e fo r e  l o a d i n g  in t o  s t a i n l e s s  s t e e l  

s h e a t h s .  These specim ens are compared to s im i la r  sp ec im en s c o n t a in in g  

l o o s e  packed o x id e  i n  P i g .  I l f ,  For l o o s e  s i n t e r e d  UO2 (typ e  **F” ) ,  

^ t h o u g h  the Maximum or ”c h a r a c te r  i s  t i c ” d e n s i f -  i s  n o t  I n c r e a s e d  

by  p r e - c o m p a c t i o n ,  th e  c r i t i c a l  r e d u c t i o n  r e q u i r e d  to  a c h ie v e  t h i s  

d e n s i t y  i s  d e c r e a s e d .  For type ”A” (a s -r e d u c e d  A.D.U. r o u te  UO2 ) 

the swaged d e n s i t y  i s  in c r e a s e d  a t  in te r m e d ia te  r e d u c t i o n s  b y  p r e ­

c o m p a c t in g  the o x id e  b u t  the l i m i t i n g  d e n s i t y  i s  n o t  ^ p a r e n t l y  

' I n c r e a s e d ,

:
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The e f f e c t  o f  p a r t i c l e  s i z e  was i n v e s t i g a t e d  b r i e f l y  b y

p r e p a r i n g  Norton f u s e d  o x id e  i n  th r ee  d i s t i n c t l y  d i f f e r e n t  s i z e

r a n g e s  and g ra d e d  so as  to  o b t a i n  th e  same tap  d e n s i t y  f o r  each

s i z e  ra n g e *  The r e s u l t s  a re  shown In  f i g u r e  15 and te n d  to  I n d i c a t e  

t h a t  maximum swaged d e n s i t y  f o r  a g iv e n  o x id e  powder can be in c r e a se d  

by the  use o f  la r g e  p a r t i c l e  s i z e s  graded to  g iv e  h ig h  tap d e n s ity *  

During the cou rse  o f  the i n v e s t i g a t i o n  numerous m isce l laneous  

sam ples were prepared  to  e v a lu a t e  p a r t i c u la r  g r a d e s  o f  o x id e ,  as 

lo o p  sa m p le s ,  or as c o n t r o l  sam ples w ith  o x id e s  o f  known c h a r a c t e r -  

i s t i c s .  The r e s u l t s  o f  th e se  t e s t s  are sum m arized in  Table VI*

While i t  i s  d i f f i c u l t  to  draw c o n c lu s io n s  from such a h e tero g en eo u s  

s e t  o f  r e s u l t s ,  no e f f e c t  o f  tube s i z e  on the d e n s i ty  a ch ieved  

f o r  a g iv e n  r e d u c t io n  d u r in g  sw aging i s  a p p aren t . The t o t a l  rang© 

o f  d ia m e ter s  cov ered  i s ,  o f  c o u r s e ,  w i t h in  a f a c t o r  o f  tw o.

DISCI7SSI0H AND CONCLUSIONS

1) The m anufact-.re o f  f u e l  e lem e ’̂ ts by r o ta r y  sw aging o f  

uranium d io x id e  pow der w ith in  a tub u lar  m eta l sh eath  

appears to  be q u i t e  f e a s i b l e .  In p r a c t i c e  the  f u e l  

c o u ld  be p r e p a r e d  i n  a p p ro x im a te  m u l t i p l e s  o f  the d e s i r e d  

l e n g t h  w ith  the  o x id e  r e t a in e d  w i t h in  th e  sh e a th  by means 

o f  rubber p l u g s .  F o l lo w in g  sw ag in g , the e le m en ts  would be 

c u t  and machined t o  the e x a c t  l e n g t h  d e s ir e d  and e x c e s s  

o x id e  rem oved  by m ach in ing  to  p erm it the i n s e r t i o n  o f  

perm anent m e ta l  end p l u g s .  Tie a l t e r n a t i v e  m ethod w h e re ­

by  the f u e l  e le m e n ts  are w elded i n d iv i d u a l ly  b e fo r e  swaging  

cannot be recommended u n t i l  more i n f o r m a t i o n  i s  a v a i la b le
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on end p lu g  d e s ig n  and on the l e n g t h  v a r i a t i o n  which  

can occur on svjaging n o m in a lly  i d e n t i c a l  e lem en ts*

2) B e s t  r e s u l t s  are o b ta in e d  w ith  uranium d io x id e  powders 

h a v in g  a p a r t i c l e  d e n s i ty  approaching t h e o r e t i c a l  d en s ity^

a low  s p e c i f i c  s u r fa c e  a r ea ,  and a h ig h  b u lk  d e n s i t y .  These 

c h a r a c t e r i s t i c s  are b e s t  o b ta in e d  w ith  a f u s e d  o x id e ,  which  

has b een  a d ju s te d  to the re q u ire  d p a r t i c l e  s i z e  d i s t r i b u t i o n  

by comminution and s c r e e n in g .  C h a r a c t e r i s t i c s  approaching  

th ose  o f  f u s e d  uranitxra o x id e  may be o b ta in e d  w ith  o x id e  

i n i t i a l l y  p rep ared  by the A.D.TJ. r o u te  and s u b s e q u e n t ly  agg­

lom era ted  and l o o s e  s i n t e r e d  in  a hydrogen or steam /h ydrogen  

c y c l e •

3) Aluminum, a u s t e n i t i c  s t a i n l e s s  s t e e l  and Z lr c a lo y - 2  sh e a th s  

were t e s t e d  i n  t h i s  i n v e s t i g a t i o n .  B e s t  r e s io l t s  were o b ta in e d  

u s in g  Z ir c a lo y - 2 ,  alth.ough r e s u l t s  u s in g  s t a i n l e s s  s t e e l  were 

n e a r ly  as good . Some c r a c k in g  o f  Z ir c a lo y  sh ea th ed  e le m en ts  

was n o ted  a t  r e d u c t io n s  o n ly  s l i g h t l y  o v e r  the c r i t i c a l  r e d u c ­

t i o n ,  However, i t  i s  thou ght t h a t  t h i s  problem  c o u ld  be 

c ircu m ven ted  by pre comp a c t io n  o f  the  powder so as to  reduce  

the c r i t i c a l  r e d u c t io n  va lu e  o r ,  a l t e r n a t i v e l y ,  by in tr o d u c in g  

an in te r m e d ia te  a n n e a l in g  trea tm en t so as to  r e s t o r e  the  

d u c t i l i t y  o f  the s h e a th ,

i|) During the i n i t i a l  s t a g e s  o f  sw aging the s h e a th in g  behaves as 

an empty tube and undergoes e x t e n s i v e  w a l l  t h ic k e n in g ,  and the  

o x id e  d e n s i t y  in c r e a s e s  m ark ed ly . Above a c e r t a i n  c r i t i c a l

S
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r e d u c t io n ,  which i s  dependent upon the p r o p e r t i e s  o f  both  

the sh e a th in g  m a te r ia l  and the ox ide  powder, the oxide  

can n ot be d e n s i f i e d  any f u r th e r  and a d d i t io n a l  swaging  

m erely  c a u se s  the tu b in g  w a l l  to th in  and the assem bly to  

le n g th e n  markedly* In t h i s  s ta g e  the t ,b i n g  r e a c t s  as 

though i t  were b e in g  sw aged over  a mandrel * These changes 

are shown d ia g ra m m a tica lly  in  F igure 16* I t  may be 

p o s s i b l e  to use t h i s  c h a r a c t e r i s t i c  d eform ation  to  advantage  

in  p rod u cin g  t h in -w a l le d  f u e l  e lem en ts  *

5 )  The re  s u i t s  o f  t h i s  i n v e s t i g a t i o n  in d ic a t e  no e f f e c t  o f  

s t a r t i n g  d iam eter  on swaged d e n s i ty *
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TABLB 1

Sources o f  M a te r ia ls  Eriuloved in  I n i t i a l  Experim ents

Type o f  UQg S u p p lier law  M a ter ia l Treatment

’u s e d  o x id e Norton Co* 
Chlppawa, Ont,

111Moying bed  
Too Smothered carbon arc fusioH j  

p rod u ct  cru shed  and m i l l e d

Slntered^

l.E.C.L® S in t e r e d

'H i^  tem perature”
UE«G»L, UO3 r o u ts

:idor ado "moving
>ed*

Garb'oToy D iv iS ” ' r o u t e
ion  of Canadian UO2 »
G eneral E l e c t r i c

A.D.Uo ro u te  
UO2

Eldorado  
Mining and 
R e f in in g  Ltd,

UO-

UO3

Agglom erated, s i n t e r e d  a t  
17600c in  H2 , m i l l e d  as 
re  qu ire  d

P re sse d  1|.0,000 p . s . i . ,  
g r a n u la te d  -20  mesh, s i n t e r e d  
in  H2 h- h r s ,  1700°C, m i l l e d  
as r e q u ir e d .

Reduced in  Hg a t  tem perature  
up to  120QOC, u sed  as r e c e i v e d

Reduced in  p e l l e t  form by H2
in  a moving bed r e a c t o r .  M il le d  
as r e q u ir e d .

ro
I

A,D,U, ammonium d iu ran ate
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TABLE I I

SWABIHS RESULTS FOR A HUMBER OP TYPES OP TOAWIPM DIOXIDE CLAD IN ZIRCALOY-2

Grade USS Sieve No.Uranivan Oxide Type 
& Batch Number

D ensity  o f UOg g/cm3 
0 /U R a tio  P a r t ic le  Tap Swaged

i 8 -165  mesh 1.96 10.97 7 , 14- 10.5

22 -170 mesh 1.96 10.97 7 .k 10.2

51 Fused oxide -li^ 1.96 10,97 7 .k 10.3

57 -30 1.96 10.97 7 .8 10.2

1 As re c e iv e d 2.01 10.75 6 .8 9.9
2 As re c e iv e d nd nd 6.8 9.7

20 -165  mesh nd nd nd 10.1

27 -170 mesh nd nd 6 .9 10.1

33 CGS S in te re d -170 mesh nd nd 6.3 10.1

36 -170 mesh nd nd 6 . I 4. 9.7

26 -170 mesh nd nd 6 .0 10.0

3k 60^-70 mesh + 100 mesh 

i4.0%-270 mesh + 3^5 mesh

nd nd 7.0 10.0

35 60^-35 mesh + 50 mesh

ij.0%-270 mesh + 325 mesh nd nd 7.2 9.9

37 AECL S in te re d  (P72) “I70 mesh 2.02 nd 7 .0 9.8

38 -170 mesh 2.02 nd 6 ,6 9.8

2k AECL S in te re d  (P6 7 ) ”170 mesh nd nd 5 .6 9 .Hi-

k 8 Eldorado "moving bed" 
6035B As re c e iv e d nd nd I4..I 7 .7

k9 Eldorado "raovlng bed" 
60i}.uB As re c e iv e d nd nd k .o 7 ,9

Note; ( i )  A ll r e s u l t s  a re  f o r  specim ens c la d  in  tubes I n i t i a l l y  0,577 O.D. X 0.031" w a ll .

and reduced  l̂ S% in  a re a  by sw aging, 

(2) nd = n o t determ ined .



TABLB I I I

Sawple
No.

THE EFFECT OP SHEATHING MATERXAI., SLEIiSNT DIAMETER AND SWAGING

“ OO2 

Tap

g/cm 3

Swaged

REDUCTION IN AREA ON THE SWAGED DENSITY OP THREE TYPES OF URANIUM DIOXIDE

Uranium Oxide Tsrpe Grade
(USS
sieve)

Sheath M a te ria l I n i t i a l
d iam eter 

o f 
she a th  

(in.)

R eduction 
in  a re a  on 
Swaging 

(fo)

D e n s it j  oj 

P a r t i c le

42 Fused oxide -170 Aluminum/nickel 0,505 28 ,5 10 ,97 6 ,9 9 .5
14̂ el f« -170 0 ,5 0 8 28 ,5 10 .97 7 .0 9 .5

67 -170 0 ,6 3 1 1 5 .0 10 ,97 7 . 3 8,9
68 -170 0,749 22 ,0 10 .97 6 , 9 9.1
66 -170 0 ,5 0 3 28 ,0 10 ,97 7.0 1 0 ,0
71 -1 7 0 0 .5 0 3 28 ,0 10 .97 7 .1 9 . 8
69 Fused oxide -170 S ta in le s s  s te e l 0 ,6 3 1 37»0 10 .97 6 ,7 9 .7
72 -170 0 ,6 3 2 37 .0 10,97 7 .1 9 .8
73 -1 7 0 0,743 4 1 ,0 10 .97 6 ,9 9 .8
85 -170 0 .8 7 6 4 2 .0 10 ,97 6 ,8 9 .5

25 C .G .EoSintered -170 Z lrca lo v -2 0.600 39.0 10 ,75 6 ,0 9 .2
23 „ -170 0 ,7 5 0 4 1 ,5 10 .75 6 ,0 9 ,8

7 High tem perature 0 ,5 0 0 26 ,5 1 0 ,2 4 4 . 9 7 .0
Z irca lo y -2

8 AECL UÔ  ro u te t 0 .5 0 0 26 ,5 1 0 .2 4 4 . 9 6 ,6

s

±  nd = n o t determ ine do
aI
VJlVO
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Sample Ko,

80

79

?HE EPFSCT OF VARIOUS TRSATMBNTS ON THB SWAGHD DENSITY 

OBTAINED PGR SEVERAL TYPES OP URANItTM DIOXIDE

S ta r t i n g  M a te r ia l T reatm ent ,̂5 0/U R a tio  î ter

Waxed and p re s s e d  
b e fo re  s i n t e r i n g  2 ,0 1

Reduced, waxed & 
p re s s e d  b e fo re  
s in t e r in g  2 ,0 1

Density g/cm̂
T reatm ent P a r t ic le Tap Swaged

52 Reduced on ly 2 ,0 3 lO.i+S 3 .9 7 .8

62 Waxed and s lu r r i e d ^  
b e fo re  s in t e r in g 2 ,0 2 10.78 4 .2 8 .5

50 E-20 UO^ S in te re d 2 ,0 8 10.33 4 .3 8 .5

53 S in te re d 2,01 10.51 4 .8 8 .7

60 S in te re d 2 ,0 2 10.32 5 .5 9 .0

65 S in te re d 2 ,0 2 10.36 5 .5 8 .9

61 Waxed and s l t i r r i e d ^  
b e fo re  s in t e r in g 2 ,0 2 10.76 6 .1 9 .1

58 Waxed and p re s s e d ^  
b e fo re  s in t e r in g 2 ,0 2 10.31 6 .8 9 .7

76

77
e - 44 no^

S in te re d

Waxed and p re s s e d  
b e fo re  s in t e r in g

2 ,0 2

2 ,0 2 10.29

5 .9

5 .7

9 .3

9 .4

63 S in te re d 2 ,0 2 10.90 5 .4 9 .0

64 Waxed and tum bled 
b e fo re  s in t e r in g 2 ,0 2 10.80 6 .2 9 .1

75 **Hicronised" UÔ P re ssed  b e fo re  
s in t e r in g 2 .0 1 10.43 6 .8 9 .6

74 Waxed and p re s s e d  
b e fo re  s in t e r in g 2 ,0 1 10.48 7 .0 9 .7

56 P163 ADU S in te re d 2 .02 10.74 5 .6 9 .4

55 P164 ADU Reduced b e fo re  
s in t e r in g 2 ,02 10.97 6 .0 9 .3

54 P164 ADU Reduced b e fo re  
s in t e r in g 2 ,0 2 1 0 .94 6 .0 9 .5

81 E45 adu Reduced b e fo re  
s in te r in g 2 ,0 1 10.81 5 .8 9 .4

10,76 7*0 9 .8

10,61 7 .2 9 .9

N o tes ; (1) A ll specim ens were c ia d  in  Z irc a lo y -2  tu b in g , i n i t i a l l y  0,577'* d iam e te r  and
red u ced  kk*5% i n  a re a  d u r in g  sw aging,

(2) The s ta n d a rd  s i n t e r i n g  cy c le  c o n s is te d  o f  h e a tin g  in  hydrogen to  lOOOOc, s te « n  
from  1000® to  lhOO®C, h o ld in g  i n  steam  f o r  30 m in s, a t  1£|.00®C b e fo re  co o lin g  
to  room .tem p era tu re  in  s team . The r e s u l t i n g  ox ide  powder, was th en  reduced  to  
UOg^Q in  hydrogen  a t  900 C,

(3) S lu r r i e d  sam ples were d r ie d  and p -ranu la ted  th rough  a  20 mesh sc re e n  b e fo re  
s i n t e r i n g ,

(if.) P re sse d  sampj.es were p re s s e d  a t  20 ,000  p s i  th en  g ra n u la te d  through  a 20 mesh
sc re e n  b e fo re  s in t e r in g

(5) U nless s t a te d  o th e rw is e , •ta'eatment was done on the  so u rce  m a te r ia l  w hich was
th en  re d u ced  in  the  s i n t e r i n g  c y c le .



TABLE V

R e su lts  o f  Swaging Experim ents on Welded A ssem bliea

Sheath M ate ria l Oxide T^pe & 
B atch Fo.

Grade
U.So Sieve

AZuminum

Fused UO2 "-30
Fused UOp -30
(AECL S ln t)P 79  -20 
HTR UO2 AR
ADU (as reduced)AR

UOp Tap 
D e n s ity  

g/cra3

S ta r t in g
Dlaiti.
( i n )

T o ta l  
Re due t i  on 
in  are a %

F in a l  
Diam. 
( i n , )

U0„
Swaged
D e n sity

er/cm3

7 .3 1 .0 0 0 kk .7 4 9 9 .1
7^k .626 p 3 ,4 2 5 9 .4
7 .6 .750 28 .636 9.0
U .5 .9 9 9 81 .4 2 7 7 ,2
1 .9 ,626 5k .426 5 .4

Fused UO2 -400 6.7 ,748 47 ,5 .541 9 .9
Fused UO2 -30 7 .6 ,753 4.8 .542 10.0
Fused UO2 -6 + 18 6 .3 .626 52 .434

.438
10 ,3

Fused U0„ -30 4. 170 6.6 .626 51 10.1
Fused UO2 -400 6,6 .626 51 .438 9 .8

(AECL S in t)P88 -20 7.0 , 74s 47 ,543 9 .8
S ta in le s s  S te e l C.G.E. S in te re d -170 B .4 ,629 51 .437 9 .6

(compacted 40,000 p s i )
E ldorado moving
bed (PKB) AR 4 .2 1.000 54,5 .675 7.7
" " (KB604OB) AR 4 ,2 .630 52 .437 7.8
" " (MB604OB) AR 4 .2 .753 54 .512 7 .6
HTR U02 (compacted 40*000 p s i ) 6 .2 ,630 51 ,437 8.6
ADU (p68) ro u te AR 1.8 .748 66 ,435 7.7
(as reduced)
ADU ro u te -170 5 .2 .627 51 .437 7 .8
(as reduced) (compacted 40s0 0 0 p s l)

Fused UO2 -30 7,6 .750 35 ,603 9 ,9
Fused UO2 -30 7 .6 .751 35 .605 9 .9
Fused UO2A -30 7 .4 .577 45

40 .5
.428 10,2

Z irca loy Fused UO2 -30 7 ,7 .751 .580 9.8
HTR UOo
E ld o .J» v in g  Bed

AR 4.4 .750 4<? .582 7.6

.600(r©6040B) AR 4 .6 47 ,436 7.7
ADU ro u te  P68 AR 2.0 ,600 49 .428 4 .5
(as reduced)

0
1

I

AR = as re c e iv e d  :i. Rubber end p lu g s
HTR = High tem peratu re  ASCL UO3 r o u te .

• •
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TABLw V I

CRPD-759

THE iiiPPSCT OP SaalATHIlTG M ATERIAL, ELeiiyhiNT DiAMblTSR AND SWAGITO RaPU C TIO N  ON THE SWACrijD DBK SITY  OP MISCELLANEOUS S W L B S  OP

U R A N Iim  D IO X ID E

Swaging D e n s ity  o f  UOp g/cm^

Sample No. O xide [hi-pe^ and B a tc h  No.
Grade 
USS S ie v e

0/U
R a t io S h e a th  M a te r ia l

I n i t i a l  S h ea th  
D iam e te r ( i n s , ’

R e d u c tio n  
% A rea Tap Swaj!8d

95 PyS s i n t e r e d  ADU r o u te nd2 nd S t a i n l e s s  S te e l 1 ,0 0 0 8 0 .0 7 .6 9 .7

125 OGE s i n t e r e d  ADU r o u te -1 8 nd n ti 0 .9 1 7 3 8 ,0 7 .9 9 .3

126 CGE s i n t e r e d  ADU r o u te -18 nd II n 0 .9 2 2 2 6 ,0 7 .9 9 .1

127 CGS s i n t e r e d  ADU r o u te -1 6 nd n II i.O hS 4 1 .0 7 .5 9 .6

128 CGE s i n t e r e d  ADU r o u te -1 8 nd II 11 1 .1 8 3 5 5 .0 8 .1 9.1).

129 P87B s i n t e r e d  ADU r o u te As r e c 'd 2 ,0 2 II X 1 .1 6 4 53 6 .3 9 .3

130 P85B s i n t e r e d  ADU r o u te As r e c ’d 2 .0 2 1 .1 6 5 61 6 .9 9 .5

132 P87B s i n t e r e d  ADU r o u te -16 2 .0 2 II ri 1 .1 6 5 53 7 .2 9 .1

136 P83B s i n t e r e d  ADU r o u te As r e  c ’ d 2 .0 2 II If 1 .1 6 5 61 6 .6 9 .2

137 P83B ■' " " + 100 2 .0 2 <• II 1 ,1 6 5 61 6 .1 9.1).

138 P64B ■' + 70 2 .0 2 i* II 1 .1 6 5 61 6 .1 9.1).

139 P86B " " " + 70 2 .0 2 If n 0 .9 2 4 40 6 ,0 9 .2

IM2 P96 tu m b le d , s i n t e r e d ,  
ADU r o u te As r e c ’d nd >1 II 0 .6 2 6 S I .5 5 .1 9 .3

li+3 P96 " " + 170 nd n If 0 ,6 2 6 5 1 .5 5 .2 9 .2

144

145

, P97 P r e s s e d ,  s i n t e r e d ,  
ADU r o u te
P97

As r e c ’d 

+ 170

nd

nd

II 11 

II <1

0 ,6 2 6

0 .6 2 6

5 1 .5

5 1 .5

6 .6

5 .9

9 .6

9 .6

146 P8 7C s i n t e r e d  ADU r o u te + 70 nd n <1 0 .7 5 3 6 8 .0 nd 9 .7

149 P88D ” " '* As r e c ’d nd It It 0 .7 5 3 SO.O 6 .5 9 .1

150 P88D -170 nd II n 0 .7 5 3 5 0 .0 5 .8 9 .2

96 F u se d  UOg nd nd n n 1 .0 0 0 8 0 .0 7 .8 9 .7

131 F u se d  UOg -16 1 .9 6 '* 1 .1 6 4 S3 nd 9 .9

135 F u se d  UO2 -16 1 .9 6 Z i r c a lo y - 2 0 .6 0 0 39 7 .3 9 .8

141 F u se d  UOg + 170 1 ,9 6 >1 0 .5 9 9 39 7 .6 9 .8

147 F u se d  UO2 -1 8 nd S t a i n l e s s  S t e e l 0 .7 5 3 6 8 .0 nd 9 .7

148 F u sed  UO2 -18 nd " 0 .7 5 3 6 8 .0 nd 9 .8

134 P67 c ru s h e d , s i n t e r e d  
p e l l e t s nd 2 .0 1 Z i r c a lo y - 2 0 .6 0 0 30 7 .7 9 . k

133 UK E l e c t r o l y t i c As r e c 'd 2 .0 2 Z i r c a lo y - 2 0 ,6 0 0 40 5 .9 9 .9

99 H ig h  Temp. UO^ r o u te As r e c 'd nd S t a i n l e s s  S t e e l 1 ,0 0 0 8 1 .0 I4..7 8 .9

97 E ld o ra d o  m oving  bed(6038B ) As r e c 'd nd 1 ,0 0 0 8 1 .0 k . o 8 .3

112A II II II II As r e c 'd nd II II 0 ,6 3 0 S a .o k . 2 7 .8

113 H II H n As r e c 'd nd II II 0 .6 3 0 5 2 .0 k . l 7 .7

98 P68 a s  r e d u c e d  ADU r o u te As r e c 'd nd 1 ,0 0 0 8 1 .0 1 .8 8 .5

NOTES? (1 )  The te rm  " s in t e r e d "  i n d i c a t e s  th e  a s - r e d u c e d  pow der was p r e s s e d  in to  p e x i e t s  a t  HO,000 p s i  u s in g  2 w /o wax 
b i n d e r ,  th e  p e l l e t s  g r a n u l a te d  t h r o u ^  a  20 mesh s c r e e n  and s i n t e r e d  i n  h y d ro g en  a t  1650-1725  C, b e fo re  
g r in d i n g  to  th e  g ra d e  s p e c i f i e d  i n  colum n 3« "Tum bled" m a te r i a l  was txjm bled in  a  m ix e r  to  p ro v id e  a g g lo ­
m e ra te s  p r i o r  to  s i n t e r i n g ,  a s  opposed  to  th e  p r e s s in g  and g r a n u l a t i n g  t r e a tm e n ts  d e c r ib e d  ab o v e . R o u te s  
"ADU" and "UO^" r e f e r  to  th e  p a r e n t  compound from  w h ich  th e  UOg was p ro d u c e d .

(2 ) hd * n o t  d e te rm in e d ,

(3) S u p p lie d  by  AERS, H a rw e ll ,  E n g la n d . P r e p a r a t i o n  r o u te  n o t  known.
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FINAL PRESS 2 0 , 0 0 0  psi

GRIND -  6 0  MESH

P R E -P R E S S  1 0 ,0 0 0  psi

UO POWDER

SINTER 4 HRS.
I650®C IN CRACKED AMMONIA

LAP ENDS SMOOTH

GRANULATE -  2 0  MESH

GRIND DIAMETER ±  0 - 0 0 0 5

F ig u re  1 T y p ic a l flOYj sh e e t  fo r  UOg p e l l e t  f a b r ic  a t  io n  

(P hoto  No* CT-189^A)
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PigTire 2 R o l l  cage^ hammers and d i e s  o f  sw aging m achine

(P h o to  No. 1702- 2 )
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F i g u r e  3 Penn model J+F sw aging m achine 

(P hoto  No. 1210-3 )
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Is-::- ■

PlRure U S ta g es  in  th e  r e d u c t io n  o f  a f i l l e d  tube  
by r o ta r y  sw aging

(P hoto  No. 11+50-2)

m H
P

F igu re  5 Uraniuia d io x id e  powderj sh e a th , rubber p lu g s and 
w elded  p lu g s  u sed  in  f u e l  e lem ent assem b ly ,

(P hoto  No, li+ 5 0 -1 )
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F ig u re  6 Swaged e lem en t o f  UOp in  Z ir c a lo y  'before i n s t a l l i n g  
f i n a l  w elded  end p lu g s , and a s im ila r  e lem en t a f t e r  
w e ld in g  and a u to c la v e  t e s t i n g

(P h oto  No. 11+50-3)

F ig u re  7 Swaged s e c t io n s  o f  UOp c la d  in  Z irc a lo y

(P hoto  No. 121 0 -8 )
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/ m

V '

mm

F ig u re  8 Swaged s e c t io n s  o f  UO2 c la d  in  Z ir c a lo y  showing th e  
appearance o f  th e  f u e l .  L e ft  to  r ig h t :

( i )  N orton  fu se d  UOg h3% r e d u c t io n , d e n s ity  Sk%
( i i )  S in te r e d  UOg k3% r e d u c t io n , d e n s i ty  905̂
( i i i )  S in te r e d  UOg U-2% r e d u c tio n  -  d e n s ity  895̂ ^

(Photo  No. 1 210-9)
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ICX)

90

NO TREATMENT 
PRIOR TO SINTERING80

t  60

50

WAXED a  PRESSED 
_ PRIOR TO SINTERINGuj 40

5  30

ADD SOURCE MATERIAL20

DC s  SOURCE MATERIAL

150 ICO 50200250
PARTICLE S I Z E - > 1

PiR ure 9 The e f f e c t  o f  p r io r  trea tm en t on the p a r t i c l e  s i z e  
d i s t r ih u t io n  o f  UOg powder o b ta in ed  a f t e r  s in t e r in g

(P hoto  No. CT-1U71A)
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10-5

100

9 -5

m
X X

9 - 0

8 - 5

m AOU POWDERS 
X UO3 POWDERS 
O FUSED UOz

TAP DENSITY (g/cm®)
7-5

F ltn ire 10 The r e l a t io n  o f  tap  d e n s ity  and swaged d e n s ity  
f o r  th r e e  ty p e s  o f  UOg powders

(P h oto  No. CT-189UC)
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95

90

w 85

C 80

ADU POW DERS 
UO3 POWDERS 
FUSED U O ,

75

70. 7060 655550454035
TAP DENSITY 

P A R T IC L E  D E N S IT Y
(%

F igu re  11 Tap d en sity /sw aged , d e n s i ty  r e la t io n s h ip s  fo r  th r e e  
ty p e s  o f  UOg pow der, c o r r e c te d  f o r  p a r t i c l e  d e n s i ty  
v a r ia t io n s .

(Photo No. CT-1860C)
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PRESS
iO TS!

g r a n u l a t e  t h r o u g h

2 0  MESH SCREEN

REDUCE IN Hg 
1 9 0 0 ° C )

S IN T E R  IN Hg
(I HR. AT 1 6 0 0 - 1 6 5 0 0 0

SIN T E R  IN STEAM 

(I HR. AT 1 3 0 0 - 1 4 0 0 0 0

SWAGING FEED 
MATERIAL

2 WT. o/o BINDER

U O , POWDER

F ig u r e  12 F lo w sh eet f o r  th e  p r e p a r a t i o n  o f  UÔ  sw aging fe e d  

(P hoto  No. CT-1860D)
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UJ
U P ;  T Y PE  ‘A*

O  4

S H E A T H IN G  M A T E R I A L

Z I R C A L O Y

S T A I N L E S S  S T E E L

A L U M IN U M

7 020 3 0 5 0 6 0 8 04 0

R E D U C T I O N  IN A R E A  -  %

F igu re  13 The e f f e c t  o f  r e d u c tio n  in  area  by sw aging on th e  
d e n s ity  o f th r e e  ty p e s  o f  TJOg c la d  in  th r e e  sh e a th ­
in g  m a te r ia ls*
UOg typ e P 

type T 
typ e  A

F used  UOg
UOp reduced a t  1200°C
ADU reduced  a t  900®G 

(P h oto  No, CT-11+7ID)
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6

LOOSE P O W D E R

P E L L E T I Z E D

20 30 40 50
R E D U C T I O N  IN A R E A  -  %

60 70 80

F ig u re  14 The e f f e c t  o f  p re-co m p a ctin g  UOp powder on th e  d e n s ity  
o b ta in e d  hy sw ag in g .
UOp ty p e  P: S in te r e d  UOp

ty p e  A: ADU red u ced  a t  900°C

(P hoto No. C T -W IE )
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K>
Eu■s.
et
1

>
t
m
z
u
Q

yj
o
Xo

10

8

---------1--------- — I— 1 r  ^
-------- 1 -------- 1-----------

<

—

— _

PARTICLE SIZE

^  MINUS 6 3 5 0  n "" 
PLUS 1 0 0 0  M

O

X

MINUS
PLUS

MINUS

5 9 0
88

3 7

Ai
M

10 20  3 0  4 0

REDUCTION IN A R E A - %

5 0 6 0

F ig u re  15 The e f f e c t  o f  p a r t i c l e  s i z e  on th e  d e n s i ty  o b ta in ed  
hy sw aging fu s e d  UOg in  s t a i n l e s s  s t e e l  s h e a th in g ,

(P h oto  Ho. CT-192i|A)
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OXIDE
DENSITY

LENGTH OF 
ELEMENT

UJCO<
UJ(T
o
z

IN ITIAL
CONDITIONS

WALL THICKNESS  
OF SHEATH

UJcn
<
UJcto
UJo

REDUCTION IN AREA

F ig u re  16 T y p ic a l changes in  UOp d e n s ity  and in  sh e a th in g  
d im en sion s during sw aging

(P h oto  No. CT-lh71B)


