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P re p a ra t io n  and P ro p e r t ie s  o f UOq

Powder P repairation

Work was co n tin u ed  on th e  p re p a ra tio n  o f pure UO2 , " a c tiv a te d "  UO2 
and UOo c o n ta in in g  a d d i t iv e s  and p o isons fo r  i r r a d i a t i o n  and f a b r ic a t io n  t e s t s  
a s  w e ll a s  fo r  in v e s t ig a t io n s  o f  t h e i r  p h y s ic a l and chem ical p ro p ertieS o

Poison  A d d itiv es

S evera l methods o f  p re p a rin g  poison c a l ib r a t io n  s tan d a rd s  fo r  th e  
R e a c t iv i ty  Measurement F a c i l i t y  (RMF) were in v e s t ig a te d .  Powder m ix tu res  of 
UOo p lu s  m e ta l l ic  go ld  (0 ,2 5  w /o) were p rep a red  by chem ical a d d itio n  and mech­
a n ic a l  b lend ing  and w ere c o ld  p re s se d  in to  com pacts. A fte r  s in te r in g  in  
hydrogen a t  lyOO’ C f o r  8 h o u rs , th e  p e l l e t s  re ta in e d  on ly  h a l f  th e  go ld  co n ten t 
( 0 .1 3  w /o ) . The e n t i r e  g o ld  c o n ten t was r e ta in e d , however, a f t e r  a rgon  s i n t e r ­
in g  a t  1550°C fo r  10 hoxirs. Powder m ix tu res  o f  UO2 p lu s  amorphous boron 
(200  ppm), boron c a rb id e  and boron n i t r i d e  were p rep ared  by b lend ing  and dry  
b a l l  m i l l in g .  On the f i r s t  a tte m p ts  c o n s id e ra b le  boron seg re g a tio n  was in ­
d ic a te d  by chem ical a n a ly s e s .

"A ctivated" UÔ

A ttem pts were made to  p rep a re  f in e ly  d iv id e d  UO2 by comminution 
p ro cesses  o th e r  than  b a l l  m i l l in g .  In  one p ro ced u re , M allin ck ro d t oxide 
s l u r r i e s  were m ech an ica lly  gro\md a t  45,000 rpan w ith  s ta in le s s  s t e e l  b la d e s .
In  a n o th e r  te ch n iq u e , an aqueous UO2 su spension  was added to  a s ta t io n a r y  
s t e e l  g r in d in g  ta n k  f i l l e d  w ith  sm all s t a i n l e s s  s t e e l  b a l l s .  An a g i ta to r  
k ep t th e  g r in d in g  b o d ies  and th e  UO2 charge in  con tinuous in te r a c t io n .  How­
e v e r , a f t e r  bo th  th e s e  methods, th e  d r ie d  oxide powders were found to  c o n ta in



c o n s id e ra b le  amounts o f  i ro n  (0 ,5  to  3 ^ ) .

In  a th i r d  method, a s - re c e iv e d  M allin ck ro d t powder was ground w ith 
a "Mikro A tom izer", a h ig h -sp eed  h o r iz o n ta l - s h a f t  hammer m i l l .  This in s tru m e n t 
can c o n tin u o u s ly  g r in d  approx im ate ly  75 lb s .  o f  oxide p e r  hour. A ba tch  o f 
M allin ck ro d t oxide which was ground w ith  t h i s  in s tn im e n t had s u b s ta n t ia l ly  th e  
same im p u rity  co n ten t a s  th e  feed  m a te r ia l .

P h y s ica l Measurements

D ensity  Measurements

D en sity  measurements o f  v a r io u s  tjrpes o f UO2 powders were co n tinued .
A com parison o f helium  and l iq u id  measurements fo r  a group o f  UO2 powders i s  
g iven  in  Table 1 . For th e  most p a r t  th e  l iq u id  and helium  d e n s i ty  v a lu es  a re  
low and in  c lo se  agreem ent, in d ic a t in g  th a t  th e se  powders co n ta in  l i t t l e  open 
p o ro s i ty  b u t an a p p re c ia b le  amount o f  c lo sed  p o ro s i ty . Only i n  th e  case  o f UO2 
powders p repared  by chem ical p r e c ip i ta t io n  and sp ray  d e n i.tra t io n  a re  th e  l iq u id  
v a lu es  low er (2 to  2 .5 ^ ) ,  su g g es tin g  th e  p resence  o f  sm all open p o re s . The h igh  
d e n s ity  o x id es , except f o r  th e  powders p repared  by steam  o x id a tio n , have high  
0/U r a t i o s  (2 ,0 ?  to  2 .0 8 ) .

A com parison o f " re a l"  and "apparen t"  d e n s ity  v a lu e s  o f  v a r io u s  UOp 
powders i s  given in  Table I I .  As d e sc rib e d  in  Resume' VI (WAPD-PWR-PMM-460 ) 
th e  ap p a ren t (bu lk ) d e n s ity  i s  m easured accord ing  to  a s p e c if ie d  method o f  
lo ad in g  a c o n ta in e r  o f  known volume (4 .8 4  c c ) .  The ox id es  p rep ared  th rough  th e  
c r y s ta l  growth and sp ray  d e n i t r a t io n  methods have th e  h ig h e s t bu lk  d e n s i t i e s .

S urface Area Measurements

Measurements o f  th e  t o t a l  s u r fa c e  a rea  o f v a r io u s  ty p e s  o f UO2 powders 
were co n tin u ed . The r e s u l t s  a re  g iven  in  Table I I I ,  In  agreement w ith  p rev ious 
m easurem ents, th e  s p e c i f ic  su rfa ce  o f UO2 made th rough  chem ical p r e c ip i ta t io n  
was h igh  vdiile th o se  powders p rep ared  by steam o x id a tio n  and re d u c tio n  of th e  
h ig h e r  uraniiam ox ides had r e l a t i v e l y  low t o t a l  s u r fa c e s . The low su rface  a re a  o f  
NPHUR-1 and th e  r a th e r  h igh  s p e c i f ic  su rfa ce  o f ANL-2 might be due in  p a r t  to  th e  
re d u c tio n  te m p e ra tu re s . The dependence o f UO2 s u rfa c e  a re a  on th e  tem p era tu re  o f  
p re p a ra t io n  i s  shown more c l e a r ly  in  Table IV. U02 made by hydrogen re d u c tio n  
o f  UÔ  a t  480°C had a s p e c i f ic  su rfa c e  o f  24 .7  n r / c c |  when th e  re d u c tio n  tem pera­
tu re  was in c re a se d  to  1180°C, th e  su rfa ce  d ecreased  to  9 .4  m ?/cc. The tem p era tu re  
o f re d u c tio n  d id  not seem to  a f f e c t  th e  d e n s i ty  v a lu e s . Those p re p a ra t io n s  w ith  
s l i g h t l y  g r e a te r  d e n s i t ie s  had somewhat h ig h e r O/U r a t i o s .

E x te rn a l su rfa ce  a re a  measurements by a i r  p e rm e a b ility  methods o f 
v a r io u s  types o f UO2 powders were co n tin u ed , '^he method o f  Gooden and Sm ith, 
d e sc rib e d  in  Resume' V I, was used fo r  th e  c o a rse r  UO2 powders w ith  e x te rn a l  
su rfa c e s  l e s s  th an  6 m ^/cc. To e s tim a te  th e  e x te rn a l  su r fa c e s  o f  th e  f in e r  
oxide powders, an a p p a ra tu s  based  on th a t  o f  Carman and M alherbe was con­
s t r u c te d .  In  t h i s  te c h n iq u e , a s e lf - s u p p o r t in g  p e l l e t  o f  UO2 i s  formed in  an

1 . J .  Soc. Chem, I n d . ,  134 (1950)



a c c u ra te ly  machined tube w ith a sm all hand p re s s .  The volume o f  a i r  flow ing  
through th e  sample i s  d i r e c t ly  measured w ith  a g rad u a ted  tu b e . This a p p a ra tu s  
i s  a cc u ra te  fo r  m easuring powders w ith  e x te r n a l  su rfa c e s  between 3 and 60 m ^/cc, 
A com parison o f th e  t o t a l  (gas a d so rp tio n )  and e x te r n a l  (p e rm e a b ility )  su rface  
a re as  fo r a s e r ie s  o f UO2 powders i s  shown in  Table V, The "roughness fa c to rs "  
range from 2 to  6 , in d ic a tin g  v a ry in g  amounts o f  p o ro s ity  and p a r t i c l e  i r r e g u ­
l a r i t i e s .

S urface a rea  measurements were made by th e  k rypton  a d so rp tio n  tech n iq u e  
on two compacts s in te re d  to  t h e o r e t i c a l  d e n s i t i e s  o f  89 and 96^, The s p e c i f ic  
a reas  c a lc u la te d  were 0 ,0 3 7  ni^/g and 0 ,0 0 4  r e s p e c t iv e ly ,  a s  compared w ith
th e  v a lu e  o f  0 ,060 fo r  th e  uncompacted powder. As expec ted , s in te r in g  has 
th e  e f f e c t  o f  g r e a t ly  d ecreasin g  th e  su rfa c e  a r e a .

Pore S ize D is tr ib u tio n  i n  DOo ComTsacts

Measurements o f  pore s iz e  d i s t r ib u t io n s  have been com pleted on fou r 
green  UO2 compacts u s in g  a high p re s su re  mercury p o ro s im e te r. The r e s u l t s  o f 
th e  measurements are  shown in  F ig , 1 , I t  i s  ap p aren t from th e s e  cu rves th a t  a 
pronounced d if fe re n c e  e x is t s  between th e  pore s iz e  d i s t r ib u t io n s  o f  a s -re c e iv e d  
and b a l l - m i l le d  M allinck rod t UOp powders a s  w e ll a s  between th e  d i f f e r e n t  g reen  
d e n s i t ie s  of th e  in d iv id u a l  powders. The compacts having h ig h er g reen  d e n s i t ie s  
show a sm a lle r t o t a l  pore volume, a narrow er range o f pore s i z e s ,  and a sm alle r 
average pore s iz e ,  '^he b a l l - m i l le d  powder has a narrow er d i s t r ib u t io n  o f  pore 
d iam eters  and a s m a lle r  average pore d iam eter th an  th e  a s - re c e iv e d  UO2 , The 
e f f e c t  o f b a l l  m ill in g  i s  though t to  be a re d u c tio n  and evening o f th e  aggre­
g a te  s iz e  which r e s u l t s  in  a uniform  pore s iz e  during  com paction. I t  may be 
shown from th e se  curves th a t  p e l l e t s  o f  h ig h e r green  d e n s i t i e s  c o n ta in  l a r g e r  
volumes o f  sm all pores th a n  do th e  p e l l e t s  o f  low er green  d e n s i t i e s .  This i s  
caused by the  com pression o f th e  la rg e  pores d u rin g  com paction.

Measurements o f  pore s iz e  d i s t r i b u t io n  over a w id er range o f  g reen  
d e n s i t ie s  w i l l  be o b ta in ed . S tu d ies  w i l l  a lso  be made on p e l l e t s  s in te re d  to  
vary ing  d e n s i t i e s .  I t  i s  expec ted  th a t  th e  in fo rm atio n  o b ta in e d  from th e se  
measurements can be c o r re la te d  w ith  o th e r  s tu d ie s  of th e  s in te r in g  p ro cess .

F a b ric a tio n  and S in te r in g  o f  UO2

C h a ra c te r iz a t io n  o f  UOo Powder P rep a ra tio n s

The p re ss in g  and s in te r in g  c h a r a c te r i s t i c s  o f  e ig h t d i f f e r e n t  UOg 
powders were in v e s t ig a te d .  Shown in  Table VI a re  th e  powder h i s t o r i e s ,  su rfa ce  
a re a s , and d e n s i t ie s  o f  th e se  p re p a ra t io n s . The observed  s in te r in g  c h a ra c te r ­
i s t i c s  a re  p re sen ted  in  Table V II, These in c lu d e ; ( l )  th e  c o n d itio n  o f  th e  
p e l l e t s  a f t e r  s in te r in g ?  (2) th e  d e n s i ty  a t ta in e d  w ith  compacts which were 
p ressed  to  65^ th e o r e t ic a l  d e n s ity  and s in te r e d  in  H2 a t  1700°C f o r  64 hoxirsj 
(3 ) th e  r e l a t i v e  dependence o f s in te r e d  d e n s i ty  on p ressed  d en sity ?  (4 ) th e  
d en s ity  a t ta in e d  a f t e r  s in te r in g  f o r  8 hours a t  1700®C| and ( 5 ) r e l a t iv e  ra n k -
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in g s  based on siirfaoe  a r e a ,  powder d e n s i ty ,  and f u l l y  is in te re d  d e n s i ty » The 
fo llo w in g  o b se rv a tio n s  can be made from th e s e  d a tas

1 . There i s  some c o r r e la t io n  between h igh  s in te r e d  d e n s i ty  a t ta in e d  
the  compact and bo th  h igh  su rfa c e  a re a  and h igh  d e n s ity  o f  the powder. How­

ev er, th e  UO2 powder produced by steam  o x id a tio n  has poor s in te r in g  c h a r a c te r ­
i s t i c s  even •v^en th e  powder i s  made w ith  h ig h  su rfa c e  a re a  and d e n s i ty ,

2 . The powder p re p a ra t io n s  w hich have good s in te r in g  c h a r a c t e r i s t i c s  
a re  ( l )  UO2 made from ammonium d iu ra n a te  and n o t m ille d , ( 2 ) b a l l - m i l le d  
M allin ck ro d t UOg, and (3 ) UOg p rep a red  frcm  b a l l - m i l le d  UO^,

3 . A s-rece iv ed  M allin ck ro d t oxide i s  m arkedly i n f e r i o r  to  fo u r  o f  th e  
powder ty p es  s tu d ie d  and ranks seven th  in  th e  group o f  e ig h t powders.

M icroscopic o b se rv a tio n s  in d ic a te  th a t  i t  may be th e  n a tu re  o f  th e  
p o ro s ity  d i s t r ib u t io n  in  th e  a s -p re s se d  compacts th a t  d e term ines s in te r in g  
c h a r a c t e r i s t i c s .  This may be s u b s ta n t ia te d  by  a d d i t io n a l  in fo rm a tio n  from 
pore s iz e  d i s t r ib u t io n  measurem ents.

B a ll M illin g

I t  was re p o r te d  i n  Resume' VI th a t  b a l l - m i l le d  M allin ck ro d t UOg 
co n ta in ed  1 to  2 w /o zircon ium  as  a r e s u l t  o f  b a l l - m i l l in g  in  a Z irc a lo y  m il l  
w ith  Z irc a lo y  b a l l s .  To determ ine i f  th e  z ircon ium  con tam ination  c o n tr ib u te d  
to  th e  d e s i r a b le  s in te r in g  c h a r a c t e r i s t i c s  o f  th e  powder, M allin ck ro d t oxide was 
w et b a l l -m il le d  in  ru b b e r- l in e d  m il ls  w ith  uranium  p e l l e t s  a s  the  g rind ing- med­
ium, From a com parison of th e  s in te r e d  d e n s ity  v e rsu s  p re ssed  d e n s ity  d a ta  
from t h i s  powder w ith  t h a t  of th e  same powder m ille d  in  th e  Z irca lo y  m i l l ,  i t  
was concluded t h a t  th e re  i s  no e f f e c t  o f  th e  z irconium .

The d e c re a se , due t o  m il l in g , in  th e  dependence o f  s in te r e d  d e n s ity  
on p ressed  d e n s i ty  has been found to  be a good measure of th e  e f f ic ie n c y  o f th e  
m illin g  p ro ced u re . This r e l a t i o n  was used to  determ ine  th e  r e l a t i v e  e f f i c i e n ­
c ie s  o f  wet and d ry  b a l l  m il l in g .  Uranium p e l l e t s  were used a s  th e  g rin d in g  
medium in  ru b b e r - l in e d  m i l l s .  As shown i n  F ig , 2 , i t  was found th a t  wet b a l l  
m ill in g  i s  more e f f i c i e n t .  The w et b a l l - m i l le d  powder showed much le s s  de­
pendence o f s in te r e d  d e n s ity  on p re ssed  d e n s i ty  and, f o r  comparable p ressed  
d e n s i t i e s ,  i t  s in te r e d  to  h i ^ e r  d e n s i t i e s  th a n  d id  th e  d ry  b a l l - m i l le d  powder. 
The wet b a l l - m i l le d  powder can be s in te r e d  to  a d e n s ity  above ^6% o f  th e o r ­
e t i c a l  when p re sse d  a t  on ly  2000 p s i ,  T© a t t a i n  d e n s i t i e s  h ig h e r  th a n  95^ 
of th e o r e t i c a l  w ith  a s - re c e iv e d  M allin ck ro d t powder, p re s s in g  p re s su re s  in  
ex cess  o f  227,000 p s i  a re  re q u ire d .

E f fe c t o f  "Mikro Atomizing"

P re lim in a ry  experim ents in d ic a te  t h a t  th e  "Mikro Atom izer" shows 
e x c e lle n t prom ise a s  an a l t e r n a t iv e  fo r  b a l l  m ill in g  in  th e  p ro d u c tio n  o f 
la rg e  q u a n t i t ie s  o f  r e a d i ly  s in te r a b le  UO2 powder. Table V III i s  a summary



o f  th e  d e n s i t ie s  o b ta in ed  on compacts made w ith  f in e ly  d iv id ed  "mikro atom ized" 
M allin ck ro d t UO2 . E xtruded rods made from  t h i s  powder a t ta in e d  a d e n s i ty  o f 
9 2 . 6% o f  t h e o r e t i c a l  a f t e r  s in te r in g  in  H2 a t  1 7 2 5 f or  10 ho \irs .

E ffe c t o f  Steam on th e  S in te r in g  o f UOo

I t  h as  been resported a t  v a r io u s  tim es  t h a t  steam  i s  b e n e f ic ia l  fo r  
s in te r in g  UOg com pacts. The ex ac t ro le  o f  steam  in  th e  s in te r in g  p ro c e ss , 
however, i s  no t known, A s t a t i s t i c a l l y  d esigned  experim ent to  determ ine e f f e c t s  
o f  steam  on s in te r in g  o f  UO2 i s  planned and w i l l  in c lu d e  s in te r in g  te m p e ra tu re , 
g reen  d e n s i ty , and powder p re p a ra t io n , each a t  fou r le v e l s  o f  atm osphere con­
d i t io n s .  The atm osphere com binations w i l l  be a s  fo llo w s :

Atmosphere Heat Soak Cool

ao H2 H2 H2
a i H2 H2O H2
&2 H2O H2O
^3 H2O H2O H2O

The d e n s i t i e s  o f  th e  s in te r e d  p e l l e t s  w i l l  be m easured by mercury d isp lacem ent 
and w i l l  be  xised a s  th e  measured v a lu e  in  th e  s t a t i s t i c a l  a n a ly s is .  One r e p l i ­
c a tio n  o f  each tre a tm e n t com bination w i l l  be ru n . T his w i l l  perm it th e  e s t i ­
m ation of th e  main e f f e c t  and a l l  i n t e r a c t io n s .

E f fe c t o f  V arious Oxide A dditions on th e  S in te r in g  o f UOo

Five common ox ides were added to  a s - re c e iv e d  M allin ck ro d t UO2 powder 
to  d e te m in e  th e  e f f e c t  o f  th ese  a d d i t iv e s  on the  s in te r e d  d e n s ity  a t  v a r io u s  
te m p e ra tu re s . The powder ba tch es  were p rep ared  by d ry  mtxxng th e  a d d i t iv e  (O .l  
0 .5  and 1 .0  w/o a d d i t iv e s )  w ith  th e  UO2 and 1 w/o PVA. The powders w ere agg lo ­
m erated  to  a g ra n u la r  mix and p re ssed  a t  a p re s su re  o f  80 t s i .  P e l le t s  iidiich 
d id  n o t co n ta in  a d d i t iv e s  were p rep ared  in  a  s im i la r  manner a s  c o n tro ls  fo r  th e  
experim ent. The s in te r in g  tem p era tu res  used were lAOO, 1500, I 6OO, and 1700®C 
(H2 atm osphere) and th e  p e l l e t s  were h e ld  a t  th e se  te m p e ra tu res  f o r  10 h o u rs . 
The r e s u l t s  a re  shewn in  ^ ig s .  3 and 4 , In  g e n e ra l ,  sm all q u a n t i t i e s  o f  CaO 
reduced  th e  d e n s i ty  bu t q u a n t i t ie s  over 0 .5  w /o in c re a se d  th e  d e n s i ty  m arkedly. 
None o f hhe o th e r  m a te r ia ls  ex cep t AI2O0 a t  lAOO^C had a ve ry  pronounced e f f e c t  
on th e  d e n s ity  o f th e  Since CaO in  q u a n t i t i e s  g r e a te r  th a n  0 .5  w/o and
TiOg in  q u a n t i t ie s  over D.05 w/o have been shown, from p rev io u s  work, to  in ­
c re a se  the  s in te r e d  d e n s ity  o f  UO2 , the  p o s s ib le  e f f e c t  o f  bo th  a d d i t iv e s  was 
a ls o  in v e s t ig a te d . F ig s . 5 to  8 a re  photom icrographs which show th e  e f f e c t s  
o f  both  the  independent a d d it io n s  and th e  combined a d d it io n s  o f  CaO and Ti02 
on th e  m ic ro s tru c tu re  and s in te r e d  d e n s ity  o f  a s - re c e iv e d  M allin ck ro d t UOp.
T i02 e n la rg es  th e  g ra in  s iz e  and appears to  have a maximum e f f e c t  a t  an a d d i­
t io n  o f  0 .5  w /o . CaO in c re a s e s  th e  d e n s i ty  b u t does no t in c re a se  th e  g ra in  
s iz e .  The a d d i t iv e s  in  com bination have t h e i r  most b e n e f ic ia l  e f f e c t  a t  0 .25 
w/o Ti02 and 0 .2 5  w/o CaO where a d e n s ity  o f  9 4 .6 ^  o f t h e o r e t i c a l  was o b ta in e d , 
compared w ith  8 2 .5 ^  w ith  0 .5  w/o CaO and 87.85E w ith  0 .5  w/o TiO„. 4 d e n s i ty  of

»
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only  77 .8 ^  o f  th e o r e t i c a l  i s  a ch iev ed  w ith  no a d d it io n .

An experim en t was made to  determ ine  w hether th e  precom bined forms 
o f  CaO and TiO^ (ca lc iu m  t i t a n a t e s )  would produce th e  same r e s u l t s  a s  th e  
in d iv id u a l  a d d i t io n s .  CaTi02 and CaoTiO„ were p rep a red  f o r  t h i s  purpose from 
m ix tu res  o f  GaCO  ̂ and TiOg h ea ted  to g e th e r  a t  tem p e ra tu res  o f  1350 and 1550°G, 
r e s p e c t iv e ly .  F ig . 9 shows t h a t  a lth o u g h  th e se  m a te r ia ls  do have a tendency  to  
in c re a se  th e  s in te re d  d e n s i ty  o f th e  UO2 th e y  do not do so to  th e  e x te n t o f th e  
in d iv id u a l  a d d i t io n s .  At 1700®G s e v e ra l  o f  th e  p e l l e t s  c o n ta in in g  h ig h  per­
cen tag es  o f  th e  a d d i t iv e s  b l i s t e r e d  and b lo a te d . This was p robably  due to  
fo rm atio n  o f a compound o r a low er m e ltin g  phase .

F a b r ic a tio n  of High D en sity  UOo from  Ammonium D iuranate

I t  was re p o r te d  in  Resume' V (WAPD-PWR-PMM-429) th a t  h igh  d e n s ity  
UO2 p e l l e t s  were o b ta in ed  by c o ld  p re s s in g  ammonium d iu ra n a te  powder, p re ­
s in te r in g  th e  powder i n  hydrogen a t  800“G to  co n v ert i t  to  U0_, and s in te r in g  
in  hydrogen a t  1700®G. Although high  d e n s i t ie s  (9 6 .7 ^  o f  t h e o r e t i c a l  d e n s ity )  
were o b ta in e d , c ra ck s  in  th e  p e l l e t s  w ere formed du rin g  th e  p r e - s in te r in g  
o p e ra tio n .

R ecent a t te n p ts  were made by bo th  e x tru s io n  and co ld  p re s s in g  methods 
t o  o b ta in  h ig h  d e n s i ty  UO2 d i r e c t l y  from ammonium d iu ra n a te  jx)wder. The powder 
was s u c c e s s fu lly  ex tru d ed  in  th e  form o f hoUow c y l in d r ic a l  ro d s  o f 0 ,300 in .
O.D. and 0 .059 in .  I .D . w ith  an  average green  d e n s ity  o f  42^ o f  t h e o r e t i c a l .
The a s -p rep a re d  powder was f i r s t  sc reen ed  th rough  an 80 mesh s iev e  and th en  
g ra n u la te d  w ith  a d d itio n s  o f  1 .0  w/o m ethocel b in d e r , 0 .1  w/o s te r o te x  l u b r i ­
c a n t ,  and 1 9 .5  w/o w a te r . The damp g ra n u la r  mix was th en  p laced  i n  th e  hy­
d ra u l ic  e x tru s io n  p re ss  and precom pacted a t  14 ,0 0 0  p s i  and a p a r t i a l  p re ssu re  
o f  1 .5  cm Hg fo r  th r e e  m in u tes . The mix was th e n  ex truded  t h r o u ^  s t a i n l e s s  
s t e e l  d ie s  and th e  ro d s  were c u t t o  ap p ro x im ate ly  5 - in .  le n g th s  and p laced  in  
p l a s t e r  form s fo r  d ry in g . A fte r  o v en -d ry in g  o v ern ig h t a t  80®G, th e  e x tru s io n s  
were s in te r e d  in  hydrogen a t  I 6OO and 1700®G. In  bo th  cases  th e  s in te r e d  ro d s , 
f u l l y  converted  to  UO2 , were b ad ly  cracked  and warped from ex cessiv e  sh rin k ag e .

In  a n o th e r  experim ent, ammonium di\u?anate powder was p reh ea ted  in  a i r  
a t  180, 3 5 0 , and 500°C. P e l l e t s  were th en  p re ssed  from th e se  p reh ea ted  m a te r i­
a l s  a t  80 t s i .  On s in te r in g  a t  6OO and 700®G, a l l  o f th e s e  p e l l e t s  shewed 
c rack in g  to  some e x te n t . Those th a t  had been  h ea ted  to  500®G were cracked  
s l i g h t ly ,  th o se  th a t  had th e  350°G p re tre a tm e n t were more c rack ed , w hile  th o se  
from th e  180°G group were cracked  to  a s t i l l  g r e a te r  d eg ree .

I t  appears  th a t  th e  h e a tin g -u p  p o rtio n  o f th e  s in te r in g  p ro c e ss  must 
be c a r e f u l ly  c o n tro lle d  and the tem p era tu re  r a is e d  a t  a v e ry  slow r a t e ,  p a r­
t i c u l a r l y  in  th e  tem p era tu re  range where decom position occurs w ith  e v o lu tio n  
o f  gas.

A s tu d y  was made o f  th e  e f f e c t  on th e  s i n t e r a b i l i t y  o f  M allinck rod t 
oxide compacts c o n ta in in g  a d d it io n s  o f  ammonium d iu ra n a te  powder up t o  25 w/o 
in  5 w/o in c re m en ts . A pprop ria te  w eigh ts o f  th e  two c o n s t i tu e n ts  were b lended
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w ith  1 w/o PVAj agg lom erated  w ith  10 w/o w a te r , and th e n  d rie d  and p repared  fo r  
p re s s in g  by add ing  0 o2 w/o s te r o te x .  A fte r  th e  powders were p re ssed  a t  80 t s i ,  
th e  compacts were s in te r e d  in  hydrogen f o r  10  hours a t  1400 , l 600 , and 1725“C.
I t  was found th a t  a t  each s in te r in g  tem p era tu re  th e  d e n s ity  decreased  w ith  an 
in c re a s e  in  ammonium d iu ra n a te  co n ten t in  a n e a r ly  l in e a r  manner (see  F ig . 1 0 ). 
There was a l s o  ev idence  of a  tendency  fo r  c rack in g  in  the  form o f  h a i r l in e  
c irc u m fe re n tia l  c rack s  in  th ose  p e l l e t s  w ith  the  h ig h e r ADU c o n te n t . I f  th e  
1725°C curve in  Fig. 10 i s  e x tra p o la te d  to  th e  100^ UÔ  o rd in a te ,  th e  v a lu e  fo r  
th e  s in te r e d  d e n s ity  a g re e s  w ith  an in te r p o la te d  d e n s i ty  from a p re v io u s ly  
o b ta in ed  p lo t  o f  s in te re d  d e n s i ty  v e rsu s  p re sse d  d e n s i ty  fo r  M allin ck ro d t ox ide .

S in te r in g  o f  High 0/U R a tio  Uranium Oxides

Experim ents a re  b e in g  conducted  to  determ ine  w hether uraniinn oxides 
hav ing  O/U r a t i o s  g r e a te r  than  2 .0 0  can be s in te r e d  v i i i le  undergoing no lo s s  of 
oxygen. Compacts w ith  h igh  0/U r a t i o s  were s in te r e d  a t  1550°C fo r  10 hours in  a 
flow ing a rgon  atm osphere. The oxide was found to  have been reduced  to  a com­
p o s i t io n  o f  UO2 QQ. S im ila r  compacts, when s in te r e d  a t  1300 and 1400°C fo r 
10 hours in  s t a t i c  a rg o n , re v e r te d  to  th e  com position  U02^i0‘’ f’roni th e  w eight 
changes o f  th e  p e l l e t s  in  th e  1300 and 1400°C ru n s , an eqx iilib rium  p a r t i a l  
p re ssu re  o f  oxygen was c a lc u la te d  to  be app ro x im ate ly  150 mm Hg. The oxygen 
p a r t i a l  p re s su re  d u rin g  a ru n  in  flow ing argon would be e s s e n t i a l l y  zero .
These r e s u l t s  in d ic a te  t h a t  c e r ta in  atm osphere and tem p era tu re  com binations 
e x i s t  under vh ich  no lo s s  o f  oxygen o ccu rs , and th a t  th e  high O/U r a t i o  m a te r ia l 
can be s u c c e s s fu l ly  s in te r e d .  Fu ture  work w i l l  be d i r e c te d  tow ard th e  d e te r ­
m in a tio n  o f  th e  e x ac t tem p era tu re  and atm osphere req u irem en ts  f o r  th e  s in te r in g  
o f  each com position .

S in te r in g  R ates

An experim en t has been i n i t i a t e d  f o r  th e  measurement o f  the  r a te s  a t  
which UO2 p e l l e t s  a re  d e n s if ie d  during  s in te r in g .  The d iam eters  o f p e l l e t s  w i l l  
be measured as  a fu n c tio n  o f tim e during  s in te r in g  u sin g  a m icrom eter c a th e to -  
m ete r. These d a ta  w i l l  be used f o r  the d e te rm in tio n  o f sh rin k ag e  and d e n s i-  
f l c a t io n  r a te s  and a c t iv a t io n  e n e rg ie s  fo r  th e  s in te r in g  p ro c e ss .

S t a b i l i t y  o f  UO  ̂ in  Water

Long term  t e s t s  on th e  s t a b i l i t y  o f  UOp compacts in  w ater have c o n tin ­
ued . Specimens have now been exposed f o r  214 days in  degassed w a te r a t  650°F 
and fo r  177 days in  degassed  w a ter m ain ta ined  a t  a pH o f  10 .5  a t  650*’F. The 
appearance o f the  compacts rem ained unchanged. UO2 compacts were observed 
and weighed a f t e r  exposu res o f 60 days t o  750°F steam . Hydrogen gas b u ild -u p  
was p rev en ted  by m a in ta in in g  a co n tin u o u s flow o f  steam  th rough  th e  a u to c la v e . 
Most o f th e  p e l l e t s  were n o t changed s ig n i f i c a n t ly  in  e i t h e r  appearance o r 
w e ig h t.

K in e tic  S tu d ie s  in  W ater

A pparatus has been co n stru c te d  to  s tu d y  th e  o x id a tio n  o f UO2 in  w a ter
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in  which th e  c o n c e n tra tio n  of d is so lv e d  oxygen i s  m ain ta ined  c o n s ta n t and homo­
geneous th roughou t th e  body o f  the  UO2 powder. The tech n iq u e  in v o lv e s  fo rc in g  
th e  in l e t  w a ter in to  th e  au to c lav e  th rough  a s e r ie s  of s t a in le s s  s t e e l  m icro- 
m e ta l l ic  f i l t e r  e lem en ts . The r a t e s  o f  o x id a tio n  o f  UO2 w i l l  be determ ined  a t  
tem p era tu res  o f 100-300°C and a t  an  oxygen c o n c e n tra tio n  in  th e  w a te r  o f  25 cc 
02 /k g  H2O (e q tiiv a le n t to  125 nun Hg p a r t i a l  p re s su re  o f  oxygen). The r e s u l t s  
in  w ater w i l l  be compared w ith  o x id a tio n  d a ta  o b ta in ed  in  a i r  fo r  th e  same 
tem p era tu re  ran g e .

UOq-Oo E q u ilib riijm  and K in e tic s

K in e tic  S tu d ies

D eterm ination  of th e  k in e t ic s  o f  o x id a tio n  o f  UOg in  a i r  and oxygen 
a t  tem p e ra tu res  o f 160- 350°^ has been com pleted. I t  has been found th a t  ox ida­
t io n  to  U^Og proceeds in  two s ta g e s . The f i r s t  s ta g e , o x id a tio n  t o  UOo 3 /̂ •*•0.0 2 . 
was d iscu ssed  in  R esm e ' VI. The second r e a c t io n  s te p , th e  co n v ersio n  o f t e t ­
rag o n a l UO2 02 to  U^Og, was s tu d ie d  a t  te m p e ra tu res  o f 260-350'’C. Below
260°C, th e  r e a c t io n  r a te  was v e ry  slow . S igm oidal r a te  cu rv es  were o b ta in e d , 
which i s  in d ic a t iv e  o f  an  a -a to c a ta ly tic  r e a c t io n .  A l i k e ly  mechanism fo r  th e

oOg n u c le i  on th e  su rfa ce  of th e  p a r t i c l e s  and 
>nase in to  th e  p a r t i c l e s .th e  inw ard growth o f  th e  new phase in to  th e  p a r t i c l e s

The a n a ly s is  o f  Johnson and Mehl was used  to  in t e r p r e t  th e  r a t e  d a ta . 
These a u th o rs  d e riv ed  an eq u a tio n  for th e  tra n s fo rm a tio n  o f one s o l id  phase 
in to  an o th e r f o r  th e  case  of a s o l id  m a trix  composed o f  sm all g ra in s  where 
n u c le a t io n  occurs s o le ly  on th e  g ra in  b o u n d a rie s . This a n a ly s is  i s  r e a d i ly  
a p p lic a b le  to  a powder m a te r ia l  w ith  n u c le a tio n  o ccu rrin g  on th e  su rfa c e  of 
th e  p a r t i c l e s .  The b a s ic  assum ptions used  in  th e  a n a ly s is  a re  t h a t  n u c le a tio n  
occurs a t  a c o n s ta n t r a te  per u n i t  un transform ed su rfa c e  and th a t  th e  r a te  of 
l i n e a r  growth o f th e  new phase i s  c o n s ta n t. S ince th e  eq u a tio n  o b ta in ed  was 
to o  complex f o r  a num erical s o lu t io n  th e  a u th o rs  p lo t te d  a number o f  t h e o r e t i ­
c a l  curves which could be compared to  ex p erim en ta l r a te  cu rv es . They found 
th a t  th e  r a t e  o f re a c t io n  was more s tro n g ly  in flu en c ed  by th e  r a t e  o f  growth 
o f  th e  new phase th an  by th e  r a te  o f  n u c le a tio n .

The r a te  curves t h a t  were o b ta in ed  fo r  th e  o x id a tio n  o f  UO9 ctj,*n no 
to  U^Og were compared to th e  t h e o r e t i c a l  cu rves o f  Johnson and Mehl. For th e  
c a lc u la t io n  o f  th e  growth c o n s ta n ts , th e  ex p erim en ta l cu rv es  were compared to  a 
t h e o r e t i c a l  curve in  which th e  average number o f  n u c le i form ing on th e  su rface  
o f  a p a r t i c l e  i s  approx im ate ly  15. In  F ig . 11, a number o f  p o in ts  o f  th e  th e o ­
r e t i c a l  curve a re  superim posed on a ty p ic a l  ex p erim en ta l cu rv e . I t  i s  seen 
th a t  agreem ent i s  good u n t i l  th e  r e a c t io n  i s  approx im ate ly  70% com plete. The 
d isc rep an cy  a t  h ig h er d eg rees  o f conversion  may be th e  r e s u l t  o f  s im p lify in g  
assum ptions used in  d e riv in g  th e  th e o r e t ic a l  e q u a tio n . I t  i s  a lso  p o s s ib le  
th a t  th e  d i f f i s i o n  of oxygen, vdiich i s  ign o red  in  t h i s  tre a tm e n t, becomes an 
im p o rtan t r a te - c o n t r o l l in g  s te p  a t  h igh  deg rees o f  co n v ersio n . F ig . 12 i s  
a p lo t  o f lo g  G v e rsu s  l /T  where G i s  th e  c o e f f ic ie n t  o f  l i n e a r  grow th. The 
a c t iv a t io n  energy fo r  growth was found to  be 3 5 .4  ±  2 k ca l/m o le .

2 . T rans. A .I.M .E ., 135. 416 (1939)
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X-Ray S tu d ies

X-ray ev idence o b ta ined  from  th e  k in e t ic  o x id a tio n  experim en ts  was 
found to  be in  good agreem ent w ith  th e  k in e t ic  d a ta . UO2 samples th a t  were 
ox id ized  f o r  v a r io u s  tim es t o  v a rio u s  O/U r a t i o s  were su b je c te d  to  X-ray 
d i f f r a c t io n  a n a ly s is .  Table IX l i s t s  th e  c ry s ta l lo g ra p h ic  d a ta  vrfiich were 
ob ta ined  from samples t h a t  had been  o x id ized  a t  230°C to  s e v e ra l 0/U r a t i o s .  
There i s  no X -ray evidence fo r  th e  f i r s t  s te p  o x id a tio n  p roduct UqOy u n t i l  th e  
O/U r a t i o  becomes about 2 .1 6 . From an O/U r a t i o  o f 2 .16  t o  an O/tJ r a t i o  o f 
2 , 34 , th e  o x id a tio n  product in c re a se s  in  r e l a t i v e  q u a n ti ty  ( a t  th e
expense of UO2 ) and a ls o  appears  to  have a r e g u la r  change in  l a t t i c e  p a ram eter, 
as shown in  F ig . 13. The d a ta  o f Table IX can be in te r p r e te d  a s  c o rro b o ra tiv e  
evidence fo r  th e  d i f f u s io n  o f oxygen in to  U02<> I f  d i f f u s io n  d id  no t o ccu r,
i . e . ,  i f  th e  oxygen atoms were c o n ce n tra te d  on th e  su rfa c e  of th e  p a r t i c l e  in  
a "sk in  e f f e c t " ,  th en  X -ray d i f f r a c t io n  would d e te c t  the p resence  of UoO>̂  when 
th e  average O/U r a t i o  was a s  low as 2.03 to  2 .0 6 . F a ilu re  to  observe 
in  t h i s  range and a c tu a l ly  no t u n t i l  about an O/U r a t i o  o f 2 .16 le a d s  t o  uhe 
conclusion  th a t  from th e  O/U r a t i o  of 2 .0 0  ( s t a r t i n g  m a te r ia l)  to  th e  average 
O/U r a t i o  o f 2 ,16  th e  oxygen atoms a re  d i f fu s e d  in  th e  UO2 m a te r ia l .  A con­
c e n tra t io n  g ra d ie n t most l i k e l y  e x i s t s  from th e  su rfa c e  to  th e  c e n te r  o f the 
p a r t i c le  b\it th e  c o n c e n tra tio n  a t  any p o in t in  th e  UO2 i s  not s u f f i c i e n t  to  
form UqOy. Above th e  average O/U r a t i o  o f 2 .16  th e  oxygen atoms d i f f u s e  in to  
th e  m a trix , and in c re a s in g  amounts o f  U30y a re  formed u n t i l  a t  an O/U r a t i o  
of 2 .33  to  2 .3 4  th e  m a trix  i s  com pletely  U^Oy. This i s  s u b s ta n tia te d  by the  
o b se rv a tio n  th a t  the  l in e  i n t e n s i t i e s  become s tro n g e r fo r  U30y and w eaker fo r  
UO2 as th e  O/U r a t i o  in c re a s e s  from 2 .16  to  2.33«

The l im i t s  o f e r r o r  fo r  th e  l a t t i c e  c o n te n ts  o f th e  te t r a g o n a l  p o r tio n  
o f F ig . 13, i . e . ,  + 0 .02  A, a re  r a th e r  la r g e .  In  an e f f o r t  t o  reduce  the 
l im i t  o f  e r ro r  ana a ls o  to  study  in  more d e t a i l  th e  v a r ia t io n  o f l a t t i c e  con­
s ta n t s  w ith  O/U r a t i o  in  the te t r a g o n a l  re g io n , samples were tak en  from an 
o x id a tio n  run  a t  275‘’C» This in c re a se  in  te m p e ra tu re  has th e  e f f e c t  o f pro­
ducing te tr a g o n a l  d i f f r a c t io n  l i n e s  th a t  a re  sh a rp e r  than  th o se  t h a t  were 
ob ta ined  a t  230®C. The sh a rp e r d i f f r a c t io n  l in e s  can be measured more p re ­
c is e ly ,  and consequen tly  th e  l im i t s  o f e r r o r  a re  reduced . This i s  ev id en t 
from Table X and F ig . 14. I t  i s  in te r e s t in g  to  no te  th a t  th e  l im i t  o f  e r ro r  
i s  a maximum a t  th e  low O/U r a t i o  and d ecreases  a s  the t h e o r e t i c a l  l im i t  o f 
U30'7 (O/U = 2 . 3 3 ) i s  approached. I t  i s  assumed th a t  t h i s  e f f e c t  a t  lew O/U 
r a t i o  i s  due to  oxygen vacanc ies  in  th e  ll30y l a t t i c e .  As the O/U r a t i o  in ­
c re a se s , th e s e  v acan c ies  a re  f i l l e d  by th e  d i f f u s in g  oxygen atom s, r e s i i l t in g  
in  l a t t i c e  re g io n s  s u f f i c i e n t ly  la rg e  to  g iv e  i n c r e a s i n ^ y  sharp  d i f f r a c t i o n  
l in e s .

The appearance of the  second s te n  o x id a tio n  p ro d u c t U3O8 fo llo w s th e  
normal tw o-phase re g io n  r u l e .  As the O/U r a t i o  in c re a s e s  from 2 .3 6  to  2 .6 ? ,
UoOg ap p ea rs  in  in c re a s in g  amounts and the  q u a n ti ty  o f U30y d e c re a se s . The 
X-ray p a tte rn s  i l l u s t r a t i n g  t h i s  phenomenon were taken  on samples o b ta in ed  from 
an o x id a tio n  run  a t  300°C. No changes in  l a t t i c e  param eter were observed in  
e i th e r  U3O8 o r  U30y,
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C alcu la ted  d if f u s io n  c o e f f ic ie n ts  from th e  k in e t ic  experim ents a re  
th e  same fo r a i r  and pure 0_ o x id a tio n . T his r e s u l t  su g g es ts  th a t  n itro g e n  
a c t s  only  as a d i lu e n t  fo r  th e  oxygen and h as  no m ajor ro le  in  th e  mechanism 
o f o x id a tio n  o f  UO2 . X -ray d i f f r a c t i o n  p a tte rn s  tak en  on sam ples o b ta in ed  
from a pure O2 o x id a tio n  run  a t  230“C show s im ila r  b eh av io r to  a i r  o x id a tio n  
a t  th e  same te m p e ra tu re , U^Oy b e g in s  to  appear a t  an O/U r a t i o  o f about 
2 .13  and th e re  i s  a l a t t i c e  param eter v a r ia t io n  i m t i l  an 0/U r a t i o  o f  2 ,3 3 .

E q u ilib ritu n  Measurements

E q u ilib riu m  p re s su re s  o f  oxygen over uranium  oxide in  th e  com position 
range being determ ined  w ith  a q u a rtz  m ic ro b a lan ce . Measurements
o f oxide com position as  a fim c tio n  o f p re ssu re  were made a t  te m p e ra tu re s  of 
800, 880, and 975"C, The dependence on p re ssu re  was found to  be s l i g h t  in  th e  
p re s su re  range I 5O mm to  25 m icrons. The com positions were ^ 02 , 55^  q o05> 

2, 647— ^^2 ,6 3 6 1  0 , 005* r e s p e c t iv e ly ,  a t  th e  th re e  te m p e ra tu re s . 
These v a lu e s  a re  in  f a i r  agreem ent w ith  th e  d a ta  o b ta in ed  by B i l tz  and M\iller,-^ 
However, th e y  found a somewhat s tro n g e r  dependence of com position  on p re s su re . 
The com position UO2 eg a t  525°C, re p o r te d  i n  Resume’ V I, was in  e r r o r .  The 
erroneous v a lu e  was due to  r e a c t io n  o f th e  nichrom e su spension  w ire , which has 
s in c e  been re p la c e d  by a p la tin iim  w ire .

D iffu s io n  S tu d ies

Uranium D iffu sio n

In  Res\ime‘ VI th e  ex p erim en ta l p rocedures used  were o u tl in e d  and two 
d if f u s io n  c o e f f ic ie n ts  o f  U'*’̂  i n  UO2 were p re se n te d . Subsequent work h as  r e ­
v ea led  t h a t  th e  d if f u s io n  c o e f f ic ie n t s  re p o r te d  a re  n o t c o r r e c t .  For one 
re a so n , th e  p e l l e t s  which had been s in te r e d  to  low d e n s i t i e s  (88 and 91^ of 
t h e o r e t i c a l )  s in te re d  f u r th e r  d u rin g  th e  d i f f u s io n  a n n e a l. This would r e s u l t  
in  a m o d if ic a tio n  o f th e  boundary c o n d itio n s  from which th e  d i f f u s io n  co­
e f f i c i e n t  was c a lc u la te d .  A lso, a sy s te m a tic  e r r o r  was uncovered in  th e  c a l ­
c u la t io n s ,  Tidiich r e s u l te d  in  v a lu e s  o f  th e  d i f f u s io n  c o e f f ic ie n t  t h a t  were 
s e v e ra l  o rd e rs  o f  magnitude to o  la r g e .  F u r th e r  experim en ts were made, however, 
on high d e n s ity  {97>5% o f  th e o r e t i c a l )  UO2 , A d d itio n a l s in te r in g  d id  no t occur 
s in c e  t h i s  m a te r ia l  rem ained d im en s io n a lly  s ta b le  d u rin g  th e  high tem p era tu re  
d if f u s io n  a n n e a ls . The a n n e a ls  were made a t  1010, 1095, I 56O, I 64O, I 67O,
1700 , and 1725“C, Complete is o to p ic  a n a ly se s  have n o t y e t  been com pleted.

For th e  bondary c o n d itio n s  employed in  th e s e  experim en ts  ( th e  i n f i n i t e  
s o l id  w ith  an  in s ta n ta n e o u s  source o f  d i f f u s in g  m a te r ia l  d e p o s ite d  on the  
surface), th e  s o lu t io n  to  th e  d i f f u s io n  e q u a tio n  ^o w s th a t  a p lo t  o f  lo g  con­
c e n tr a t io n  a g a in s t  d if f u s io n  d is ta n c e  squared  (lo g  C v s , x2) i s  a s t r a ig h t  
l i n e .  In  a l l  th e  experim ents so f a r  t h i s  has n o t been o b serv ed , Viftiat i s  
observed i s  th a t  th e  a b so lu te  v a lu e  o f th e  s lo p e  o f  th e  curve becomes sm a lle r  
f o r  in c re a s in g  v a lu e s  o f  x? . This im p lie s  th a t  th e  d if fu s in g  m a te r ia l  has 
moved a g r e a te r  d is ta n c e  th a n  th a t  p re d ic te d  by th e  s o lu t io n  fo r  th e  d if f u s io n

3 , Z, Anorg, Chem, 163, 263 (1927)
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equatiorio A d if f u s io n  c o e f f ic ie n t  c a lc u la te d  from  such a curve by f i t t i n g  th e  
b e s t  s t r a ig h t  l in e  throiigh th e  d i s t r i b u t io n  r e s u l t s  in  a v a lu e  th a t  i s  to o  
sm all near th e  o r ig in a l  su rfa ce  and to o  la rg e  a t  g r e a te r  d i f f u s io n  d e p th s .

D iffu sio n  c o e f f ic ie n ts  have been c a lc u la te d  from s im ila r  n o n lin e a r  
d i s t r ib u t io n s  ipdien reaso n s fo r  th e  anomalous b ehav io r were known. For ex­
am ple, d e v ia t io n s  in  s lo p e , and conseouent v a r ia t io n s  in  D, have been  shown 
to  be due t o 's l i g h t  chShges i n  th e  s to ic h io m e tr ic  com position  o f  th e  l a t t i c e . A 
I n 't h e  case of UO2 , s in ce  a l l  d i f f u s io n  an n ea ls  ta k e  p lace  in  a hydrogen 
atm osphere, i t  ap p ea rs  t h a t  th e re  would be no c o n s is te n t  co m p o sitio n a l v a r i ­
a t io n  th roughou t th e  d i f f u s io n  co u p le . The d e v ia t io n  from l i n e a r i t y  can be 
a t t r ib u te d  to  c o n tr ib u tio n s  from g ra in  boundary d i f f u s io n ,  a s  was done by 
S l i f k in ,  e t  a l ,^  in  a s tudy  o f s e l f - d i f f u s io n  in  c r y s ta l l in e  s i l v e r .  From an 
a n a ly s is  o f F is c h e r ,°  th ey  were ab le  to  se p a ra te  th e  g ra in  boundary c o n t r i ­
b u tio n  from l a t t i c e  d i f f u s io n .  At high te m p e ra tu res  th e  r e la t io n s h ip  betw een 
lo g  C and -y? was found by S l i f k in  e t  a l ,  to  be l i n e a r ,  in d ic a t in g  th a t  on ly  
volume d if f u s io n  p ro cesses  a re  p re s e n t.

The tem p e ra tu re  re g io n  where g ra in  boundary d if f u s io n  e f f e c t s  appear 
to  confound th o se  o f  volume d if f u s io n  seems to  be around 0 ,7  Tm (Tm i s  th e  
ab so lu te  m e ltin g  p o in t ) .  This i s  in  th e  re g io n  vhere  d i f f u s io n  measiirements 
have been made on UO2 , I f  i t  i s  assumed th a t  th e  two e f f e c t s ,  g ra in  boundary 
and volume d if f u s io n ,  a re  p re se n t i n  UO2 , th en  a volume d if f u s io n  c o e f f ic ie n t  
can be c a lc u la te d  from th e  lo g  C v s , x? p lo t  u s in g  th e  p o in ts  n ear th e  o r ig in a l  
su rfa c e . This has been  done f o r  d i f f u s io n  a n n e a ls  c a r r ie d  o u t a t  I 56O and 
1670®C, The d i f f u s io n  c o e f f ic ie n ts  c a lc u la te d  from th e se  rvins a re  1 ,8  x  10“^  
and 2 ,8  x  10~^^cm 2/sec, r e s p e c t iv e ly .  Since a r e l i a b l e  c a lc u la t io n  o f  th e  
a c t iv a t io n  energy  cannot be made from  on ly  two p o in ts  and a tem p era tu re  range 
o f  110®, on ly  an e s tim a te  can be g iv en . The a c t i v a t io n  energy  so e s tim a ted  
i s  o f  th e  o rd e r  o f  150 k ca l/m o le .

Oxygen D iffu sio n
18A q u a n ti ty  o f  UO2 en rich ed  in  0 was p rep ared  by th e  high  p re s su re  

steam  o x id a tio n  method. Mass sp ec tro g rap h ic  a n a ly s is  o f  th e  m a te r ia l  showed 
th e  0^° enrichm ent to  be about 7 tim es norm al, w hich i s  th e  enrichm ent o f  th e  
w ater from which th e  UO2 was p rep a red , A s e r i e s  o f  d i f f u s io n  an n ea ls  has been 
com pleted fo r  th e  tem p era tu re  range 85O to  1050^0, The d i f f u s io n  couples 
c o n s is te d  o f  p e l l e t s  o f n a tu r a l  UO2 upon which a th in  la y e r  o f  0^® e n rich ed  
HO2  was d e p o s ite d . The a n a ly t ic a l  p rocedure fo r  th e  d e te rm ih a tio n  o f  0^° 
in  UO2 , however, i s  d i f f i c u l t .  Only v e ry  sm all sam ples a re  a v a i la b le ,  and i t  
i s  n ecessa ry  to  analyze th e  UO2 from th e  s o l id  phase d i r e c t l y ,  s in ce  s o lu t io n

4 , Anderson, J . S , ,  and R ich ard s , J ,R „ , "The S e l f  D iffu s io n  o f  Lead in  Lead 
S u lf id e " , J ,  Chem, Soc, 1946, p , 537»

5 , S l i f k in ,  L ,, la z a ru s , D„, and Tomizuka, T ,,  " S e lf  D iffu s io n  in  Pure 
C ry s ta l l in e  S i lv e r " ,  J ,  App, P h y s ,, 23, 1952, 1032

6 , J .  G. F is c h e r , "C a lc u la tio n  o f  D iffu sio n  P e n e tra t io n  Curves f o r  S urface 
and G rain  Boundary D iffu s io n " , J .  App, Phys. 22, 74, 1951
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o f th e  UO2 woiild change th e  r a t i o .

A nother a ttem p t a t  th e  d e te rm in a tio n  o f th e  s e l f  d if f u s io n  o f oxygen 
in  UO2 w i l l  be made by an exchange r e a c t io n  betw een UO2 en ric h ed  in  0^^ and 0^° in  
CO2 . S u ita b le  ap p a ra tu s  has been c o n s tru c te d .

I n - P i le  F is s io n  Gas R elease Experim ent

The in - p i l e  f i s s io n  gas r e le a s e  experim ent, designed  to  s tudy  th e  
em anation o f i n e r t  gas f i s s i o n  p ro d u c ts  from s in te r e d  UO2 b o d ie s  under i r r a d i ­
a t io n ,  has co n tin u ed  in  o p e ra tio n  a t  th e  Brookhaven N a tio n a l L ab o ra to ry  r e a c to r .  
S ix  specim ens have been i r r a d i a t e d  to  da tes

Spec. No. % D ensity  T h e o re tic a l)  Shape Powder Type

1 N at. 9 2 .7 p la te MCW a s - re c ie v e d
2 N at, 9 6 .8 p la te MOW b a l l - m il le d
3 8 ,1 9 97.5 p la te EUR b a l l - m il le d •
4 8 ,1 9 97 .5 p la te EUR b a l l - m il le d
5 8 ,1 9 97.5 c y lin d e r EUR b a l l -m il le d
6 8 .1 9 96,5 c y lin d e r EUR a s - re c e iv e d -

In  o p e ra tio n , c a r r i e r  gas flow s over th e  i r r a d i a t e d  specimen and passes 
in to  an o u t - o f - p i l e  a n a ly t i c a l  system , where th e  f i s s io n  gases a re  sep a ra te d  
and an a ly zed . The specimen tem p era tu re  i s  c o n tro l le d  by an  in - p i l e  fu rn a c e .
The ex p e rim en ta l o b se rv a tio n  i s  th e  gamma a c t i v i t y  o f an a l iq u o t  o f gas d is ­
t i l l e d  from a c h a rco a l f i l l e d  co ld  t r a p  th rough  v ^ ich  th e  c a r r i e r  gas stream  
passes  a f t e r  em erging from th e  p i l e .  This o b se rv a tio n  may be r e l a t e d  to  th e  
r a te  o f  gas em anation a t  th e  specimen su rfa c e  by th e  eq u a tio n

where

f  = STirface f lu x ,  atoms sec~^ 

ck. = observed  a c t i v i t y ,  coun ts sec”^

-  coun ting  e f f ic ie n c y  

q -  b ranch ing  r a t i o  o f decay scheme 

^  = decay c o n s ta n t, sec“^

= tim e la p se  b e fo re  co u n tin g , sec 

tp  = t r a n s i t  tim e , specimen to  t r a p ,  sec  

t t  = tra p p in g  tim e , sec

(1)
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Data from specimen No. 5 has been analyzed  to  determ ine th e  d i f f u s io n  
c o e f f ic ie n ts  fo r  Kr°7 and Xe^35 a s  a f im c tio n  o f te m p e ra tu re . For t h i s  purpose 
th e  fo llow ing e q u a tio n  was used:

A " 2
l^sinh ta n h  ta n h  a cosh R 1 (2)

f  = t o t a l  su rfa ce  f lu x ,  atoms sec“^

A = su rfa ce  a r e a ,  cm^

fl) = f i s s io n  source  fu n c t io n , atoms cmT-̂  sec

^  -  decay c o n s ta n t, sec“^

D -  d if fu s io n  c o e f f ic ie n t ,  cn? sec“^

R r  r e c o i l  ran g e , cm

a « specimen th ic k n e s s ,  cm

F ig . 15 i s  a CTaph o f  e q u a tio n  (2 ) fo r  th e  fo u r f i s s io n  p ro d u c ts , Kr®^®, Kr®" ,̂ 
X eS 3 j and Xe^^5. E quation  (2 ) was d e riv ed  fo r  th e  case  o f  a p lane s la b  w ith in  
v iiich  f i s s io n  occu rs  a t  a c o n s ta n t r a t e  and from which d if fu s in g  m a te r ia l  d i s ­
app ears  bo th  by decay and r e c o i l ,  th e  l a t t e r  e f f e c t  occu ring  only  n ear th e  
s u r fa c e . As a r e s u l t ,  eq u a tio n  (2 ) does n o t accoiint fo r  th e  f i s s io n  p roduct 
atoms which have r e c o i le d  out o f th e  body and become en trap p ed  in  th e  re g io n  
around th e  s la b . In  an experim en t, such r e c o i l  atoms w i l l  e v e n tu a lly  f in d  
t h e i r  way, by some mechanism, in to  th e  prim ary  d if f u s io n  s tream  and th u s  may 
c o n tr ib u te  s u b s ta n t ia l ly  to  th e  t o t a l  ex p erim en ta l o b se rv a tio n . I t  i s  a t  
p re se n t no t p o s s ib le  to  de term ine  the  m agnitude o f  t h i s  e f f e c t ,  a lth o u g h , as 
d iscu ssed  l a t e r ,  an experim en ta l a ttem p t to  se p a ra te  p rim ary  and secondary 
d i f f u s io n  i s  be ing  u n d e rtak en .

The f i s s io n  source fu n c tio n , fl), used  i n  eq u a tio n  (2 ) i s  d e fin ed  by

i f ^

where

y = atom d e n s ity  o f  cm”^

(T = f i s s io n  c ro s s  s e c tio n  fo r  cm^

fi = n eu tro n  f lu x , cnr-2 sec“l

= f i s s io n  y ie ld  f o r  th e  i t h  f i s s io n  p roduct 

In  th e  p re sen t experim ent th e  d e te rm in a tio n  o f th e  n eu tro n  f l\ ix , i s  t o  be
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accom plished by an a ly z in g  a specimen a f t e r  i r r a d i a t i o n  fo r  one o r  more long- 
l iv e d  f i s s io n  p ro d u c ts  such as C s^ ^ '; t h i s  a n a ly s is  has no t y e t  been  made. The 
v a lu e  o f  ^ used in  c a lc u la t in g  th e  curves o f  F ig . 15 i s  th e re fo re  an ap p ro x i­
mate v a lu e  o b ta in ed  from BNL p e rso n n e l.

In  view o f  th e se  c ircu m stan ces , th e  d a ta  wnich fo llo w  a re  in ten d ed  to  
do no more th a n  in d ic a te  o rd e rs  o f  m agnitude; th e  n u m erica l v a lu e s  cannot be 
ta k e n  s e r io u s ly .

Use o f  F ig . 15 to  de term ine  D r e s u l te d  in  th e  fo llo w in g  v a li» s !

T ___________K r ^ ______________  ____________Xe^^^__________
f/A  D f/A  D

°C cm~‘̂ sec~^ cn^sec"-^ cm ~^seC ^ cm^sec"^

70 2 .6x10^ 1,3x10"^3 5.3x1cA 1.3x10"J-^
160 2 .5 x1(A 1 .3 x10-13 4 .9 x10^ 1 .3 x10~1J
350  3.2x10* 2.0x10-13 4 .2 x1cA ? .9 x10"13
550 7 .1x10^ 7.9x10-13 7.6x10^ 2.5x10^1^

The d a ta  g iv en  above a re  p lo t te d  in  F ig . 16 a s  lo g  D vs. l /T .  From 
the  s lo p e s  o f  the  cu rves i t  was d e ten n in ed  th a t  th e  a c t iv a t io n  e n e rg ie s  fo r  
d i f f u s io n  a re  2300 ca l/m o le  and 530 ca l/m o le  fo r  Kr ' and X e 35^ re s p e c t iv e ly .
The l a t t e r  r e s u l t s  a re  s u b je c t  to  c o n s id e ra b le  e r r o r  because o f  th e  s c a t t e r  
o f  th e  d a ta ,  bu t th e  magnitude of th e  a c t iv a t io n  energy  i s  p ro b ab ly  o f th e  r i g h t  
o rd e r , a t  l e a s t  f o r  t h i s  tem p e ra tu re  ra n g e . A te n ta t iv e  c o n c lu s io r from th e se  
d a ta  i s  th a t  a lthough  th e  b a r r i e r  h e ig h t fo r  d i f f u s io n  i s  r e l a t i v e l y  low, only
a r e l a t i v e l y  sm all f r a c t io n  of th e  d if f u s in g  atoms can be found in  th e  a p p ro p ria te
e x c ite d  s t a t e  a t  any in s t a n t .

In  o rd e r  t o  e s ta b l i s h  th e  r e l a t i v e  im portance o f r e c o i l  a ta n s  stopped 
by th e  c a r r i e r  g a s , a s  opposed to  th o se  which con tinue  th rough  th e  gas to  embed 
th em selv es  in  th e  s o l id  m a te r ia l  around th e  specim en, a s e r ie s  o f  measurements 
was made on th e  a c t i v i t y  coming from specim en No. 5 a t  a s e r i e s  of c a r r i e r  gas 
p re s su re s  from 20 to  400 mm Hg, a  range which in c lu d ed  th e  norm al o p e ra tin g  
p re s su re  o f  th e  system . No change i n  th e  a c t i v i t y  was observed  over t h i s  ra n g e , 
a l le g in g  th e  co n clu sio n  th a t  v e ry  few o f  th e  r e c o i l  atoms a re  stopped  by th e  g as . 
T his i s  in  accord  w ith  d a ta  on sto p p in g  power o f  g a se s .

In  the im m ediate fu tu re  two experim en ts  a re  b e in g  u n d ertak en . To 
s e p a ra te  th e  p rim ary  d i f f u s io n  (from  UO2 ) and secondary  d if f u s io n  (from  r e c o i l  
atoms embedded in  th e  specim en su rro u n d in g s ), an  experim ent i s  b e in g  planned 
in  v h ich  th e  specimen w i l l  c o n s is t  o f  a s ta c k  of UO2 p la te s  w ith  sm a ll sep a ra ­
t io n s  between th e  s u r fa c e s . Such a specimen w i l l  m u ltip ly  th e  a re a  out o f  which 
p r ima ry  d i f f u s io n  can occur by a f a c to r  depending on th e  number o f  p la te s  used .
The p la te s  w i l l  be f a b r ic a te d  o f  a p p ro p r ia te  th ic k n e s s  so t h a t  th e  t o t a l  h e i ^ t

7 . W. M. Good and E. 0 . Woolan, Phys. R ev., 101. 249 (1956).
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o f th e  s ta c k  i s  f ix e d  re g a rd le s s  o f th e  niimber o f p la te s  lased. Comparison o f 
d a ta  fo r  s e v e ra l  such specim ens should perm it a s e p a ra tio n  o f prim ary  and sec ­
ondary d if fu s io n .

In  a d d it io n , a s e r ie s  o f  c y l in d r ic a l  specim ens made o f  a s - re c e iv e d  
EUR powders, p re ssed  and s in te re d  to  v a r io u s  d e n s i t ie s  from 80 t o  97^ o f 
th e o r e t i c a l ,  w i l l  be p laced  in  th e  ap p ara tu s  t o  p in  down th e  e f f e c t  o f p o ro s ity  
on em anation.

UO  ̂ D isso lu tio n  R ates

S tud ies  on th e  removal o f  UO2 p e l l e t s  from  Z irca lo y -2  subassem blies 
were con tinued . S in te re d  UO2 p e l l e t s  o f  s im ila r  d e n s i ty  and dim ensions were 
mounted i n  Kelon (an a c id  r e s i s t a n t  p l a s t i c )  and th e  exposed ends ground and 
p o lish e d  to  a smooth known s u rfa c e . The mounts were immersed in  n i t r i c  a c id  in  
a c o n s ta n t tem pera tu re  b a th  and th e  d is s o lu t io n  observed  v i s u a l ly .  When the  
smooth known su rfa c e s  were e tched  o ff  by th e  a c id ,  th e  movints were removed and 
th e  a c id  s o lu t io n s  analyzed  fo r  t h e i r  uranium co n ten t by p o la ro g rap h ic  te c h -  
n io u e s . P re lim in ary  r a t e s  o f s o lu t io n  fo r  v a r io u s  tem p era tu res  and n i t r i c  a c id  
co n ce n tra tio n s  a re  re p o rte d  in  Table XI. S ince on ly  one end o f  th e  p e l l e t s  was 
exposed to  th e  a c id ,  th e  su rface  a re a  was c o n sta n t and th e  r a t e s  o f  s o lu tio n  
were dependent on th e  tem peratu re  and a c id  s t r e n g th .

N ickel P la tin g  UOq  P e l l e t s  fo r  a P o ss ib le  F is s io n  R eco il R e ten tio n  Coating

To f a c i l i t a t e  th e  handling  o f th e  Z irca lo y  c lad d in g  fo r  r e -u s e ,  i t  
would be d e s ira b le  to  p lace  a s u i ta b le  b a r r i e r  between th e  fu e l  and th e  in s id e  
o f  th e  c ladd ing  to  p rev en t f i s s io n  r e c o i l s  from e n te r in g  th e  Z irc a lo y . By use 
of the  Kanigen p ro c e ss , i t  was found p o ss ib le  to  p lace  a th in  c o a tin g  o f  N ickel 
on th e  su rfa c e  o f  s in te re d  UO2 b o d ie s . The p la t in g  s o lu t io n  which was used 
c o n s is te d  of 15 gm NiCl2 . 6H2 0 , 5 gm sodium c i t r a t e ,  5 gm sodium hypophosphite , 
and 5 g® ammonium c h lo rid e  d is so lv e d  in  500 cc o f d i s t i l l e d  w a te r . The p e l l e t s  
were cleaned  in  a lc o h o l and narked w ith  a 2S aliaminum rod in  s e v e ra l p laces  to  
s e n s i t iz e  th e  su rfa c e  and c a ta ly z e  th e  r e a c t io n .  The prepared  p e l l e t s  were 
th en  p laced  in  th e  s o lu t io n  and m ain ta ined  a t  a tem p era tu re  o f  90 to  95 °G fo r  
s u f f ic ie n t  time to  produce th e  p la t in g  th ic k n e s s  d e s ire d . I t  was found th a t  
a tw o-hour p la t in g  tim e w i l l  produce a p la te  th ic k n e s s  of app rox im ate ly  0 .001  in .  
Chemical a n a ly s is  o f  a ty p ic a l  n ic k e l  co a tin g  a p p lie d  by t h i s  p ro cess  showed 
th a t  th e  co a tin g  co n ta in ed  7«6 w/o phosphorous, p ro b ab ly  p re sen t a s  n ic k e l  phos­
p h id e .

Four s in te r e d  UO2 p e l l e t s  p la te d  in  t h i s  manner were c o rro s io n  te s te d  
fo r  400  ho\irs in  750°F steam  a t  2000 p s i .  The average c o rro s io n  r a te ,  a s  a 
w e i ^ t  g a in , was 0.00053  m g/cm ^/hr. th e  com pletion  o f the  t e s t ,  th e  p e l l e t s  
were covered  w ith  a t h i n ,  brown, s tro n g ly  ad heren t c o rro s io n  f i lm . Less th an  
0 .005  ppm n ic k e l were found in  th e  au to c lav e  w a te r a t  th e  co n c lu s io n  o f th e  
te  s t .
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UÔ  I r r a d i a t io n  Program 

MTR-WAPD-14-9a 10. and 11 I r r a d i a t io n  o f Steam O xidized and MCW UOq Samples

These experim ents in v o lv ed  th e  i r r a d i a t i o n  of co ld  p re ssed  and cold  
p re ssed  and s in te r e d  samples o f steam o x id ized  and MCW U02<> The sam ples were 
i r r a d ia te d  a t  v e ry  low burnup r a t e s ,  w ith  the  maximum c a lc u la te d  c e n t r a l  temp­
e ra tu re  being  o f th e  o rd e r o f on ly  1000°C„ The r e s u l t s  o f th e  f i s s i o n  m onitors 
in c lu d ed  w ith  the  sam ples, to g e th e r  w ith  a d e s c r ip t io n  of the  sam ples, a re  shown 
in  Table X II„

No d im ensional changes occu rred  a s  a r e s u l t  of the  i r r a d i a t i o n , I t  i s  
planned to  puncture  s e v e ra l o f the  samples and determ ine th e  amount o f  f i s s io n  
gas re leased ^  Although th e se  samples have re c e iv e d  q u ite  low burnups, the 
amounts of f i s s io n  gas re le a s e d  should  p rov ide  d a ta  on th e  param eters r e la t in g  
to  f a b r ic a t io n  h i s to r i e s  of th e  specim en.

MTR-WAPD 14-13 (WAPD 14 Met 6B) I r r a d i a t io n  o f  Hot P ressed  UOo Samples

This experim ent invo lved  th e  i r r a d i a t i o n  o f  fo u r  0.413 in .  CD ro d s , two 
c o n ta in in g  93^ dense h o t p re ssed  steam  o x id ized  UO2 and two c o n ta in in g  90^ dense 
ho t p re ssed  MOW UO2 . The samples were i r r a d ia t e d  in  p o s i t io n  L-58 o f the  M a te r ia ls  
T es tin g  R eacto r fo r  168 days a t  an e s tim a te d  f lu x  o f 2 .5  x  1QI4 nv . The r e s u l t s  
from the  UO2 f i s s io n  m onito rs in c lu d ed  w ith  th e  sam ples a re  shown below.

Top o f P ile  19H 6 ,9 0 0  MWD/T
18H 13 ,500  MWD/T
15H 10 ,900  MWD/T
I 4H 4 ,4 0 0  MWD/T

P o s t - i r r a d ia t io n  d im ensional measurements on the  above samples in d ic a te d  th a t
no d im ensional changes have o ccu rred  as a r e s u l t  of th e  i r r a d i a t i o n .

Specimens I 5H and 18H were punctured  and the  amoiint o f Kr®5 re le a s e d  
has been determ ined . Specimen 15H co n ta in ed  steam o x id ized  UO2 which had been 
hot p re s se d  to  9308^ th e o r e t i c a l  d e n s i ty .  Specimen 18H was composed o f  MOW 
UO2 which had been hot p ressed  to  90 .1 ^  of t h e o r e t i c a l  d e n s i ty .  The amounts 
o f  Kr®5 re le a s e d  from  th e se  two specim ens were 5«0 and 8 .9 ^  o f th e  re s p e c tiv e  
t o t a l  co n ten t c a lc u la te d  from th e  above f i s s io n  m onitor d a ta .  These d a ta  a re  
compared to  th o se  fo r  specim ens having s im ila r  p h y s ic a l p ro p e r t ie s  in  th e  
fo llo w in g  t a b l e ;

Specimen F a b ric a tio n
% T h e o re tic a l 

D ensity
E s t .  C enter 

Temp. (°C)
BTirnup
(MWD/T)

% Releai 
o f Kr®5

18H MCW-H.P. 90 .1 1850 13 ,500 8 .9
16H MCW-H.P. 9 1 .4 1240 1 ,5 0 0 3 .1
I 5H S.O .-H .P . 93o8 1580 10,900 3 .0

6h S . 0 . -H 0 P« 93 oO 1300 275 0.43
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Comparison o f th e  two p a i r s  o f specim ens hav ing  rough ly  equal d e n s i t ie s  
shows th a t  specim ens 18H and 15H re le a s e d  a p p re c ia b ly  g r e a te r  q u a n t i t i e s  o f gas 
th a n  d id  specimens 16H and 6H, r e s p e c t iv e ly .  The c o n tro l l in g  param eter a c tin g  
h e re  may be e i t h e r  th e  h igher tem p e ra tu res  a t  which specim ens 18H and 15H oper­
a te d  in - p i l e  or th e  a p p re c ia b ly  lo n g e r  burnup to  which th e y  were su b je c te d , o r 
a com bination o f  th e se  two f a c to r s .  On th e  b a s is  o f  th e s e  specim ens, i t  i s  no t 
p o s s ib le  to  determ ine th e  r e l a t i v e  im portance o f  th e s e  p a ram ete rs . However, 
t h i s  in fo rm atio n  w i l l  be d e riv ed  from th e  s t a t i s t i c a l  i r r a d i a t i o n s  program 
d esc rib ed  below,

MTR-WAPD U -2 1 , 24, 25 UÔ  -  0 ,2  w/o TiOo Rods

These t e s t s  c o n s is t  o f  U02-0,2 w/o Ti02 p e l l e t s  c la d  w ith  Z irca lo y -2  
and en cap su la ted  in  NaK, The f u e l  m a te r ia l  in  WAPD 14-21 was e x tru d ed , th a t  in  
WAPD 14-24 was s l i p  c a s t ,  and t h a t  in  WAPD 14-25 was p ressed  and s in te re d  in  
b o th  the  ground and unground c o n d itio n s .

Experim ent WAPD 14-21 was removed from th e  L-57 p o s i t io n  in  MTR on 
J u ly  2 a f t e r  12 weeks o f  i r r a d i a t i o n  to  a burnup o f  2550 MWD/T, and re tu rn e d  
to  th e  B e t t i s  h o t la b o ra to ry .  One t r a i n  o f  WAPD 14-25 was removed from p o s i­
t io n  L-51 SE on August 13 a f t e r  th re e  weeks o f  i r r a d i a t i o n  to  a burnup o f 
600 MWD/T, y ie ld in g  to  a t e s t  o f  h ig h e r p r i o r i t y .  Another t r a i n  from WAPD 14-25 
w i l l  remain in  t e s t  fo r  an a d d i t io n a l  n ine  weeks o f  i r r a d i a t i o n ,

WAPD 14-22 and 23 X -ray  D if f ra c t io n  E f fe c ts  on r r r a d ia te d  Uranium Oxides

The s ix te e n  sam ples o f  v a r io u s  uranixim iprides have been i r r a d i a t e d  fo r  
one MTR cycle  a t  a f lu x  o f  approx im ate ly  5 x  10 ^ nv . The samples have been 
re tu rn e d  to  th e  B e t t i s  P la n t ,  b u t as  y e t th e  f i s s i o n  m onito rs have not been 
analyzed . The sam ples w i l l  be mounted in  Kelon and X -ray d i f f r a c t io n  p a t te rn s  
w i l l  be o b ta in ed  a s  soon a s  th e  double c r y s ta l  X -ray sp ec tro m ete r i s  in  oper­
a t io n ,

MTR-19 Met-4 I r r a d i a t i o n  C ycling o f N a tu ra l UOo Rods

T his experim ent in v o lv ed  th e  cy c lin g  o f  f u l l  le n g th  UO2 ro d s , having 
v ary in g  end and d ia m e tra l c le a ra n c e s , in to  and ou t o f  a maximum neu tro n  f lu x  
o f  1 X  1 0 ^  nv over a p e rio d  o f  12 weeks. During t h i s  tim e , th e  specim ens were 
su b je c te d  to  over 7500 power cy c le s  and a maximtim burnup o f  1250 MWD/T,

gr
The r e le a s e  o f Kr from fo u r  of th e se  specim ens having  d i f f e r e n t  end 

and d ia m e tra l c le a ra n c e s  has been measured a t  room tem peratu re  and w h ile  th e  
specimens have been h e ld  a t  1000®G fo r  48 h r .  The f r a c t io n a l  r e le a s e  from 
th e s e  specim ens, based  on e s tim a te s  o f  th e  t o t a l  Kr°5 p re s e n t , i s  shown i n  th e  
fo llo w in g  ta b le s
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ST3ecimen D ensity E stim ated  Burnup % R elease  a t  Puncture % R elease a t

1-4 9108$ 490 0 .3 0.02
J -4 9 2 . 6^ 490 0 ,2 0 .0 4
K-4 9 2 . 2^ 720 0 .1 0 .02

N -2-11-4 910 7^ 490 0.3 0 ,02

These v a lu es  a re  co n sid ered  to  b e  a cc u ra te  to  no b e t t e r  th a n  50%, due to  th e  un~ 
c e r t a i n i t y  in  th e  burnup e s t im a te s . T h e re fo re , a n a ly se s  a re  be ing  perform ed on 
th e se  specim ens to  o b ta in  ex p erim en ta l v a lu e s  fo r  t o t a l  Kr85„ The a n a ly s is  fo r  
specimen K-4 has been com pleted , y ie ld in g  a v a lu e  o f 0 .2 9 ^  lo s s  a t  puncture  and 
0 .0 5 ^  a t  1000°C„ This in d ic a te s  th a t  th e  burnup e s tim a te  o f  K-4 was too  h igh  by 
somewhat g r e a te r  th a n  a f a c to r  o f  tw o. Upon com pletion of th e  rem ainder o f  th e se  
a n a ly s e s , any e f f e c t  o f  v a r ia t io n s  in  end o r d ia m e tra l c lea ran ce  on f i s s io n  gas 
r e le a s e  should be e v id e n t .

MTR-WAPD 2 5 -2  Power C ycling o f PWR R eference UOq Fuel Rods

T his t e s t ,  c o n s is tin g  o f  two f u l l - l e n g th  PWR re fe re n c e  fu e l  ro d s , one o f 
which i s  d e fe c te d  w ith  a 5 m il h o le  th ro u g h  th e  c lad d in g , i s  running  a t  desig n  
flow  and th e rm a l c o n d itio n s  in  th e  hot w a te r loop  f a c i l i t y  i n s t a l l e d  in  th e  L-42 
p o s i t io n  in  the  MTR. The sam ples a re  be ing  power cycled  a t  25 m inute in te r v a l s  
between two re g io n s  having a th e rm a l neu tro n  f lu x  r a t i o  o f  seven . The t e s t  i s  
schedu led  to  run  u n t i l  September 24 Ca t o t a l  o f  th r e e  r e a c to r  c y c le s ) ,  a t  which 
tim e a maximum exposure o f 1400 MWD/T i s  expec ted .

MTR-WAPD 29-1 D ensity  o f UOo v s .  F is s io n  P roduct R elease  to  Hot Water

The WAPD 29-1 experim ent c o n s is ts  o f  th e  i r r a d i a t i o n  of two d e fe c te d  
c la d  UO2 f u e l  e lem ents in  th e  dynamic c y c lin g  f a c i l i t y  in  th e  VH-3 p o s it io n  in  
th e  MTR. One o f  th e  d e fec ted  ro d s  w i l l  be f a b r ic a te d  from UO2 p e l l e t s  of r e f ­
e rence  d e n s i ty  and th e  o th e r  from p e l l e t s  o f 98^ th e o r e t ic a l  d e n s i ty .  The rods 
a re  to  be in s e r te d  a l t e r n a t e ly  in to  th e  h igh  f l i ix  p o s i t io n  in  th e  lo o p  fo r  a 
p e rio d  dependent upon th e  h a l f - l i f e  o f  th e  n u c lid e  to  be m easured. The h ea t 
f lu x  from each rod  w hile  i t  i s  in  the  high  flinc p o s i t io n  w i l l  be approx im ate ly  
400 ,000  B tu /h r - f t^  du ring  th e  f r e s h - f u e l  r e a c to r  c o n d it io n s . The t e s t  i s  designed  
so t h a t  the d e fe c te d  specimen ro d s  may be power cy c led  th rough a 14s1 power r a t i o  
on the  av erag e . The r a te  o f  r e le a s e  o f  f i s s io n  p ro d u c ts  to  th e  w a te r w i l l  be 
determ ined  f o r  both  the  c o n d itio n  in  which the  high d e n s ity  fu e l  
specimen i s  in  th e  p o s i t io n  o f maximum f lu x  and th e  a l t e r n a t e  c o n d itio n  in  which 
th e  re fe re n c e  d e n s ity  specimen i s  in  the  p o s i t io n  o f th e  maximum f lu x .  I t  i s  
expected  th a t  a s u b s ta n t ia l  d if f e r e n c e  in  th e  r e le a s e  r a t e s  w i l l  be observed , 
s in c e  i t  has been determ ined  as  p a r t  o f  th e  Brookhaven in ^ p i le  f i s s io n  gas 
r e le a s e  experim ent th a t  the r a te  of f i s s io n  gas r e le a s e  from UO2 o f 97^ th e o r e t ic a l  
d e n s i ty  i s  a t  l e a s t  an o rd er o f  m agnitude low er th an  th e  r a te  from UO2 o f  
re fe re n c e  (92-94^) d e n s i ty .  (See Resume' V, WAPD-PWR-PMM-429)•

Two n o n -d e fec ted  specim ens, one o f h ig h  d e n s ity  and one of re fe re n c e  
d e n s ity , w i l l  be i r r a d ia te d  w ith  th e  d e fe c te d  specim ens. P o s t - i r r a d ia t io n
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measxirements o f f i s s io n  gas re le a s e  w i l l  be perform ed on th e se  specimens to  
determ ine the  c o r r e la t io n  between f i s s io n  product r e le a s e  to  th e  w a te r th rough 
a d e fe c t and th e  f i s s io n  gas re le a s e  as determ ined by th e se  p o s t - i r r a d ia t io n  
measurementso

MTR-WAPD-30-2 Second PWR Bundle P roof T est

Because the  p rev io u s  bundle p roof t e s t  d id  no t o p era te  a t  th e  le v e l  of 
PV/R c o n d itio n s , a second bundle p ro o f t e s t  i s  being  planned to  fo llow  th e  AlW 
t e s t  in  th e  WAPD-30 lo o p , A p re lim in a ry  p roposa l (WAPD-IPG-213) has been sub­
m itte d . In  o rd er to  be s i r e  th a t  th e  t e s t  i s  o p e ra ted  a t  th e  p roper c o n d itio n s , 
th e  enrichm ent o f th e  fu e l w i l l  no t be e s ta b lis h e d  u n t i l  AlW com pletes a f lu x  
a n a ly s is  o f th e  lo o p . At p re s e n t , loop  equipment and Z irca lo y  components a re  
b e ing  f a b r ic a te d .

In  o rd e r to  maximize th e  use o f i n - p i l e  lo o p s , aluminum a l lo y  samples 
w i l l  be te s te d  a long  w ith  th e  bundle. The a l lo y s  a re  M388-H14 (A l- lN i-0 ,5  F e)j 
M4OO-HI4 (A l- lN i- lF e ) , and X2219-T6 (A l-6  Cu), Two I / 8" p la te  samples o f  each 
a l lo y  w i l l  be t e s te d  both in  an i r r a d ia te d  and a n o n - ir r a d ia te d  reg io n  o f th e  
loop . These samples a re  c u r re n t ly  being c o rro s io n  te s te d  fo r  28 days in  600°F 
w a ter,

HIR-WAPD I I 4.A S t a t i s t i c a l  I r r a d ia t io n  Experim ent

As o r ig in a l ly  conceived , t h i s  experim ent involved  th e  i r r a d ia t io n  o f 
co ld  p ressed  sam ples o f UO2 q , UO2 UO2 2 5  ̂ 67* to g e th e r  w ith  s in te re d
U02,0 samples o f v a r io u s  d e n s i t ie s !  To produce U02„i'’and U0g_^25 ''"he q u a n ti­
t i e s  re q u ire d , th e  most s a t i s f a c to r y  method has been to  mix a p p ro p r ia te  m ix tu res 
o f  U02^o U0 2 ^£,q powders, p lace  in  a Vycor bu lb , evacuate  and s e a l  th e  b u lb ,
and subsequen tly  h ea t t r e a t  fo r  two weeks a t  800°G fo llow ed by an a i r  c o o l. 
T h erefo re , th e  r e q u is i te  3200 grams o f en rich ed  m a te r ia l f o r  t h i s  p o rtio n  of 
th e  experim ent w ere p laced  in  a t o t a l  o f  36 'Vycor bu lbs and in s e r te d  in  one 
m uffle  fu rnace a t  800°G fo r  h e a t tre a tm e n t. A fte r one week, a guard n o tic e d  
th a t  th e  door o f  th e  fu rn ace  was blown open and th a t  g la s s  and U0_ were spread 
over th e  f lo o r .  A fte r  th e  fu rnace  had coo led  down, a l l  b u t two o f the  36 
bu lbs were found to  have been broken. The uranium oxide powder had s e r io u s ly  
contam inated th e  h e a t t r e a t i n g  la b o ra to ry , and fou r men worked f u l l  tim e f o r  
a week to  decontam inate th e  room. A lso, th e  3200 grams o f m a te r ia l  ( in c lu d in g  
I 85 grams of U^35) were scrapped . As th e  same -heat tre a tm e n ts  had been suc­
c e s s f u l ly  perform ed i n  th e  p a s t  and have been su c c e s s fu lly  performed s in ce  th e  
a c c id e n t, the  reaso n s fo r th e  a c c id e n t have no t been a sc e r ta in e d . However, i t  
was deemed ad v iseab le  to  r e p o r t  on t h i s  a c c id e n t so th a t  th e  v a rio u s  o th e r  in ­
s t a l l a t i o n s  w i l l  be forew arned i f  s im ila r  work i s  a n t ic ip a te d .  Because o f  th e  
d i f f i c u l t y  in v o lv ed  in  making U0 2 ^ i and UO2 2 5 ? experim ent has been modi­
f ie d  and w i l l  no lo n g e r in c lu d e  th e se  m a te r ia ls .

GR-WAPD-Met-10 (X - l - f  t e s t )  S ix th  Gh&lk R iver UOq D efect Test

A ll f iv e  X - l - f  ro d s  have been sec tio n e d . These a re  re fe re n c e  ro d s ,
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d e fec ted  and n o n -d e fec ted , c o n ta in in g  6^66% en rich ed , 95^ dense UO2 p e l l e t s  
which had been te s te d  in  th e  Chalk R iver X-1 loop fo r  40 days to  1800 HWD/T.
A summary o f t e s t  d a ta  and r e s u l t s  i s  p re sen ted  in  Table X III .

Specimens 1-4 showed evidence o f c e n te r  m elting  in  the  UO2 (see  
F ig s . 1 7 -2 1 ). Specimen 5 d isp lay ed  g ra in  grcwth in  th e  p e l l e t s  a t  th e  high
f lu x  end (see  F ig , 2 2 ), in d ic a tin g  c e n te r  tem p era tu res  approaching  th e  m elt­
ing  poing of UOp b u t no obvious s tru c tx jra l changes in  th e  p e l l e t s  a t  th e  
o p posite  end. According to  c a lc u la t io n s  o f th e  h e a t f lu x  re q u ire d  to  produce 
UO2 m e ltin g  (see  Table X II I ) , th e re  shou ld  have been no changes in  specimens 
2 and 5.

One p o s s ib i l i ty  p o in ted  out by th e se  d is c re p a n c ie s  i s  th a t  th e  heat
f lu x e s  re p o r te d  fo r  th e se  t e s t s  a re  low er than  a c tu a l c o n d itio n s . Two in d e ­
pendent c a lc u la t io n s  were made t o  s tudy  t h i s  p o s s ib i l i t y .  M eta llog raph ic  
o b se rv a tio n s  on specimen 4 re v e a le d  a Zr02 f i lm  a t  th e  c lad d in g  in te r f a c e  
(se e  F ig . 23) which had a maximum th ic k n e ss  of 0.0081 in .  and an average th ic k ­
ness o f 0 .0 0 5 8  in .  This average th ic k n e ss  i s  e q u iv a le n t to  a w eight g a in  o f 
200 mg/dm2. E x tra p o la tin g  Z irca lo y -2  o x id a tio n  data® f o r  200 mg/dm^ and 40 
days c o rro s io n  tim e, an  in te r f a c e  tem pera tu re  of 875‘’F was o b ta in e d . From 
+ a h e a t f lu x  o f 7 -9  x  10^ B tu /h r / f t  was e s tim a te d , as  compared to  

10^ B tu /h r - f t^  re p o r te d  fo r  X - l- f -4 .
t h i s  
5

From the  m eta llo g rap h ic  sample o f specimen 4, i t  was p o ss ib le  to  de­
term ine th e  lo c a t io n  o f two s t r u c tu r a l  p o in ts  vhose te m p te ra tu re s  were known. 
These a re ;  ( l )  th e  p o in t where th e  UO2 g ra in s  beg in  to  in c re a se  in. s iz e ,  i n ­
d ic a t in g  tem p era tu res  above th e  s in te r in g  tem pera tu re  a t  1700°G, and (2 ) th e  
p o in t where m elting  b eg in s  (m .p. 2800°C). Applying th e  tem p era tw e  d i s t r i b u ­
t io n  eq u a tio n  to  th e se  two d e te rm in a tio n s , a h ea t f lu x  o f 1 x  1(P B tu /h r / f t^  
was o b ta in e d . UO2 samples from each o f  th e  specim ens a re  being  p rocessed  fo r  
chem ical a n a ly s is .  This w i l l  f u r th e r  a id  in  e s ta b lis h in g  th e  f lu x  le v e l  o f  
t h i s  t e s t .

A ttem pts were made to  c a lc u la te  th e  volume expansion th a t  occurs in  UO2 
upon m e ltin g . Comparing th e  volume o f  the shrinkage c r a te r  to  th e  volume o f 
th e  m olten zone in  each specimen, v a lu e s  from 0 .1  to  11^ were o b ta in e d . The 
l a t t e r  h igh  value was o b ta in ed  from th e  se c tio n  a t  th e  d e fe c t in  th e  h ig h e s t 
flxjx o f  th e  t e s t ,  where th e  la rg e  sh rinkage c r a te r  may be p a r t ly  due to  l o c a l ­
iz ed  le ac h in g  o f  f i s s io n  p roducts  from th e  UO2 (see  F ig . 2 0 ) . The c r a te r  in  
t h i s  rod (specim en 4) reduced  ra p id ly  in  s iz e  in  th e  p e l le t s  f u r th e r  from th e  
d e fe c t ,  w ith  th e  bottom  p e l l e t  reducing  to  a c r a t e r  e q u iv a len t to  1 .5 ^  o f th e  
m olten zone volume (see  F ig . 2 1 ) . By summing the  assem bled d ia m e tra l c le a ra n c e , 
d ia m e tra l change in  th e  c lad d in g , therm al expansion  in  the  c la d d in g , and th e  
s t r a in  re q u ire d  to  overcome c la d  r e s t r a i n t ,  and su b tra c tin g  the  expansion in  
th e  p e l le t  (assum ing 2800®G fo r  th e  m olten zone and an average tem peratu re  of 
1900°G in  th e  unm elted r in g  o f  th e  p e l l e t )  fo r  each ro d , voliome expansions due 
to  m eltin g  o f 0-2% were o b ta in e d ,

8 . The M etallu rgy  o f Zirconium , ed , by B. Lustman and F. K erze, J r .  p . 633.
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E xperim ental v a lu e s  f o r  a x ia l  growth o f  th e  ro d s  a re  much low er th an  
th o se  c a lc u la te d  fo r  a p e l l e t  c e n te r  tem pera tu re  a t  th e  n e lt i j ig  p o in t. I n t e r ­
fe ren ce  between th e  p e l l e t s  and c lad d in g  a t  o p e ra tin g  tem p era tu res  were c a lc u ­
la te d  t o  be 0 .210 and 0 .270 i n . ,  w h ile  th e  m easured a x ia l  growth a f t e r  i r r a d i ­
a t io n  i s  0 .0 1 8 -0 .076  in .

F ig . 24 shows th e  m olten  zone of specimen 4 . The s t r u c tu r e  i s  columnar 
and f a i r l y  compact except fo r  some r a d ia l  c ra c k in g , in  sharp  c o n tra s t  to  th e  
m olten  s tru c tv re  found in  the  p r io r  X -l-e  t e s t ,  which c o n s is te d  of 100^ dense 
g ra in s  in te r s p e r s e d  by la rg e  v o ids (see  F ig . 14, Res\ime V (WAPD-PWR-PMM-429) .  
This i s  p robab ly  due to  th e  h ig h e r degree o f su p e rh ea tin g  in  th e  l a t t e r  specimen.

CR-WAPD-Met-11 & 12 (X -l-g  and X -l-h ) Seventh and E ig h th  Chalk R iver UO2 
D efect T ests__________________________________________________________________

The X -l-g  t e s t  s e c tio n  was te m p o ra rily  removed from Chalk R iver on 
J u ly  11 and re p la c e d  by X -l-h  (fo rm erly  d e s ig n a ted  X - l - g ')  in  o rd e r to  o b ta in  
a h ig h er le v e l  o f  w a te r a c t i v i t y  f o r  te s t in g  o f  th e  PWR Fuel Element F a ilu re  
D e tec tio n  System, The h ig h e r w a ter a c t i v i t y  o b ta in ed  i s  due to  th e  la r g e r  d ia ­
m e tra l c le a ra n c e s  in  th e  d e fe c te d  rods o f  X -l-h , The X -l-h  t e s t  w i l l  be r e ­
moved and th e  X -l-g  r e - i n s t a l l e d  when s u f f ic ie n t  d a ta  fo r  th e  d e te c t io n  system 
i s  o b ta in ed ,

A back-up to  th e  X -l-h  t e s t ,  d es ig n a ted  X - l - i ,  has been p rep a red  and 
sh ipped to  Chalk R iv e r. T his c o n s is ts  o f  5 re fe re n c e  ro d s  co n ta in in g  n a tu r a l  
UO2 , w ith  one ro d  o f 0 .008  in .  d ia m e tra l c le a ra n c e , d e fec ted  w ith  two O.OO5 i n .  
h o le s  near each end and 90° a p a r t .  I f  t h i s  t e s t  i s  u t i l i z e d ,  i t  i s  expected  
th a t  s u f f i c i e n t  f i s s io n  p roducts  wi3JL be swept ou t o f  th e  d e fe c te d  rod by n a t­
u ra l  convection  to  p rov ide  a check fo r  the  d e te c tio n  system .

WAPD-CR-5 (CT-1) PWR Bundle P roof Test

A probing dev ice  has been c o n s tru c te d  f o r  th e  h o t la b o ra to ry  c e l l s  fo r 
m easuring rod spacing i n  th e  CR-5 b und les. The d a ta  o b ta in ed  to  date have been 
e r r a t i c ,  and work i s  b e in g  d i r e c te d  toward im proving the  probe. P re lim in ary  
measurements ta k e r  from p h o to g ra j^ s  in d ic a te  l i t t l e  change in  rod  spac ing  a f t e r  
i r r a d i a t i o n .  The ^notographs re v e a l some b ad ly  bowed rods in  th e  bundle . I t  
i s  to  be p o in ted  ou t th a t  t h i s  was th e  o r ig in a l  c o n d itio n  of th e  bund les, which 
were fa b r ic a te d  in  th e  e a r ly  s ta g e s  o f  bundle development and were no t w ith in  
p re sen t PWR d im ensional to le r a n c e s .  The average  rod  spacing b e fo re  i r r a d i a t i o n  
i s  a s  fo llo w s:

Bundle Design Average Rod Spacing S t a t i s t i c a l  V a r ia tio n  No. o f read in g s
______________  (X) ( 3 D ___________  ________________

Tube Sheet O.O6OO" 0.0286" 200
Egg C rate 0 .0557" 0 .0300" 200

I t  i s  expected  th a t  the  bxmdle p roof t e s t  p re s e n tly  being  planned fo r
th e  WAPD-30 loop  w i l l  n o t exceed v a lu es  o f  0 .010 i n .  fo r  3^^  v a r ia t io n  in  
rod sp ac in g .
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TABLE I

COMPARISON OF HELIUM AND LIQUID DENSITIES OF UOo POWDERS

Methcxi o f  P re p a ra tio n  

Hydrogen re d u c tio n  o f  UO302H2O

D ire c t hydrogen re d u c tio n  o f 
uranium  peroxide

Hydrogen re d u c tio n  of UO3 h y d ra te  
c r y s ta l s  ferown h yd ro therm ally  
in  an  a u to c lav e

Hjrdrogen redv«3t i o n  o f UO3 made by 
d e n i t r a t io n  in  a f lu id iz e d  bed

F lu id iz e d  bed d e n i t r a t io n  and 
UÔ  re d u c tio n

A ir p y ro ly s is  o f  uranium  m etal to  1130^1 
hydrogen re d u c tio n  to  UO2

C o n tro lled  low pressxjre steam  o x id a tio n  
o f  uranivim m etal

U ncon tro lled  low p re ssu re  steam  
o x id a tio n  o f uranium  m etal

0/U

2 ,01

2 ,08

2,01

2 .02

2 ,0 7

2 ,01

2.02

2 ,03

D isp lac ing  F lu id

Helium
CCl,

Helium
CCl,

Helium
CCl,.

Helium
CCI4

Helium
CCI4

Helium
CCI4

Helium
CCl,

Helium
CCl.

D ensity

10.25  1  0 ,0 5
10 .25  1  0.03

11.00 + 0 .1  
10.78  + 0 ,0 3

1 0 . 2 5  1  0 , 0 5  
10 .37  + 0 ,03

10 ,13  + 0 ,1  
9 .9 4  1  0,03

1 0 .5 4  ±  0 ,0 5  
10 ,28  + 0.03

10.02 + 0 .1  
10 ,07  1  0,03

10.85 1  0 ,1
1 0 .9 1  1  0 ,0 3

10 .92  + 0 ,0 5
10.85 + 0 .03



TABLE I I

COMPARISON OF REAL AND APPARENT DENSITIES OF UOo POWDERS

Real D ensity  (pR) Apparent D ensity  (pA) Void Volume/g
Method o f P re p a ra tio n  (g /c c )________  (g /c c )_______________  (l/PA-l/i&R)

D irec t hydrogen re d u c tio n  of 11.00 1 .3 4  0 .66
uranium perox ide

A ir p y ro ly s is  of UNH to  UO31 hydrogen 10 ,24  1 .84  0 .45
re d u c tio n  to  UO2 a t  1180°G

Air p y ro ly s is  o f uranium  m etal to  U^Ogi 10.02 1.93 0,42
hydrogen re d u c tio n  to  UO2

Hydrogen re d u c tio n  o f  UO3 . 2H2O 10.25 2 .12  0 .37

U n co n tro lled  steam  o x id a tio n  10.92 2 ,47  0 .31
o f uranium m etal

Hydrogen re d u c tio n  o f  UO3 made by 10.13 3 .8 ^  0 .16
d e n i t r a t io n  in  a f lu id iz e d  bed

F lu id iz e d  bed d e n i t r a t io n  and 10 .54  4 .19  O .I4
UÔ  re d u c tio n

Hydrogen re d u c tio n  o f  UÔ  h y d ra te  10.25 4.63 0 .12
c r y s ta l s  grown hydro therm ally  
in  an au toclave

CO



TABLE I I I

GAS ADSORPTION SURFACE AREA MEASUREMENTS ON UOo POWDERS

to00

Code

NPUR-1

ANL-1

ANL-2

IR-1

NOL-9

NOL-13

CR-2

NPHUR-1

Method o f P rep a ra tio n

D irec t hydrogen re d u c tio n  o f 
urani\im peroxide

Hydrogen re d u c tio n  o f UO3 made by 
d e n i t r a t io n  in  a f lu id iz e d  bed

F lu id ize d  bed d e n i t r a t io n  and 
UÔ  re d u c tio n

Air p y ro ly s is  o f  U m eta l to  
hydrogen re d u c tio n  to  UO2

C o n tro lled  low pressiare steam  
o x id a tio n  o f U m etal

U ncon tro lled  low p re ssu re  steam 
o x id a tio n  of U m etal

Hydrogen re d u c tio n  of U0 3 , 2H20

Hydrogen re d u c tio n  o f UO3 h y d ra te  
c r y s ta l s  grown hydro therm ally  
in  an a u to c lav e

P re p a ra tio n
Tem perature

(°C)

900

800

700

800

700«-

400

800

1750

S p e c if ic  Surface 
(m^/cc)

28 ,4

9 .5

3 0 ,6

5 .8

2 ,4

9 ,0

8.8 

0 ,5

*  vacuo dry ing  tem pera tu re
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TABLE IV

EFFECT OF TEMPERATURE OF PREPARATION ON TOTAL SURFACE AREA OF UOo POWDERS

Method o f  P rep a ra tio n s  
R eduction tim e : s ix teen

hydrogen re d u c tio n  of UÔ  
I hovirs

R eduction  Tem perature
(»c) 0/U

R eal D en sity  
( k / c c )

S p e c if ic  Svirface 
(m2/cc)

if80 2 .04 10 .44 24 .7

580 2.03 10 .44 1 7 .8

690 2 .0 3 10 .38 18 .1

805 2.02 1 0 .32 1 3 .8

920 2.02 10 .38 1 3 .2

1180 2.01 1 0 .2 4 9 .4



TABLE V MO

COMPARISON OF TOTAL AND EXTERNAL SPECIFIC SURFACES OF UOo POWDERS

Method of P re p a ra tio n

U n co n tro lled  low p re ssu re  steam  
o x id a tio n  o f  iiraniiim f o i l

Air p yro lysis  o f uranium f o i l  to  
Û Og; hydrogen redixjticxi to  UO2

Air p yrolysis of UNH to  UO3 ; 
hydrogen reduction to UO2  Ill80°C )

Hydrogen reduction of U0 3 . 2 H2 0

Direct hjrdrcgen reduction of uranixim 
peroxide

Ign ition  o f ammonia precip itated  
diuranate to  U-O-j hydrogen reduction  
to  UO2  ^

Ign ition  o f \irea precip itated  
diuranate to U-jOgj hydrogen reduction  
to  UOg

D irect hydrogen reduction o f ammonia 
precip itated  diuranate

Direct hydrogen reduction o f  urea 
precip itated  diuranate

Wet b a ll-m illed  Mallinckrodt oxide

T o ta l Surface (Sg) 

9 .0

5 .8  

9 .4

8.8

28.4

59.9

60.4

37.4

42.1

53.1

P e rm e a b ility
E x te rn a l Surface (Sp) Roughness F actor 

P o ro s ity  ______ (m ^/cc)_________ (Sg/Sp)______

0.645

0.645

0 .6 4 5

0 .645

0 .6 5 1

0 .731

0.768

0 .771

0 .750

0.534

2 .7

3 .0  

3 .6

4 .1

9 .8

12.9  

10.3

13 .9  

12.6 

17.1

3.3

1.9  

2.6

2.2

2.9

4.6

5.9

2 .7

3 .3  

3 .1

I (



TABLE VI

NURS 3-6  

NAIR-2

MA-6

NAIR-1

NAIR-IR 

NUR 29-31

NHOL-2

MCW As- 
R eceived

NOH 20-24

Powder Surface Area 
Cm^/cc)_________

17 .5

60.4

53.1

59.9

15.0

22.6

6 , 4

12.9

CHARACTERISTICS OF UCX, POWDERS

P re p a ra tio n  H is to ry
Powder D ensity  
 ______

He

He
CCl,,

He

He
He
CCl,

CCl,.

He

He

He
CCl,

lo :68

11 .34
10.47

10.23

10.88
n .1 2
10.77

10.34

10.98

10.16

10.92
10.75

MCW UÔ  wet b a l l -m il le d  in  d i lu te  H2S02̂ , 
reduced  to  UO2 w ith  H2 .

ADU p r e c ip i ta te d  w ith  iirea , ig n i te d  to  U^Og 
in  a i r ,  reduced  in  Hg to  UO2 . P roduct 
py ro p h o ric , s t a b i l i z e d  by h e a tin g  in  H2 a t  900°C,

Wet b a l l - m il le d  MOW powder (Z irc a lo y  
m il l  and b a l l s ) .

ADU P r e c ip i ta te d  w ith  NH, OH, ig n i te d  to  U^Og
toin  a i r .  reduced w ith  H UOc Product

p y ro p h o ric , s t a b i l i z e d  by h ea tin g  in  H2 a t  800°C. 

NAIR-1 powder hea ted  in  H2 a t  900°C

A ir p y ro ly s is  of UNH to  UO31 hydrogen re d u c tio n  
o f  d ry  b a l l - m i l le d  UO3 to  UO2 .

Steam a t  300-400°C on f i n e ly  d iv id e d  U from 
UH35 UO2 h ea ted  in  H2 a t  750-820°C fo r  31 hours.

U M etal f o i l  steam  o x id ized  in  au to c lav e  a t  343°C.



TABLE V II COto

SINTERING CHARACTERISTICS OF UOo POWDERS

Powder

Compact C ondition 
A fte r  S in te r in g  
(based  on p ressed  
d e n s i ty )

H ighest S in te re d  
D ensity  (64 hours 
1700»C Hp)
6>5% TDG

D ensity  Reached in  8 hours 
in  H2 a t  1 7 0 0“C„

P ressed  D ensity  S in te re d  D ensity

Dependence of 
S in te re d  Den. 
on P ressed  Den.

R e la tiv e  Rank

S urface  D ensity  
Area

NURS-3-6 Good
S lig h t
Cracks

55%
65%

98.9^T 57.5^T 96.4^T S lig h t 5 5

NAIR-2 Good
Good

55%
65% 98.7^T 55.3^T 95.4^T S lig h t 1-2 1-2

MA-6 Good
Good

55%
65% 9 8 .1 ^ 55.1^T 96.4^T None 3 7

NAIR-1 Bad
Cracked

55%̂
65^T 97.9^T 55.1^T 96,8^T Sl;Lght 1-2 1-2

NAIR-1 Good
Bad

55%̂
65^T 97.6^T - — S lig h t —

NUR-29-31 Good
Good

55^T
55^T 9 6 .7 ^ 55.0^T 87,4^T Medium 6 6

NHOL-2 Cracks
Good

55T^
65^T 94.7^T 55.3^T 79.2^T Marked 4 3

MOW As-Reco Good
Good

5 5 ^
65^T 92.7^T 55.0?T 78.5^T Medium 8 8

NOH-20-24 Flakey 
Good

55^T
6 5 ^ 79.2^T 55.2^T 58.1^T Marked 7 4
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TABLE V III

DENSITIES OBTAINED WITH "MICRO ATOMIZED" MCW UOo

D en sity , Per Cent T h e o re tic a l*  
Compaction P re s su re , TSI

(Hydrogen) 60 80 100

1600‘‘G fo r  5 h r . 94 .6 94.7 95.3

1600°C fo r  10 h r . 94.2 94 .7 95.3

1725°C fo r  5 h r . 95 .4 96 .1 96.1

1725'‘C fo r  10 h r . 95.2 96 .4 96.3

*  Average o f  5 measurements
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Table U

LATTICE PARAMETER VARIATION AS A FIWGTICN OF 0/U RATIO 
_________ FOR OXIDATION OF UOg AT 230°0 IN AIR_________

Oxidation O/U
Time Ratio Grystallographio Data

None 2.01 Cubic, ao s  5.A72 +; 0.0031

15 min. 2.10 Cubic, blq „ 5.4-67 +- 0.0021

2 hr. 2.24- Tetragonal, a© ■ 5 .A 1 +  0.03
Co = 5.50 + 0.03

4- hr. 2.30 Tetragonal, ao ■ 5 » A 1 ±  0 .02
Co St 5.55 i  0.02

hr. 2.3A Tetragonal, ao s  5.38 +  0 .01
Co * 5.55 i  0.01
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TflbjLe J

LATTICE PARAMETER VARIATION AS A FUNCTION OF 0/U RATIO 
 ________ FOR OXIDATION OF UÔ  AT 275°G IN AIR_________ _

Oxidation
Time

o/u
Ratio CrystallograTJiio Data

None 2.01 Cubic, ao « 5.4-72+ 0-003

20 min. 2 ,2 A Tetragonal, ao 9 5.-43 +  0.01
°o “ 5.50 ±  0.01

4-0 pin. 2.27 Tetragonal, ^0 5.-410 ±  0.008
Cq = 5.517 i-  0.009

1 hr. 2 .30 Tetragonal, ao m 5 .-40 4 . +  0 . 0 0 9

Co = 5.520 +  0.007

1 hr. 2.32 Tetragonal, ®o m 5.398 4 -0 .0 0 5
Co SS 5.53-4 ±  0.005

2 .5  hr. 2.3-4 Tetragonal, ao mm 5.387 -t 0,002
°o s 5.5-49 ±  0.002



Table XI

SOLUTION RATES OF SINTIIRED UOo FRT.T.-RTS IN HNÔ

D en sities: 93.3=93.656

Siirface Area: 0.10 sq, in .

o»o>

Concentration
(N)

Temperature
(°C)

Rate
(me/min)

15.7 21.0 0.6

15.7 26.5 0 .7

15.7 4-4*0 13.6

15.7 48.0 13.8

lA .l 32.0 1.5

7 .9 33.0 0.6

7 .9 4 6 . 0 2 .0

1 .6 23.5 0.003

1 .6 25.8 0.003

1 .6 47.0 0.03



Irradiation
F a c ility Sample No.

Experiments MTR-WAPD 14.~9j 10, 
Burnun Data

Tvne of Material* Diameter

& 11

Burnup
(MWD/T)

Average Flux** 
nv X 10”^^

Flux a t 4 0  MW** 
nv X 10"^3

U “9 A-36 NE 7 S.O, -  GP 0.500" 600 1 .0 1.2
n It S R R R 2370 5.3 5.9
n R 12c MCW -  GP R 1800 3.8 4.2
n n 13G R R R 2240 5.2 5.8

U “10 A ll SW A2S MGW-GP & S 0.4.00” 890 1 .9 2.1
n n A3S R R R 2200 5,7 6.5
n tt 50s S.O. -  GP & S R 2780 8.2 9 .4
n R 51s R R R 1650 3.8 4 . 4

U “l l A ll NW 5 3 s S .O .  -  CP & s 0.500" 590 1.2 1,3
n It 54s » R R 1320 2.9 3 .4
n n 56S MCW -  GP & S R 1410 3.2 3.6
n n 57S R R R 1050 2.2 2 .6

S.O. s  High pressure steam oxidized UO2  
MGtf » Mallinckrodt W 2 

CP s  Gold pressed  
CP & S s  Gold pressed and sintered

«« Samples were in -p ile  when power le v e l  was changed from 30 MW to 4-0 MW. 
data for 4.0 MW in  operation is  an estim ate from the availab le data.

Flux

CO



T ab le  X III

CR-WAPD^et-10 T est Data

w
00

Specimen No.

D efect Diameter (in ) 0,005 0.005 none 0.005 none

Assembled Nominal C learances = Diam etral 0,008 
(in)

= A xial 0,060

0.0015

0.000

0.008

0.060

0.008

0.060

0.003

0.000

Dimensional Increases due 
to  I r r a d ia t io n  (in )

DiametJ’a l  n i l 0,002 (0.48$g) 0.001 (0.24%) 0.0025 (0.24%) 0,002 (0,48%)

A xial 0,020 (0,2%) 0.076 (0.75%) 0.018 (0.2%) not recorded 0,061 (0,6%)

Reported Max, Heat Flux -  Top 
(B W /hr~ft2) -  Bottom

360,000 460,000 505,000 500,000 (D) 440,000

440,000(D)» 495,000(D) 505,000 450,000 375,000

C alcu lated  h ea t f lu x  to  i n i t i a t e  
m elting  (UD2 m.p, 5000°F)

353,000 684,000 529,000 353,000 684,000

Diameter of molten zone (in )

Diameter of shrinkage c ra te r  (in )

0,170-0,200 0.170-0.175 0.135-0.170 0.210-0.170

0.007-0.012 n i l - . 005 0.008-0.015 0 . 025- 0,090

Grain growth 
in  top p e lle ts  
of specimen

*(D) -  defected  end of specimen
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FIG. I PORE S I Z E  DISTRIBUTIOIMS OF TWO U O 2  POWDERS COMPACTED
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FIG. 2 S I N T E R E D  D E N S IT Y  VS P R E S S E D  D E N S I T Y  
( H 2 , I 7 5 0  ° G ,  2 0  H O U R S )
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1 4 0 0  °C

FIG, 3 EFFECT OF VARIOUS A D D I T I V E S
ON S IN T E R E D  DENSIT Y  OF M O W -U O j
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I 6 0 0 ° C

FIG. 4  E F F E C T  OF V ARIO US A D D I T I V E S
ON S I N T E R E D  D E N S I T Y  OF MGW-UO2
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1400°c 1600°c

\  *

V ' ”*  ‘ ^  ' . * ‘' 1  • •

• V 0 .05  w/o
■ T102
1 ->. ■ ->  ' , ,
* . « %  0.05 w/o

■ k -  . - f V ; * - .  -  t . r r

- ® ■ *■ ‘ N r  * •• ^
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■= 0 .25  w/o 
* CaO
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98.456 T.D.S.

FIG. 5; The e f f e c t  of 1102 and CaO a d d itio n s  on th e  m ic ro s tru c tu re  o f  s in te re d  
MGW-UO2 ,

S in te re d  10 h r s .  in  H2 M agnification-450X
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97,8% T.D.S.

FIG. 62 E f fe c t  o f T i02 a d d i t iv e s  on th e  m ic ro s tru c tu re  o f  s in te r e d  MCW-UOo,
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1400°c

0 .1  w/o 
CaO

76.6% T .D .S. 8 6 , 6 ^  T .D .S .

t

61.5% T .D .S.

J A M

0 .5  w/o 
CaO

-y*-* 1 ,0  w/o
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87 .9 ^  T.D.S,

vV '‘  ^  #  v t ,■ ^1

91 .5^  T.D.S.

% :
■ . ■

9 5 .0 ^  T.D.S.

FIG. 7 ; E ffe c t o f  CaO a d d it iv e s  on th e  m ic ro s tru c tu re  of s in te re d  MCW-UOg,
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1600°C

No
A dditive

7 7 M  T.D.S. B5.5% T.D.S.

FIG. 8 : M icro s tru c tu re  of S in te re d  UO2 .
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S I N T E R E D  D E N S I T Y  V S  C O M P O S I T I O N  
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FIG. II OX IDATION OF U O 2 3 4 IN AIR AT 2 7 6
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L A T T I C E  P A R A M E T E R  V A R IA T IO N  AS A F U N C T IO N  OF 0 / U  R A T I O  

FOR O X I D A T I O N  OF UO2  IN AIR AT 2 3 0  “ C
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FIG.  14 L A T T I C E  P A R A M E T E R  VARI AT I ON AS A F U N C T I O N  OF 0 / U  RATIO 

FOR O X I D A T I O N  OF UOg IN AIR AT 2 7 5  ° C
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FIG. 16 D I F F U S I O N  OF  F I S S I O N  G A S E S  IN U O 2 A S  

A F U N C T I O N  OF  T E M P E R A T U R E

I /  T ( R E C IP R O C A L  DEC. K x  IC^ )
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FIG. 17: Cross section of specimen No. 1 from the Sixth
Chalk River UO2 Defect Test. (Defected End) Defect-0.005 
in. hole. Diam. Clearance-0.008 in. Est, Heat Flux - 
4 4 0 ,0 0 0 Btu/ft2/hr.

7.5X

FIG. 18: Cross section of Specimen No. 2 from the Sixth
Chalk River UO2 Defect Test. (Defected End) Defect-0,005 
in. hole. Diam, Clearance-0.0015 in. Est, Heat Flux - 
495,000 Btu/ft2/hr.

7.5X
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FIG, 19s Cross section of specimen No, .3 from the Sixth 
Chalk River UOo Defect Test, (No defect) Diam, Clearance 
0.008 in. Est. Heat Flux - 505,000 Btu/ft^/hr.

7.5X

FIG, 20: Cross section of Specimen No. 4 from the Sixth
Chalk River UO2 Defect Test, (1st Pellet-Defected End) 
Defect-0. 005 in. hole, Diam. Clearance - 0.008 in,
Est. Heat Flux - 500,000 Btu/ft2/hr,

7.5X
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■
FIGe 21s Crosa sesction of Specimen No» 4 from the Sixth 
Chalk Elver UOg Defect Test,(1st Pellet-Non-Dsfected lad) 
Defect-0.005 in, hole, Diam, Clearance ~ 0,008 in,
Est, Heat Fltsc - 450,000 Btu/ft^/hr,

7»5X

■

FIG, 22: Cross section of Specimen No, 5 from the Sixth
Chalk River UOg Defect Test, (no defect-high flux end) 
Diam, Clearance - 0.003 in,
Est. Heat Flux - 440,000 Btu/ft^/hr.

7.5X



FIG, 23: Zr02 film at interface of UOo and Zircaloy-2
cladding of Specimen No. 4 from Sixth Chalk River UO2
Defect Test,

37OX

FIG. 24: Molten zone near center of UO5 pellet from
Specimen No, 4 from Sixth Chalk River UOg Defect Test, 
Part of shrinkage crater is shown at lower left, 65X
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STUDIES CONCERNED WITH URANIUM OXIDES EJ PROGRESS
-AT' m m iiE \<mo ̂ 'Ai' 'B s r r a n g ----------------------------------

The stu d ies  previously reported have been continued or completed.

The work on modified-uranium dioxide bodies was completed in  July and i s  

summarized in  th is  report. The addition  o f refractory grade b e r y llia  to  uranium 

dioxide povjder compacts improved the therm al-fracture resistan ce and did not 

adversely e f f e c t  the corrosion resistan ce  o f the specimens. Although ceria  

additions were the most e f fe c t iv e  d en sity  promoters, they did not appreciably  

improve thermal-fracture res ista n ce .

Experiments have been in  progress in  an attempt to  determine the 

reactions responsible fo r  the thermal a c t iv it ie s  in  three preparations of 

uranium tr io x id e; (1) low-temperature Type H I , (2) a hi^-tem perature Type I I I ,  

and (3) an araorphous uranium tr io x id e . In a l l  x^eight-loss stu d ies there was 

observed a greater xi/ei^t lo s s  than would be predicted by the conversion of 

uranium tr io x id e  to Û O0  or to  viranium diojcide, Ihe terap>erature at which 

hydrogen reduction took place d iffered  fo r  the three preparations. Amorphous 

uranixim tr io x id e  was reduced in  wet or dry hydrogen and exposed to  a ir , oxygen, 

and nitrogen a t  room temperature. The oxygen/uranium ra tio  averaged 2,39 a fter  

exposure to  a ir  and a wide range of uranium/oxygen ratios resu lted  when uranium 

dioxide was exposed to oxygen.

The heating o f specimens in  which uranixam dioxide i s  in  intim ate con­

ta c t  with zirconium has continued fo r  200 days a t 950 and 1100 F and fo r  120 days 

at 1200 F, These specimens w ill  be examined when healing i s  complete as a part 

o f the study of the k in e tic s  o f the zirconium-uranium dioxide reaction . A nalytical 

data describing the transfer of oxygen and uranium to  the zireonium in  an element 

heated 95 hr at 1600 F vjere considered frem the viewpoint of d iffu sio n  of oxygen 

in to  z irco n im , A model ^proxim ating the actual observed conditions was assumed
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and equations representing th is  model were derived. The th eo re tica l re su lts  agree 

quite w ell with resu lts  found ejqjerim entally. The data in d icate th a t the uranium- 

rich  layer (considered as a part o f the f i r s t  region in  the d iffu sio n  acne) acts  

as an e ffe c t iv e  d iffu sion  b arrier . Experiments are now in  progress that should 

c la r ify  th is  po in t.

Studies o f the e le c tr ic a l  properties o f tiranium oxides have been 

ccaitinued in  an attempt to e sta b lish  the e f f e c t  o f in t e r s t i t ia l  oxygen on the 

uranium dioxide la t t i c e .  Magnetic su s c e p t ib ility  measurements suggest that 

incoiTDoration of oxygen in  th is  la t t ic e  increases the valence of the uranium 

atoms from the +U to  the +6 s ta te .  Id e a lly  then, one uranium atom in  four 

changes to  give 11̂ 0̂  and one in  three to  give U^Oy, The e le c t r ic a l  conductivity  

and therm oelectric power of these specimens have been studied as a function o f  

temperature between 27 and UOO C, I t  i s  in ter e st in g  to note that the i n i t i a l  

activation  energy decreases with increasing oxygen content in  th e p-type specimens. 

However, when the specimens became n-type, corresponding to the appearance of 

03cygen d e fic ie n t or U^O ,̂ the a c tiv a tio n  energy increases w ith increasing  

oxygen content,

CERAMIC STUDIES 
D, J , Bowers, A, Ĉ, A lliso n , and W, H, Duckworth

Work on modified-uranium dicad.de bodies fo r  the WAPD-FWR program was 

completed in  July, The follow ing summarizes th is  research.

Improvement in  corrosion and thermal-fracture resistan ce o f  a uranium 

dioxide ceramic were s o u ^ t  throu^  the use of se lec ted  additives o f b e iy l l ia ,  

cer ia , s i l i c a ,  z ircon ia , s il ic o n , s i l ic o n  n itr id e , or beryllium . Nuclear con­

siderations d ictated  that the modified bodies contain at le a s t  8 0  volvirae per 

cent of uranium dioxide a fter  s in ter in g .
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Sound specimens meeting th is  uranium dioxide content requirement were 

made with the b e r y llia , cer ia , s i l i c a ,  or zirconia# These ceramics, w ith the 

exception of uranium d ioxide s i l i c a ,  had as good resistance to 650 F water and 

750 F steam as the unadulterated uraniiun dioxide ceramic#

Adding refractory-grads b er y llia  to  the uranium dioxide powder compacts 

improved, by a fa c to r  o f about 1 ,7 , the therm al-fracture resistan ce of sin tered  

specimens. Readily s in terab le  b e r y llia  powder did not give IM s ben efit#  

Variations in  s in ter in g  treatment appreciably a ffec ted  the them al-fractxire  

ch aracter istics  o f the uranium dioxide-BeO specimens. Minor additions of t ita n ia  

or cer ia  to uranium dioxide b e ry llia  powder compacts resu lted  in  increased  

d en sitie s  a t lovjer s in te r in g  temperatures, but therm al-fracture resistan ce  was 

not improved through th e ir  use#

Dense, strong specimens were made using cer ia  as the ad d itive to  

uranium d ioxide, Ceria was the most e f fe c t iv e  density  promoter during s in ter in g  

of the major ad d itives studies# Uranium d iox id e-cer ia  specimens, however, were 

only s l ig h t ly  b e tter  in  therm al-fracture resistan ce than those of Uranium dioxide 

alone#

Zirconia and uranium dioxide combinations had adequate d en sity  and 

strength , but the z ircon ia  had a d eleteriou s e f fe c t  on the therm al-fracture 

resistance o f uranium dioxide#

Uranium d io x id e-silico n  cermet specimens had lov7 density  and strength , 

presumably because of the formation o f a reaction  product. The reaction occurred 

on sin terin g  in  hydrogen, argon, or in  a vacuum, and, to  a le s s e r  degree, on 

hot pressing. The reaction  product was iso la ted , but not id e n tif ie d . I t  was 

unstable x^en resin tered  by i t s e l f  and with uranium dioxide#

S a t is fa c to z lly  dense and sound sin tered  compacts X'jere not produced 

with e ith er  beryllium  or s il ic o n  n itr id e  as th e additive#

A to p ica l report, BMI-1117, covering the work in  d e ta il  has been 

issxied, (July 2U, 1956)#
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RESUIE OF URAMIUM OlIDE INVESTIGATIONS 
C, M, Scdiwartz, t). A, Vaughan, suid J , R. Bridge

Investigation  of the variation s in  oxide structures and properties

that resu lt from changes in  processing was continued during the past three

months. This work included thermal decomposition and hydrogen reduction studies

o f various preparations of uranium t 3?ioxide. As a measure o f r e a c t iv ity  o f

uranium dioxide, i t s  oxygen/uranium ratio  a fte r  exposure to room-temperature a ir

was determined by weight change on ig n itio n  to  U^Og.

Uranium Trioxide Studies

As was reported previously, d if fe r e n t ia l thermal an a lysis  showed

a marked e f fe c t  of uranium tr iox id e  preparation on i t s  thermal a c t iv ity  in  both

a ir  and hydrogen. During the past period attempts xrere made to determine the

reactions responsible for  the thermal a c t iv it ie s  in  three preparations o f uranium

triox id e j (1) a low-temperature Type I I I ,  (2) a high-temperature Type I I I ,  and

(3) an amorphous uranium tr io x id e . Weight lo s s  and X-ray d iffra c tio n  data vjere

obtained on heating these preparations a t se lec ted  temperatures as indicated by

a c t iv ity  regions in  the thermal an a lysis  curves. In a l l  of the w eigh t-loss

stud ies there was observed a greater weight lo ss  than wovild be predicted by the

conversion o f uranium tr io x id e  to Û Og or to ursinium d ioxide. The excess i s

probably residual water or n itra te  in  the uranium tr io x id e , Ihe conversion to

Û Og occurred in  a ir  at d ifferen t temperatures, depending upon the uranium

triox id e  preparation. Likewise, in  the hydrogen reduction s tu d ie s , the temperature

at which reduction took place d iffered  for the three preparations. The amount

of a ir  reoxidation o f uranium dioxide was greater fo r  the specimen made from

amorphous uranixim tr iox id e  which reduced a t the lowest temperature.

Uranium Dioxide Studies

Amorphous uranium triox id e was reduced in  wet or dry hydrogen and

exposed to  a ir , oxygen, or nitrogen a t room temperature (Table 1 ) .  The oxygeV

uranium ratio  o f the uranium dioxide a fte r  exposure to a ir  was f a ir ly  high
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(average = 2,39) whether the reduction was carried out in  wet or dry hydrogen*

A wide range o f oxygen/uranium ratios resu lted  \ h e n  uranium dioxide was exposed 

to oxygen. When reduced in  wet l^ydrogen and exposed to  nitrogen and then a ir ,  

the oxygen/uranium ra tio  was about 2 , l 5 j but when reduced in  dry hydrogen, the 

oxygen/uranium ra tio  was about 2,U, Experiments suggest that the as-reduced 

uranium dioxide i s  nearly sto ich iom etric . X-ray d iffra c tio n  examination of a l l  

uranium dioxide preparations showed only a cubic phase, except that in one o f  

the samples which had been exposed to oxygen, some Û Og was present, Hig^- 

temperature X-ray stu d ies of these active uranium dioxide powders o f variable 

oxygen/uraniiun ra tio s  are in  progress,

TABLE 1 , OXIGEN/URANIU!'! RATIO OF URANIUM DIOXIDE 
MADE FROM AMORPHOUS URANIUM TRIOXIDE

Oxygen/tfraniTM Ratio

Sample Hydrogen Reductant Air Oxygen Nitrogen

213D Dry 2,321
21UA D itto 2.U37
216B i> 2,376
217B II 2 ,h 7 2
235a It 2,289
221A Wet 2.321
227A D itto 2,392
215B Dry 2,2ii8
222k D itto 2.377 -
237A II 2,172
219A Wet 2,307
229k D itto 2.6Ul -
225a Dry 2,390
226a D itto 2,U67
231A Wet 2,137
233A D itto 2,169
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KIMETICS OF THE ZinCONIUM-URMIUM DIOXIDE JgAGTIQj}
M. W, M allett, J ,  IfJ, broege. A, Gerds, and A. W. Lemmon

Zirconium-clad uranium oxide fu e l elements are being considered fo r

reactor use. The com patibility o f these m aterials i s  being studied in  the

temperature range of 950 to 1600 F to aid in  estim ating the u sefu l l i f e  of

the elements in  reactor se 3mrice. Sandwich-type elements in  which a plane surface

of zirconium i s  in  intim ate contact with a plane surface o f uranium dioxide are

being used for the study.

The heating of the thin-w alled elements at 950, 1100, and 1200 F i s

continuing. The elements being heated at 950 and 1100 F now have been on t e s t

for about 200 daysj those being heated at 1200 F now have been on t e s t  for about

1 2 0  days.

Previously, an element that was heated a t 1600 F for $00 hr produced 

voids in  the uranium dri.oxide adjacent to the zirconium. In order to minimize 

th is  condition, a large element was prepared in  which the w all th ickness of 

the jacket was reduced from 1/8 to l / l 6  in . Simultaneously th e  dead load on 

the heated element was increased to  attempt to  maintain the d esired  intim ate 

contact between the components. This t e s t  has not been completed.

The a n a ly tica l data describing the transfer o f oxygen and uranium to  

the zirconivim in  an element heated for 95 hr at 1600 F were considered from the  

viewpoint o f d iffu sion  o f oxygen in to  zirconiiim, A model was assumed which 

approximates the actual observed cond itions. Equations representing th is  model 

were f  ound. They described the d iffu sio n  from a constant i n i t i a l  concentration  

through a f i r s t  region and past a boundary in to  a second region of unlimited 

th ickness. This f i r s t  region corresponds roughly to  the two-phase area adjacent 

to the uranium dioxide and the th in  uranium-rich phase. The second region  

corresponds to the oxygen d iffu sion  a ffected  and unaffected zirconium phase base 

metal. Using a portion o f the experiiiBntal data, constants in  the equations 

were evaluated. The computed numerical values for oxygen concentration versus
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distance of penetration approximate the curve found experim sntally. Although 

the model i s  probably not sx iff ic ie n tly  v a lid  to  pennit the evaluation of r e lia b le  

d iffu sion  constants or d istr ib u tion  c o e f f ic ie n ts ,  comparison with the d iffu sion  

constant for oxygen in  Zircaloy 2  in d icates that the uranium-rich layer (considered  

as part of the f i r s t  region) acts as an e ffec tiv e  d iffu sio n  b arrier .

The 500 hr, 1600 F experiment now in progress should help to c la r ify  

th is  point. In add ition , an experiment i s  being s e t  up in  which a 1-m il p iece  

of uranium f o i l  w i l l  be used to  separate the zirconium from the uranium d iox ide. 

This should aid in  determining the role that uranium plays as a barrier fo r  the 

d iffu sion  of oxygen.

Uranium and oxygen analyses have been completed on th in  layers machined 

in the zirconium of an element heated at 1U50 F for hr, Ihe data are now 

being interpreted ,

ELECTRICAL PFDPEffflES OF URANIIM OHDES 
J . W, Moody, k , t ,  W illardson, and k , t ,  doering

The e le c tr ic a l  conductivity and therm oelectric power of uranium oxides

in  the uranium dioxide-U^Oy range have been studied as a function of temperature

and of heat treatment. The m aterials studied were prepared from regular JICW

uranium dioxide by exposure to  dry oxygen a t 180 C, After oxidation, oxygen to

uranium ra tio s  were determined by ig n itio n  to U^Og, Specimens fo r  e le c tr ic a l

measurements were h yd rosta tica lly  pressed (without a binder) at 1 0 0 , 0 0 0  p s i .

I n i t ia l ly ,  a l l  the specimens prepared in  the above manner were p-type

and of r e la t iv e ly  low conductivity . However, annealing the specimens a t  various

elevated temperatures resulted  in  enhanced con d u ctiv ities in  a l l  cases and the

appearance o f n-type conductivity in  those specimens having oxygen/uranium ra tio s

greater than 2,16, These resu lts  were d iscussed in  some d e ta il  in the la s t  resume.

I t  w i l l  be s u f f ic ie n t  to r e c a ll here that the e f fe c ts  of heat treatment were

ascribed to an ordering of in t e r s t i t ia l  oxygen atoms in the uranium dioxide
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la t t ic e  resu ltin g  in  the appearance o f phases, or compounds, other than uranium 

d ioxid e. The compounds id en tif ie d  in  the range studied may be described, e le c t r i ­

c a lly , as:

(1 ) UO2+JJ, a metal d e f ic it  semiconductor (p-type)

( 2 ) Uĵ 09-y i ^  metal excess semiconductor (n-type)

(3) a metal excess semiconductor (n -typ e).

Phases corresponding to the representations and U3 O.7 + 2  (P-^ype, metal

d e f ic it  semiconductors) were not id e n tif ie d . The e le c tr ic a l measurements indicate  

that th e ir  existence occurs over an exceed in^ y sm all range, i f  a t  a l l .

The presence o f a l l  major phases were confirmed by X-ray powder tech­

niques, B asica lly  the cry sta l la t t ic e s  i s  the same for a l l  three compounds.

Excess oxygen enters in to  in t e r s t i t ia l  positions in  the f lu o r ite  structure of 

uranium d ioxide, and in  doing so , contracts the la t t i c e .  The resu lts  of "Uie anneal- 

quench experiments suggest a temperature dependent oxygen s o lu b ility  fo r  which, 

a t low temperatures, much o f the oxygen i s  not incorporated in the la t t ic e  but 

i s  precip itated  on grain boundaries. Under proper conditions, however, 

s u ff ic ie n t  in te r a t it ia l  oxygen i s  accommodated in  the uranium dioxide la t t ic e  

to contract i t  a fixed  amount to  give Uĵ Ô  or to contract i t  p referen tia lly  to 

give the s l i ^ t l y  tetragonal structure of Û O-̂ ,

The incorporation of in t e r s t i t ia l  oxygen in  the uranium dioxide la t t ic e  

i s  accompanied by an increase o f valence by some of the uranium atoms. Magnetic 

su sc e p tib ility  measurements suggest that the change i s  from the +h and the + 6  s ta te .  

Id ea lly  then, one uranium atom in  four changes to give and one in three to 

give U3 OJ, That these s ta te s  are r e la t iv e ly  stab le  i s  indicated by the fact that 

they may be quenched in  and by the reproducib ility  o f the anneal-quench exper­

iments, However, prolonged aging at room temperature resu lted  in  decreased 

con d u ctiv ities o f a l l  the specimens studied . This sugg-ests the r e v e r s ib ility  

o f the phase tra n sitio n s  b rou ^ t about by the anneals and the precip itation  

o f oxygen along grain boundaries at low temneratui^s.
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The e le c tr ic a l  conductivity and thermoelectric power o f  these specimens 

were studied as a function of temperature between 27 and UOO C» In general, the 

conductivity of each specimen could be represented by an expression of the form;

where/^E i s  the energy necessary to  free  the charge carriers* Thus, the slope of 

the curve lo g (j«  f  (l/T ) yielded a value of the activa tion  energy. For some 

specimens a change of slope occurred at about 2 0 0  0  and i t  was possib le to  

ca lcu late two activation  energies. The values are l i s t e d  in  Table 2 where 

^  represents the low temperature slope and^E2  the slope obtained above 200 C, 

I t  i s  in terestin g  to note th a t the in i t ia l  activation  energy decreases with  

increasing oxygen content fo r  the p-type specimens. However, when the specimens 

become n-type, corresponding the appearance of oxygen d e fic ie n t  Uĵ Ô  or Û Oy the 

activation  energy increases with increasing oxygen content, A comparison of these 

resu lts  with previous work suggests that an energy o f 0 ,U ev a t  h i ^  carrier  

concentrations to 0 , 6  ev a t low carrier concentrations i s  required to free a 

p ositive  carrier from in t e r s t i t ia l  oxygen in  UOg^, On the other hand, the 

energy required to free a negative carrier from hexavalent uranium in  Ûĵ Ô 

or Û Oy varies from 0 ,k  to  0 , 9  ev from h i ^  to low carrier concentrations.

However, i f  the n-type specimens of high (0,9 ev) activation  energies contained 

both donors and acceptors (say UOg^ and U^Oy^) the e f fe c t  i s  one o f reducing 

the free carrier density and the ca rrier  density changes more rapidly with 

temperature. When such a condition p reva ils, a ca lcu lation  based on equation (1) 

m i^ t  be in  considerable error and the true activation  energy may be lower by 

as much as a factor of two.

As noted in  Table 2, the behavior of the maximum therm oelectric power 

was sim ilar  to that observed fo r  the activation  energies. That i s ,  as oxygen was 

added to U0 2 .̂ĵ  the therm oelectric power decreased. When the specimens became n- 

type the therm oelectric power increased as the oxygen/uranium ra tio  o f  7 / 3  was



TABLE 2 .  ELECTRICAL DATA Qi FIESSED URANIUM OXIDE SPECIMENS

Specimen
Oxygen/Urani™

Ratio

Room Temperature 
Conductivity. 

ohra“^-cm“ ôclÔ

Slopes
Conductivity

on
Curve, ev

Maximum thermo­
e le c tr ic  Power, 

per deg, C Probable Phases Present

119 2.032 1 3 .h o.U? 0 . 5 2 2 7 0  (?) UO2 +X

l ^ h 2.071; 3 h .6 0.i;2 — 1 3 0  (P)  ̂ U°2+x * ^ a7-;?b
178 2.160 U8.5 0.38 0.1i9 77 (?) a UO2 +X + b U^O ,̂ a -^ b

155 2.208 56.U o.Ui — 76 (N) 8 %0 9 «y + c c b

17i| 2 ,2 6 k U8.0 O.lil 0 M 2 81; (N) ^3°7-z

157 2.317 9.63 O.I4.6 0.56 130 (N) ^3°7-z

1 8 8 2.353 U.i;5 0 . 5 6 —

Oi
CD
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approached. Such behavior i s  con sisten t with the appearance of U, 0„ and
U 9 J I

and o ffers  strong evidence of th e ir  ex isten ce .

During the anneal-quench experiments i t  was noted that some o f  

the specimens underwent a considerable volume shrinkage when annealed at 

temperatures above 600 C, The change o f volume a t any temperature was d ir e c t ly  

proportional to the amount of excess oxygen when i t  was present as UO2 +X 

i s ,  up to  oxygen/uranium ratios o f about 2 ,lU ), I f  or were the major 

phases present a s lig h t  increase of volvime was noted, due, perhaps, to  excessive  

lo s s  o f oxygen and subsequent expansion of the la t t i c e .  In view of these resu lts  

i t  was f e l t  advisable to s in ter  the specimens under normal s in terin g  conditions. 

Accordingly, the specimens were s in tered  fo r  one hr a t  1650 C in  a hydrogen 

atmosphere. Several of the specimens cracked during the process (perhaps because 

of excessive handling beforehand) and a l l  sin tered  to a d en sity  o f about 8 0  per 

cent that o f th eo retica l, the usual density  to  which nom al MOW uranium dioxide  

s in te r s »

E lec tr ica l measurements were than made on several o f the s in tered  

specimens. These properties are summarized in  Table 3»

TABLE 3. EIECTRICAL DATA CN SINIERED SPECIMENS OF URANIUM OXIDES

Specimen

Estimated 
Qxy genAl ranium 

Ratio

Room Temperature 
Conductivity 

(ohm“l-c m - ^ 0 « )
Slope of Conductivity 

Curve AiE, ev
Maximum Thermo­
e le c tr ic  Power

1 5 I1 2,010 12 0 . 3 8 3 5 0

1^5 2.020 3 0 0.38 260

1 5 7 2 , 0 2 5 38 0.38 lUO
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After s in ter in g , a l l  the specimens were p-type and th e ir  e le c tr ic a l  properties are 

to  be coijipared with those l is t e d  in  Table 2. The changes in  magnitude and type 

of conductivity and the approximate 0,U ev slope o f the conductivity curve are 

con sisten t xvith the lo ss  o f considerable oxygen during the s in ter in g  process. A fter  

sin ter in g  the composition of a l l  the specimens could be represented as U0 2 +jj,

The oxygen/uranium r a tio s  l is t e d  in  Table 3 are estim ated from a comparison of 

the conductiv ities TJith previous experience.

Evidently the reducing atmosphere of the s in ter in g  process removes 

excess oxygen from the uranium dioxide la t t ic e  and the carriers a r is in g  from 

in t e r s t i t ia l  o:<ygen play no part in  the s in ter in g  mechanism under reducing 

conditions. Yet the correlation  between sin ter in g  ch a ra cter istics  and e le c tr ic a l  

conductivity noted during the anneal-quench experiments (when great care was 

taken to minimize lo s s  of oxygen) appears important and suggests th a t, a p-type 

m eta llic  impurity may improve the s in ter in g  c lia ra c ter is t ic s .

At present experiments are now underway to characterize a more reactive  

uranium dioxide than nom al MW m aterial. Such an oxide i s  prepared from the 

hydrogen reduction of amorphous uranium tr io x id e  and s in ters  to a high density . 

Measurements sim ilar to those performed on the "inactive" oxide w il l  be made in  

an e f fo r t  to d istin gu ish  the e ssen tia l d ifferen ces between the m ateria ls.



U02 PANEL REPORT

Corning Glass Works 
Corning, New York
September 5, 1956

SUMMARY;
Since the June meeting of the UO2 Panel work on modulus 

of rupture of UO2 was completedo It was shown that there is 
an optimum firing time for a given firing temperature. The 
modulus of rupture for UO2 is about 1 5 , 0 0 0  psi from room temperature to 1000°C. Most significant is the fact that 
thermal shock characteristics are greatly affected by surface 
treatment.

Work on Ti02 additions was also completed. Such addi­
tions produce bodies with similar strength characteristics 
to those of UO2 alone but at a much lower firing temperature. 
The presence of a liquid phase has been established.

A program on steam sintering produced a method for 
firing dense UO2 pellets in a GLOBAR furnace with a minimum 
of hydrogen consumption. Of great interest is the fact that 
this method can produce pellets of either UO2 .O3 or UO2 .1 9 , depending on the cooling atmosphere used.

The work on cladding has been mostly of an exploratory 
nature on the fabrication of various pellet configurations. 
Corrosion tests in high temperature steam and water were also 
made of several potential cladding materials.

72
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1. MODULUS OF RUPTURE MEASUREMNTS
The objective of this work was to determine the modulus 

of rupture of high density UO2 bodies and to determine the 
factors affecting it (e,ge fabrication variables and surface 
finish).

The test bars were made from ballmilled MOW UO2 , pressed 
in a steel die at 6 4OO psi and hydrostatically repressed at
4 0 , 0 0 0  psi. They were fired in a Harper hydrogen-atmosphere 
furnace. All surfaces were fine-ground with #400 grit AI2O3 
before modulus of rupture measurements were made. These 
measurements were made in H2-He atmosphere at temperatures 
from room temperature to 1000°C.

The strength data given in each case represent an average 
value obtained for six bars. Table I shows the modulus of 
rupture values for specimens sintered at 1 7 5 0OC from one to 
20 hours. It also includes data on special bars made with 
1400^0 calcined U02* Results are also shown graphically in 
Figure I.

In general, the strength increases slightly with the 
testing temperature. The higher values obtained at 1000°C 
may be due to plastic deformation of the specimens which 
permits dissipation of the tension stress.

It should be noted that the bars fired for one hour have 
the highest strength. On the basis of these data this is 
the preferred firing time at 1750°C.

Figure I also shows a strength decrease for firing time 
to 5 hours and then remains essentially constant for higher 
times.

Examination of the broken bars shows that nearly all 
breaks originate either at or close to the surface. This 
suggested that surface conditions would greatly affect the 
strength characteristics of UO2 bars. Accordingly, 
measurements were made on a series of bars whose surface had 
been given various types of finishes including polishing.
Data are shown in Table 2. It is seen that a standard grind 
with # 4 0 0 grit AI2O3 improves the strength over that of the 
"as-fired” surface and that a still finer grind (A0303-1/2) 
also improved the room temperature strength slightly. How­
ever, no further effect was noted on the polished bars.
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Of particular interest is the fact that the AO303-1/2- 
groxind and the polished bars could not be heated in present 
equipment without breaking. The fact that the polished bars 
showed the greatest tendency to shatter indicates that 
thermal shock resistance of these bodies is markedly affected 
by surface finishing operations. This phenomenon urgently 
requires more study because all UO2 fuel pellets today are 
completely finished to meet tolerance requirements. As 
further evidence of the effect of surface finish on thermal 
shock resistance of UO2 bodies it was found that bars ground 
in our standard manner would not withstand a regular 1750®C 
firing schedule in the Harper furnace without breaking while 
bars with the ”as-fired” surface did not break under these 
conditions. It was believed possible that stresses were 
introduced by grinding which reduced strengths of the ware. 
Annealing the bars might therefore alleviate this situation. 
Accordingly, two sets of ground bars, fired for 1 hour at 1750°G, were heated to 500°C in the modulus of rupture equip­
ment and then allowed to cool slowly (average rate GO°C/hour) 
to room temperature. Modulus of rupture data taken on these 
‘samples, with those of an equal number of control samples, 
are given in Table 3 ® A noticeable improvement in strength 
as a result of the annealing operation appears to confirm the 
assumption that tensile stresses are set up in the surfaces 
of the slabs as a result of the grinding operation. This 
could also account for the poor thermal shock resistance of 
the ground and polished bars.

Data presented in Table 4 shows the effect of firing 
temperature on modulus of rupture when the firing time is 
kept constant at 20 hours. This timewaschosen because previous 
work indicated that good densities could be obtained at 
temperatures as low as 1500°C. Data are shown graphically 
in Figure II, This graph also shows that for this sintering 
time bars of maximum strength at room temperature are made 
at 1 5 5 0®Go Table 4 shows that this high strength persists 
at measuring temperatures to 1000°G. A comparison of these 
strengths with those of bars fired for 1 hour at 1750°G and 
for 5 hours at 1750°G (calcined at 1400®G) (Table I) shows 
that they are all high and of the same order of magnitude. 
This indicates that bars with good strength characteristics 
can be made by long firings at low temperatures or short 
firings at high temperatues. There are thus optimum time and 
temperature combinations which will produce samples with the 
maxim\im strength.
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Room temperature measurements of Young*s Modulus are 
shovm in Table 5 for pieces fired at 1750®G and from 1 to 20 
hours. It is interesting to note that the value increases, 
reaching a constant value at and over five hour firing times. 
The room temperature modulus of rupture follows a similar 
pattern, decreasing to a constant value for firing times of 
five hours and above, (See Table l)o

2. ADDITION OF TI02;
2.1 Effect of Carbowax Binders

Certain additives are known to increase the sinter- 
ability and to lower the sintering temperature of oxide 
ceramics. The objective of this work was to determine the 
effect of Ti0 2 on the sintering of UO2 and also its effect on modulus of rupture. During the preparation of modulus of 
rupture specimens using this additive, it was found that 
fired densities were 3 to k% below expected values on pieces 
fired at 1750®C for one hour. This was traced to the use of 
Carbowax 20M binder, which apparently produced a bloating 
action. This is shown in Table 6 .

2.2 Effect of Ti02 on Modulus of Rupture Values
Modulus of rupture measurements were made on three 

different sets of samples prepared as outlined below.
2c2.1 Ballmilled MCW UO2 with 0.1wt.% Ti02 - 

Fired at 1750°C for 1 hour
The room temperature strength was high (17,000 

psi) and decreased linearly with increase in temperature of measurement to 9000 psi at 1 0 0 0°C, The samples had 
poor thermal shock characteristics. Many gross flaws 
appeared in the samples on heating to 1000°C.

2 .2 , 2  Calcined Ballmilled UO2 with 0 ,3wt,^ Ti02- 
Fired at 1750°C for 1 hour

The modulus of rupture was fairly constant at
1 4 , 0 0 0  psi from room temperature to 1000°Co Samples 
showed better thermal shock characteristics when heating 
in the furnace.
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2.2o3 Ballmilled MOW UO2 with 0.3wt.% TiOa - 
Fired at I5OOOC for 1 hour

The strength was fairly constant at 15,000 psi 
from room temperature to 1000°C. This was the most 
satisfactory body produced with a Ti02 addition.

Results of this work indicate that Ti02 additions do not improve the modulus of rupture of UO2 bodies. However, 
a UO2 body with addition of 0.3 wt,% Ti02, fired for 1 hour 
at 1500®C, has strength values as high as those of a standard 
UO2 body fired for an equal time at 1750°G.

3 . CERAMIC GLADDING;
The objective of this phase of the work is to improve the 

thermal shock, oxidation and abrasion resistance of UO2  
pellets. Work since the last panel report has been concerned 
with the fabrication of a number of different pellet shapes 
and body configurations. Some results have been obtained 
with bonded claddings.

A variety of body configurations were made, the most 
common (reported previously) being a UO2 core coated with AI2O3 . Other variations are (1 ) a hollow UO2 core covered with AI2O3 , (2 ) a hollow UO2 Irody coated both extenially and 
internally with AI2O3 , (3) a core of AI2O3 or M^O (both dense and porous types tested) coated with UO2 and this in turn 
covered with AI2O3 , and (4 ) three small cylindrical UO2  pellets embedded in an AI2O3 matrix in such a manner that 
they were uniformly coated. At least on a Laboratory scale 
all of these variations are possible.

All solid shapes and configurations were made by multiple 
dry pressing followed by a final hydrostatic pressing.
Hollow shapes are made by the multiple dry pressing process 
only. Firing was done at 175QOG in a hydrogen atmosphere. 
Some attempts were also made to apply coatings by spraying 
techniques but this technique will require much more study.

To make a compression cladding with compressive stresses, 
a core containing 70 percent by voliune of AI2O3 was made and 
coated with AI2O3 . A ceramic bond forms between the core 
and coating on firing. However, these clad pellets were 
found to have poor thermal down-shock characteristics.
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Thermal shock tests on clad pellets containing either 
solid or hollow alumina cores have shown poor strength values. 
It appears that the UO2 shrinks onto the alumina and cracks 
and that these cracks then carry through the cladding. The 
size of the alumina core plays an important part; if it is 
small no breakage occurs. Pellets made with MgO cores have 
stood up well in thermal shock tests,

Qualitatively, no evidence of migration of UO2 through 
the AI2O3 cladding was found even after prolonged heating at 
1750°C. On the basis of available phase diagrams on UO2-AI2O3 
and on the work of Lang, et al, on BeO claddings which behave 
like AI2O3 there is no reason to expect migration.

4. CORROSION TESTS;
Since the most likely uses for a ceramic fuel element 

lie in a PWR-type of reactor, the corrosion resistance of 
possible ceramic coating materials in high temperature steam 
and water are of interest.

Table 7 summarizes the data on corrosion tests made to 
date. The tests were made in 335°C degassed water, using 
cylindrical pellets whose volume was generally approximately 
0 . 5  cc. and surface area about 4 cm^. These data show that 
BeO, Th02, and Zr02 have excellent corrosion resistace.
AI2O3 is being studied further to determine whether minute 
amounts of impurities can affect its corrosion resistance.

5 . STEAM SINTERING PROCESS;
5 .1  I n t r o d u c t i o n

When the work on steam sintering was terminated at 
Armour Research'Institute, a cursory research program was 
inaugurated at Corning to determine whether a process could 
be worked out for making high-density UO2 by sintering in 
steam at GLOBAR temperatures» A second objective was to 
reduce the hydrogen requirement for the sintering process 
and so reduce the cost per pellet. Finally, the cause of 
the catalyiiic action of steam needed an explanation.
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It was found that UO2 pellets with a density of 
10060 gm/cc can be made by firing 4 hours at 1300°C, The 
only hydrogen requirement for this firing schedule is for a 2 hour. 1200°C hydrogen ”soak". Thus, the cost of hydrogen 
per pellet can be minimized by firing in large batches. 
Finally, the increased sinterability of UO2 has been traced 
to the oxidation of UO2 by steam to a higher oxygen/uranium 
ratio. These results are discussed in more detail below.

5«2 Factors Affecting Sinterability of UO2 in Steam
The remarkable effect of steam on fired density of 

ballmilled UO2 is shown in Table ^ for pellets sintered for 
one hour at 1500°C. Comparing sample Nos. 1, 4, and 5 in 
Table 8 , it can be seen that hydrogen is necessary as a pre­
sintering atmosphere but not in the post-sintering atmosphere.

In addition to the effect of the pre-sintering 
atmosphere, the steam-sintered density is also influenced in 
a minor way by the post-sintering atmosphere. Thus, oxygen 
picked up during steam-sintering process is retained if the 
samples are cooled in steam. This excess oxygen results in 
a slightly higher density since the resulting U4O9 has a 
density near 1 1 . 3  gm/cc.

The steam-sintered density is also a function of the 
factors which influence the density of compacts fired in the 
normal manner. These are moisture and binder content, 
forming pressure, particle size and size distribution, and 
firing time and temperature. Also, there is probably a broad 
range of optimum conditions for the time and temperature of 
the hydrogen reduction process as well as an optimum for the 
time and temperature of steam sintering.

This section of the report covers briefly what appear 
to be the most important variables in developing a low-temp- 
erature process for making dense U0 2 "

5 ,2 , 1  Effect of Ballmilling on Steam-Sintered 
Density

The importance of ballmilling in breaking up 
aggregates and producing finer particles has been 
discussed in earlier panel reports. Thus, for the 
present purpose it seemed sufficient to use two represent- 
tative ballmilled powders with which we have had 
considerable experience and compare their sinterability 
with the - 3 2 5  mesh fraction of as-received I-fellinckrodt U02«> These data are shown in Table 9.
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Sample Noo 1 in Table 9 represents an 
optimum ballmilling condition with respect to grinding 
efficiency and minimum contamination. Sample No. 2 
represents a standard ballmilling procedure used for 
much of the work at Corningo These pellets were 
heated to 14-00°C in hydrogen^ then to 1500°G in steam, 
held there 1 hour, and then cooled in hydrogen. This 
is not the best firing schedule, but it is apparent 
that optimum ballmilling is just as important as 
atmosphere in the steam-sintering process. In fact, 
without ballmilling the beneficial effect of steam on 
sinterability would not be observable. This strongly 
suggests that steam-sintering is a surface phenomenon 
intimately related to the number and kind of surface 
contacts between indivudual grains,

5,2,2 Effect of Pre-Sintering Conditions
In order to realize the benefits of steam- 

sintering, ballmilled UO2 must first be reduced in 
hydrogen. This is paradoxical since it was found that 
certain steam-sintered, steam-cooled samples contain 
excess oxygen to the extent of a molar oxygen/uranium 
ratio of 2 .IS, Thus it appears that the oxidation of UO2 by steam is the cause of the increased sinter­
ability, However, before steam can be effective, part 
or all of the oxygen picked up in ballmilling must be 
removed. Preferably this excess oxygen should be 
removed in hydrogen below the temperature at which UO2 sinters in pure hydrogen so that reduction and steam- 
sintering occur separately.

Temperature and hydrogen concentration 
determine the optimum time for the pre-sintering step. 
For example, soaking in hydrogen for 2 hours at 1400°C 
is excessive but heating to 1400°C and immediately 
switching to steam is perfectly satisfactory. If the 
hydrogen is diluted with an inert gas, a longer pre­
sintering time is normally needed to achieve sufficient 
reduction for good steam-sintering.
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5.2<,2«1 Effects of Intensity of Hydrogen 
Treatment During Pre-Sintering

The dependence of fired density on the 
temperature, time, and concentration of hydrogen 
during pre-sintering is further evidence of the 
need for reduction before steam can exalt the 
sinterability of U02« Table 10 shows that fired 
density is proportional to the intensity of the 
hydrogen treatment up to an optimum value. No 
measurements have yet been made on the optimum 
0/U ratio for steam-sintering. It would currently 
appear that 2 hours in hydrogen at 1200®C (e.g., 
sample 4 ) is sufficient to completely reduce the 
pellet. Accordingly, this O/U ratio is in the 
range 2.01 to 2.03. In this regard, samples 6  
and 7 , along with data on additonal samples 
indicate that the effect of a higher O/U ratio 
can be partially overcome by sintering at a 
higher temperature,

The most significant effect of a diluent 
is to impede the diffusion of hydrogen into and 
steam out of the pellet during reduction.

5.2.2o2 Effect of Pre-Sintering Temperature 
on Steam-Sintered Density

Pre-sintering temperature is probably most 
critical above that at which UO2 will sinter in 
hydrogen. Below this temperature, nothing further happens to the UO2 after reduction is complete. However, at hydrogen sintering temperatures densi- 
fication results in a preferential disappearance of 
the finer particles with a consequent loss of 
surface and a decreased sinterability in steam.
The data shown in Table 11 are consistent with this 
view.

It was also found that ballmilled calcined 
UO2 produces lower density steam fired pellets than 
regular ballmilled as-received Mallinckrodt UO2 .
The surface area of the two powders is 0.71 and 1.33 
square meter/gram, respectively. This, along with 
the data in Table 9 on the effect of ballmilling 
suggests that the action of steam is principally a 
surface effect.
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5.2,3 Steam-Sintered Density as A Function of 
Firing Time and Temperature

For this comparison^ pellets were heated to 1200°C in steam, held for 2 hours in hydrogen at 1200 C, 
sintered in steam as indicated, and then cooled in steam. 
These data are shown in Table 12. These experiments 
show conclusively that dense UO2 can be made by steam- 
sintering process at GLOBAR temperatures. Potentially, 
the firing schedule used to obtain these data consumes 
the minimum amount of hydrogen. For commercial opera­
tion, hydrogen consumption per pellet could be 
minimized by firing in large batches.
5 .3  Oxidation of UO2 During Steam-Sintering and Effect 

of P03T-Sintering Atmosphere
When steam-sintered UO2 is allowed to cool in steam from 1400®G, the compact consists of two cubic phases, UO2 and 

U4 O9 , and has a molar oxygen/uranium ratio of 2,19o Since 
this oxygen/uraniiim ratio has already been shown by experiments 
at Bettis Field to be stable at these temperatures, the excess 
oxygen is more likely to be characteristic of the O/U ratio 
during steam-sintering than reflecting oxygen pick-up on steam 
cooling. If the compact is cooled in hydrogen rather than 
steam, the resulting O/U ratio is 2.03 and only a single UO2 
phase shows up by X-ray analysis.

These facts are interpreted to mean that the following 
reaction occurs between UO2 and steam:
(1 ) (fast) UO2 + 1 H2 0 (g) UO2+X * ^2X X
This is a fast reaction which is driven to the right in flowing 
steam, subject to the tendency of the UO2 +X "to dissociate 
according to the reaction:
(2 ) (slow) UO2+X UO2 + I O2

Thus, UO2 is oxidized in flowing steam because reaction (1) 
is faster than reaction (2), On the other hand, in flowing 
hydrogen reaction (2 ) is very x'apidly driven to the right 
towards pure UO2 . This reversibility has been observed and 
the data are tabulated later in this report.
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Equilibrium data for reaction (1) would 
simultaneously provide equilibrium data for reaction (2) 
since these are already available for
(3 )  ^  HjO =

These measurements should be made. Accurate determination 
of the equilibirum ratio as a function of tempera­
ture for reaction (1) is all that is needed.

5 .3 ®1 Molar Oxygen/Uranium Ratio in Steam- 
Sintered UO2

The data in Table 13 compare the molar ratio 
of oxygen to uranium obtained when steam-sintered pellets 
are cooled in hydrogen and in steam. It should be noted 
that all, or nearly all of the excess oxygen is taken 
off by hydrogen cooling. For these experiments, the 
power to the furnace was shut off at the end of the 
steam-sintering time and the furnace allowed to cool 
naturally, reducing the temperature to 700°C in 30 minutes,

5 .3 «2 Reversible Oxidation - Reduction of UO2

The reversibility of this reaction is shown by 
following the weight changes of steam-sintered pellets 
which were alternatley heated in hydrogen and in steam. 
These data are tabulated in Table 14» In each case the 
pellets oscillate between a steam-sintered, steam-cooled 
and a hydrogen-sintered weight. The two states seem 
completely reversible. The 1750°C hydrogen-reduced 
pellets shrink and gain weight when re-sintered in 
steam. This is a direct result of the formation of the 
more dense (11.3 gm/cc compared to 10.96 gm/cc for UO2 ) U/̂ Og during the steam treatment. When these pellets 
were reduced again, as shown in the last columns, they 
returned to their original density, diameter, and 
weight corresponding to the reduced form, as shown in 
the second columns.
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5.3.3 Effect of Post-Sintering Atmosphere on 
Phase Separation of Steam-Sintered UO2

When steam-sintered UO2 is cooled in steam, the extra oxygen separates in a separate U4 O9 phase. 
The two phases are distinguishable by X-ray analysis 
but not by low-power microscopic observation. There 
is considerable line broadening in the X-ray patterns, 
commensurate with the small crystallite size. Unit 
cell and overall O/U ratio are shown in Table 15. The 
intensity of the peaks of the respective phases is 
consistent with the O/U ratio and indicates that the 
U4 O9 crystals outnumber the UO2 by about 3 to 1.

This phase separation is consistent with 
previously reported data published both in earlier 
Bettis UO2 Panel Reports and in the open literature.



.84

TABLE I

Mean M odulus o f  R up tu re  o f  UO2 
Specim ens S i n t e r e d  a t  1750°C 

F o r  1 , & 20 Hours

T e s t  T em pera tu re Modulus o f  R u p tu re  ( p s i )
1 Hour 3 Hours 5 Hours 5 Hours 20  Hours

( 1400° C - l h r
c a l c i n e d )

-

Room T em pera tu re 1 4 ,8 5 0
1 4 ,8 0 0
13*900

1 2 ,9 0 0 1 2 ,0 0 0 1 5 ,4 0 0 1 2 ,2 5 0
-

500°C 1 6 ,1 5 0
1 2 ,9 5 0

1 3 ,2 0 0 1 3 ,3 0 0 1 4 ,4 5 0 1 2 ,2 5 0

1000°C 1 4 ,5 0 0 17*000
1 3 ,6 5 0

13*550
1 0 ,9 5 0

1 6 ,7 5 0 1 4 ,2 0 0

TABLE 2

Mean Modulus o f  R u p tu re  o f  UO2 Specim ens 
S i n t e r e d  a t  1750°C F or One Houro 

T e s ts  made a t  V a r io u s  T e m p e ra tu re s  and  
W ith D i f f e r e n t  C o n d i t io n s  o f  S u r f a c e  F i n i s h

T e s t  T em pera tu re

Room T em pera tu re

500°C

1000®C

A verage S u r f a c e  R o u g h n e ss (M ic ro in c h e s )

1 05
(As F i r e d )  (;^400A l2 0 3 )"

1 2 ,5 0 0

1 3 , 4 0 0

1 2 ,8 0 0

14*850
14*800 
1 3 , 9 0 0

1 6 ,1 5 0
1 2 , 9 5 0

1 4 * 5 0 0

^3 sj:* 11
(AO3O3-I/2) (Cerium  

O x id e -  
P o l i s h e d j  
S u r f a c e )''

1 5 ,8 0 0  1 4 ,7 0 0

❖

Specim ens f a i l e d  s p o n ta n e o u s ly  d u r in g  h e a t i n g  o f  
t h e  t e s t i n g  a p p a r a tu s c  
G r in d in g  m a t e r i a l  usedo
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TABLE 3

Mean Modulus o f  R u p tu re  
M easured a t  Room T em p era tu re  -- 
S ta n d a rd  and  A nnealed  UO2 B ars

T e s t  T em pera tu re  (*̂ 0 )

Room T em pera tu re

Modulus o f  R u p tu re  ( p s i )
Sample No,

( 1 )

( 2 )

S ta n d a r d
Specim en

1 4 ,3 0 0

1 3 ,9 0 0

A nnealed
Specim en

16,BOO
1 4 , 4 0 0

TABLE 4
Mean Modulus o f  R up tu re  o f  UO2 

Specim ens S i n t e r e d  F o r  Twenty Hours 
At 1500°C , 1550° C ,1600°C , and  1750^0

T e s t  T em pera tu re  (°C) Modulus o f  R up tu re  ( p s i )
S i n t e r i n g  Temp, 1500°C 1550°C 1600°C 1? 50°C 
% Theo. D e n s i ty  93-7 94.3 95.3 97%

Room T em pera tu re 1 4 ,0 5 0  1 5 ,5 0 0  1 3 ,2 0 0  1 2 ,2 5 0

500°G

1000°C

1 4 ,2 0 0

1 5 , 5 0 0

1 2 , 2 5 0

1 4 , 2 0 0
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TABLE 5

Young’ s  Modulus M easured  a t  Room T em p era tu re  
Of UO2 Specim ens S i n t e r e d  a t  1750  G 

D e te rm in ed  By F le x u re  Method

Specim en No Hours S i n t e r e d
(X lO ^psi)

Average
(X lO bpsi)

147
14s

1
1

25 .65
2 7 .6 5

2^ .15

149
150
151

3
3
3

2 9 .5 0
2 9 o45
2 7 .0 0

2B.65

152
153

5
5

3 0 .3 5
2 9 .2 0

2 9 .7 s

154^
155 '"

20
20

3 0 .9 0
2S.6O

2 9 .7 5

* Specim en #155  was m easu red  a t  C o rn in g  G la s s  
Works by a  s o n i c  m eth od . R e s u l t s :  .

E = 2S . 20X10^ p s i  
= 0 . 00030g

^c= 4332 i n / s e c .

TABLE 6

TiO^ 
% (w t.)

B in d e r
v o l )

F i r i n g
T em p.'pC )

C o n d i t io n s  
T im e(h r)

D e n s i ty  
% T h e o r .

0 .1 — _ 1750 1 96

0 .1 10 1750 1 92-93

0 .1 10 1500 1 9 3 -9 4
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Sample Description 
AI2O3 clad on UO2 Gore 
A I2O3 {9 9 *%)

BeO (9 9 .6%)
Th02 (99%)
Stabilized Zr02 (20M fo GaO)
MgO (99%)
Y2O3 (99%)
Nd£03 (99.9%)

G\imulative Hours at 335°G
493
493
325

3 25

3 2 5

Average Gorrosion Rate 
(inches/year)_______

0 .0 0 4 3

.0 0 3 6

.0 0 0 3 9

. 0 0 0 1 4

.0 0 0 5 1

Disintegrated in less than 24 hours 
Disintegrated between 24-160 hours 
Disintegrated in less than 24 hours

TABLE S
Steam Sintered Density of Pellets Fired 1 Hour at 1500°G

Run
No.

SampleNo.
Pre-Sintering Sintering 
Atmosphere Atmosphere

Post-Sintering
Atmosphere FiredDensity % Theo. Density

(gm/cc) (Based 1 
1 0 .9 6gm,

3 2 1 Hydrogen Steam Hydrogen 1 0 . 5 0 9 5 .S
26 2 Hydrogen Hydrogen Hydrogep 9.7^ ^9.2
3 2 3 Hydrogen 

Steam Mixture
Hydrogen Hydrogen Steam 
Steam Mixture Mixture 9.^4

32 4 Steam Steam Steam S.77 7 9 . 9

46 5 Hydrogen Steam Steam 1 0 . 6 7 9 7 . 2
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TABLE 9

E f f e c t  o f  B a l l m i l l i n g  on S te a m - S in t e r e d  
D e n s i ty  o f  M a l l i n c k r o d t  UO2

Sample D e s c r i p t i o n  F i r e d  D e n s i ty  jo The o r .  D e n s i ty
(gm /cc) (B ased  on 1 0 .9 6  gm /cc)

1 B a l l m i l l e d  f o r  1 0 .3 4  94-3
20 h o u rs

2 B a l l m i l l e d  f o r  1 0 .0 3  91*6
3 h o u rs

3 -325  mesh « a s -  ^ .2 1  74*9
r e c e i v e d "
M a l l i n c k r o d t  UO2

TABLE 10

E f f e c t  o f  t h e  I n t e n s i t y  o f  Hydrogen Soak 
on S te a m - S in t e r e d  D e n s i ty  o f  P e l l e t s  

F i r e d  1 Hour

Sample S i n t e r i n g  F i r e d  % T h eo r .
No. P r e - S i n t e r i n g  T re a tm e n t  Temp. D e n s i ty  D e n s i ty

on
A tm osphere  Hold-Tim e 

(h o u r s )
Temp.
(^ c )

io .9 6 g m / c c )

1 S%H2-92%N2 4 1 0 0 0 1500 1 0 .2 5 * 9 3 .5

2 ^%H2-92faN2 1 1000 1500 9 . 25* S4 .4 -

3 100% -  H2 0 . 5 1200 1400 1 0 . IS * * 9 2 .9

4 100% -  H2 2 . 0 12 0 0 1400 1 0 . 4S * 9 5 .7

5 100% -  H,2 4 .0 1200 1400 1 0 .3  S 9 4 .7 -

6 100% -  H2 0 1400 1500
"I'*

1 0 . 5S 9 5 . ^ -

7 100% -  H2 1 1000 1500 1 0 .4 3 9 5 . 1

Cooled
Cooled

i n  s te am  
i n  hy d ro g en



89

TABLE 11

E f f e c t  o f  Hydrogen P r e - S i n t e r i n g  T em p era tu re

1 No.

on Steam-

P r e - S i n t e r i n g  
Time Temp. 
Thrs) (^G .)

• S in te r e d  D e n s i ty

S i n t e r i n g  
Time Tempo 
( h r s j  (*^0.)

o f  UO2

F i r e d  D e n s i ty  
(gm /cc)

% T h e o r .  
D e n s i ty  

(B ased  on 
10 .96gm /'

55 2 .0 1200 1 1400 1 0 .4 2 9 5 .1

62 2 .0 1400 1 1400 9 .5 3 S 6 .9

64 2 .0 1000 2 1300 IO 0O6 9 1 . S

69 2 .0 1200 2 1300 1 0 . 32* 9 4 .2

* Sample c o o le d i n  s team ; a c c o r d i n g l y ,  d e n s i t y i s
h i g h e r  i n  c o m p ar iso n

TABLE 12

E f f e c t  o f  S t e a m - S i n t e r i n g  Time and  T em p era tu re  
On F i r e d  D e n s i ty  o f  UO2 P e l l e t s

Time 
(h r s .)

Temp. F i r e d  D e n s i ty  
(g m /c c )

% T h e o r .  D e n s i ty  
( F a s e T o T T U T ^  

gm /cc)

1 1500 1 0 .6 0 9 6 .6

1 1450 1 0 .5 7 9 6 .4

1 1400 1 0 , 4 s 9 5 .6

2 1400 1 0 .5 7 9 6 .4

2 1350 1 0 ,5 4 9 6 .2

1 1300 1 0 ,0 6 9 1 . s

2 1300 1 0 .3 2 9 4 .2

4 1300 1 0 ,6 0 9 6 .7

S 1200 

C ooled i n

1 0 ,3 9 "

hy d ro g en

9 4 . s
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TABLE 13

E x cess  Oxygen i n  S team -and  H y drogen-C oo led  
1400°C S te a m - S in t e r e d  UO2

R\in No. S i n t e r i n g  Time D e s c r i p t i o n Mols 0
Mols U

6 7 -1 1 Hour Steam  s i n t e r e d  pow der, 
c o o le d  i n  s te am

2 .2 0 2

67-3 4 Hours Steam  s i n t e r e d  p e l l e t ,  
c o o le d  i n  s te am

2 .1 9 4

6B-2 1 Hour S team  s i n t e r e d  p e l l e t ,  
c o o le d  i n  s te a m

2 . IB 7

6^-3 1 Hour S team  s i n t e r e d  p e l l e t ,  
c o o le d  i n  s te am

2.183

70-2 1 Hour S team  s i n t e r e d  p e l l e t ,  
c o o le d  i n  h y d ro g en

2 .0 2 7



TABLE 14

W eight Changes o f  S te a m - S in t e r e d  P e l l e t s  
A l t e r n a t e l y  H eated  i n  Hydrogen and  i n  Steam

Steam
Sintered
Temp.(°G)

Initial

¥t.
(gm)

Density
(gm/cc)

Diam. 
(in.)

wt.
(gm)

After First 
1 5  Hours at

Density
(gm/cc)

Firing in Ho 
1750° C

Diam, 
(in.)

Wt. Ldss 
(gm.)

1200 5 . 9 1 4 2 1 0 . 4 0 0 . 43^6 5e6 5 6 5 1 0 . 5 2 0 . 4 3 5 6 0.0577

1 4 0 0 5 . 9 5 6 1 1 0 . 4 1 0 . 4 3 6 2 5 . 9 0 4 7 1 0 . 4 0 0 . 4 3 6 5 0 . 0 5 1 1

1 4 5 0 5 . 9 1 0 2 10.57 0 . 4 3 6 5 5 . 6 5 0 2 1 0 . 5 2 0 . 4 3 5 6 0 . 0 4 9 1

Initial
Steam
Sintered
Temp.(OC)

After Re 
4 Hours

-Firing in Steam 
at 1400°G

After Re- 
15 Hours

-Firing in 
at 1750°G

H2

Wt.
(gm)

Density 
(gm/ccj

Diam. 
(in. )

Wt. Gain 
(gm)

Wt.
(gm)

Density
(gm/cc)

Diam. 
(in.)

Wt, Loss O/U 
(gm.) Ratio

1200 5 .9 1 7 1 10 .73 0 .4 3 4 1 0 .0 6 0 6 5 .6 4 9 9 1 0 ,5 2 0 .4353 0 .0 6 7 2 'V

1400 5 .9 6 5 6 1 0 .6 2 0 .4 3 5 1 0 .0 6 1 1 5 .9035 1 0 .4 0 0 .4 3 6 4 0 .0623 2 .0 1 2

1450 5 .9 1 1 4 1 0 .7 6 0 .4 3 3 9 0 .0 6 1 2 5 .6 4 9 6 1 0 .5 2 0 .4 3 5 4 0 .0 6 1 6 2 .0 0 7
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TABLE 15
U n it  C e l l  D im ensions o f  The Two P h a se s  
P r e s e n t  i n  1 H our, 1400°C i n  S team - 
S i n t e r e d ,  S team -C oo led  UO2

Sample No.

1
2

Description

Steam  s i n t e r e d  powder

MCW UO2 Pow der, 
" a s - r e c e i v e d "

U n i t  C e l l  
U02Phase U/ 0̂ 9Phase

5 . 4 6 ^ 4  5 .4 4 2 7

5 . 4 6 B4

O/U R a t io

2 .2 0 2

2 .0 2 3

Steam  s i n t e r e d  p e l l e t  5.46^4 5.4437 2 . 1 9 4



F igu re I

Modulus o f  Rupture o f  UO2  Specim ens 
i n s u r e d  a t  Room T em perature, 500°C , and 1000 C 

For 1 ,  3 ,  5 & 20 Hour S in te r in g  Times a t  1750°C

O------ O Room Tem perature
X-------X 500°C

1000°C

vOfH

•H
0]
P .

Oc<̂
O

S d

S i n t e r i n g  Time in  Hours

Corn ing  G la s s  Works
L a b o r a t o r y
UO2 P a n e l  R epor t
Sep tem ber  5 ,  1956 
By: F. I .  P e t e r s CO

CO
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F ig u r e  I I

C urves show ing R e l a t i o n  Between 
S i n t e r i n g  T em p era tu re  and (1)
Mean Modulus o f  R u p tu re  and  (2)
P e r c e n t  o f  T h e o r e t i c a l  D e n s i ty .

UO2 Specim ens S i n t e r e d  f o r  20 h o u rs  
Modulus o f  R u p tu re  M easured  a t  Room T em p era tu re

NO

D e n s lt
UN . 
•H

iH

CM . H

16001500 1700
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TEMPERATURE CALCULATIONS FOR UO2 FIT TOLERANCE EXPERIMENT

INTRODUCTION

P r e v a ilin g  d im ensional to le r a n c e s  fo r  s in te r e d  UO2  r e a c to r  f u e l  components to  be 
en c lo sed  in  m etal ja c k e ts  are e x p e n s iv e ly  sm a ll. For in s ta n c e , the PWR f u e l  p e l ­
l e t ,  a s o f  November, 1955^ c o n s is te d  o f  a c e n te r le s s  groiind UO2  cy lin d e r  O .356O" 
(+0 . 0005", -0 .0 0 0 0 " ) in  diam eter and 0.3527" (±0 .0008" ) lo n g . T his p e l l e t  was 
d esign ed  to  f i t  in  a Z ir c a lo y  tube O .3585" (+O.OOO5", -0 .0 0 0 0 " ) in s id e  d iam eter.
Tlie u se  o f  UO2 shapes as p r e sse d , or extruded , and s in te r e d  w ith  diam eter v a r ia t io n s  
c o n tr o lle d  to  a to le r a n c e  o f  ± O.OO3" to  ± O.OO5" would rep re se n t a fa b r ic a t io n  c o s t  
sav in g  worth co n sid er in g .

I t  i s  reason ab le  to  assume th a t  th e  annulus betw een a s in te r e d  UO2 shape and i t s  con­
ta in e r  w i l l  vary as a fu n c tio n  o f  tim e o f  ir r a d ia t io n .  Shrinkage from th e can w a lls  
occurs w ith  r e l a t iv e l y  low d e n s ity  ( i . e .  85^ o f  t h e o r e t ic a l )  s in te r e d  p ie c e s  by th e  
mechanism o f  fu r th er  s in te r in g  o f  th e  h igh  tem perature core during ir r a d ia t io n  ( c f .
MTR T est GEH-ij-3C). Contrary to  t h i s  e f f e c t ,  th e  therm al expansion  c o e f f i c ie n t  o f  UO2 
i s  about tw ice  th a t  o f  Z ir c a lo y . Of p o s s ib ly  g r e a te r  s ig n if ic a n c e  i s  the in e v ita b le  
fr a c tu r e  o f dense UO due to  therm al s t r e s s .  Such crack ing e f f e c t i v e l y  r e lo c a te s  the  
annular h ea t tr a n s fe r  gap t o  the in t e r io r  o f  th e  ox ide where th e  h igher tem peratures
enhance th e  h eat tr a n s fe r  c o e f f i c i e n t .  Thus, p o s s ib ly  th e  w orst c o n d itio n , w ith  r e s ­
p ec t to  h ea t t r a n s fe r , i s  when th e gap i s  m aintained a t  th e  in te r fa c e  between the UO2
and th e in s id e  w a ll o f  th e  ja c k e t .

Two ca p su les  co n ta in in g  UO2  w ith  v a r ia b le  gap between ox id e and ja c k e t have been p re­
pared in  an e f f o r t  t o  gain  some understanding o f  the need fo r  c lo se  d im ensional t o l ­
era n ces. The range o f  gap i s  0.001" to  0 .0 1 1 " . These c a p su le s , as sketched  in  F ig ­
ure 1 , are to  be ir r a d ia te d  in  th e MTR and w i l l  be r e fe r r e d  to  as t e s t  GEH-3-19- 
T his document c o n s is t s  o f  th e  c a lc u la t io n  o f  exp ected  tem peratures and d e s ir e d  i r ­
r a d ia t io n  c o n d it io n s ,

OBJECTIVE

The o b je c t iv e  o f  t h i s  rep o rt i s  to  d escr ib e  the method and to  p resen t the r e s u l t s  o f  
the p r e d ic t io n  o f  core tem peratures to  be reached in  s in te r e d  UOg b od ies encased  in  
Z ir c a lo y  ca p su les  w ith  v a r ia b le  c lea ra n ces  between UOg and ja c k e t .

NOMENCLATURE

A,B,C C onstants
Kq_ C o e f f ic ie n t  o f  therm al c o n d u c tiv ity  o f  argon.
Q Power, w a tts  cm"  ̂ o f  can w a ll su rface  (n e g le c t in g  ends ) .
Tq Maximum UOp core tem perature, “K e lv in .
Tp Surface tem perature, UOp̂  “K e lv in .
T2 Surface tem perature, inner can w a ll ,  “K elv in .
V Apparent volume o f  UOp.
Z Weight p ercen t U-235 ia  t o t a l  uranium.
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a Surface area o f  can cover in g  U02^ cm^, 
a-L Surface area o f  cm^.
b Radius o f  UO2 } cm. 
d Fliix  d ep ress io n .

Water f i lm  heat tr a n s fe r  c o e f f i c i e n t ,  
q Power gen eration  or power tra n sm itted , w a tts . (At s tea d y  s ta t e  a l l  power 

generated  i s  tr a n s m itte d .)  
r Outer rad iu s o f  ca p su le , cm.
S  F ra ctio n  o f  power tra n sm itted  by r a d ia t io n .
£  E m iss iv ity .
0 ^  Unperturbed f lu x .  
p  Apparent d e n s ity  o f  UOg.

Annular gap d is ta n c e , cm.

DISCUSSION OF CALCUIATIONS

A. Flux D epression  Caused by In tro d u ctio n  o f  Capsule

The f lu x  d ep ression  may be estim a ted  in  th e manner o u t lin e d  in  HW-35799' In  
t h is  case i t  amounts to  about 0 . 0 2 .

B. Power G eneration in  UOg

As in  re feren ce  ( l ) ,  the power g en era tio n  in  w a tts  per square cen tim eter  o f  can 
w a ll (ex c lu d in g  n o n -fu e l b earin g  ends) i s :

a = 0oVjOZ X U.319 X 10"^^
(100 - Z) a (1 )

o r , in  t h is  c a se ,

a  = 1 .8 1 5  X  10"^^ 0Q b^ ( 2 )

from which the fo llo w in g  v a lu es  were ob ta in ed .

TABLE I

POWER GENERATIONS FOR SPECIFIC RADII

Q

0n
b=o .635 0 .622 0 .6 1 0

cm cm cm

-,^12 1 X 10^ _
1 X 1 0 ^
3 X 10I 3
5 X 10-^^ , 
l . i ^  X 10^^

0 .7 3  
7 .3 2  

2 1 .9  
36 .6  

10 8 . Ij-

0 .7 0
7 .0 2

2 1 .1
35 .1

10^.0

0 .6 8  
6 .7 5  

2 0 .3  
3 3 .8  

100 .
2

In t h is  c a se , IO8 .U w atts  cm” o f  can su rfa ce  (ex c lu d in g  ends) i s  eq u iv a le n t to  
1 .3 7 5  in ch ”  ̂ len g th  o f  UOg f u e l  rod .
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C. Tem perature Drop A cross Can W all aind W ater A n n u l u s *

C alcu la ted  in  th e  manner o u tlin e d  in  re fe re n c e  ( l ) ,  th e  tem peratu re^  T2 > o f  th e
in n e r su rfa ce  o f th e  can w a ll i s  Tf, + ^ T  + T and i s  d e sc rib e d  hy;wf w

Tg = 1 .6795  Q + 313  ̂ “ K elv in

D. Heat T ra n s fe r  A cross Gap Between UOp and Can

(3)

I t  i s  s a fe  to  assume th a t  h e a t i s  t r a n s f e r r e d  a c ro ss  th e  a r g o n - f i l le d  gap by 
r a d ia t io n  and by conduction . Convective t r a n s f e r  in  such a  sm all gap i s  o f  
l i t t l e  consequence.

1 . R ad ian t Heat T ra n s fe r

For purposes o f t h i s  c a lc u la t io n  i t  was a ssm e d  th a t

^U02 = € z r  *= 0 .8 9

a t  s ig n i f i c a n t  te m p e ra tu re s . A te n  p e rc e n t re d u c tio n  i n C r a i s e s  th e  maximum 
core tem p era tu re  by 9 0 *C when, f o r  in s ta n c e ,  X  a 0 . 011" and Q = 1 0 0 .

From re fe re n c e  ( 2 ) ,

n « s 7Pft V  7  ’̂ a .ttsq » 5 .7 2 8  X 10 ^  J

s u b s t i tu t in g  e q u a tio n  ( 3 )

q 8  -  3.585  X  10-"^ r c S n ) ' '  - ( 3 l3 ._t  1-6795

(5)

( 6 )

2 . Conductive Heat T ran s fe r

The th e rm a l c o n d u c tiv ity  o f  argon i s :

-1  « ..- lK- = 1 .6 9  X  10"5 + 5 .138  X  10"'^ T Wcm" ®K (7)

th e n .

T,

2 .5 6 9  X  10“ T^ + 1 .6 9  X  10"5 T (8)

Tc

2 .2 7 3  w a tt cm"^ *C"^
hgj. = 1 .4o2 X 10"^ w a tt cm“^ ’C”^
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Wow, s in ce

Q =

we have, on rea irrang ing ,

Q9C= 3.585  X 10 -V  ^ )^ -7  + 2 ,5 6 9  X IQ-'^ + 1 .6 9

X  10"5t^ -  T-19i^7 X  IQ-'^Q^ - 2 . 97IH X  IQ-^Q - 3.0^58 x  10"^ ( 9 )

or

3.585  X  + 2 .569  X  10“'^T^^ + 1 .6 9  X  10 ‘ ^ T = 2 .8 5 2  X  10"^^Q^?C

+ 2 .127  X 10"® + ( 7 .19^7 + 59 . X 10"'̂ '

+  (2 . 97ij-l +  10 , 007 'pC) X  10"^ Q - r  3 . 1+408 X  10" ^ 'X +  3 .0458  X  10"^ ( 1 0 )

This n e g le c ts ,  o f  co u rse , th e  argon  p re s su re  v a r ia t io n s , .w h ic h  a re  n o t w e ll 
known. According to  d a ta  p re se n te d  hy D e is s le r  and E i a n '^ ' ,  th e  th e rm a l con­
d u c t iv i ty  o f  argon i s  c o n s ta n t w ith in  th e  range o f  press+ ires and tem peratxires 
a n t ic ip a te d  in  th e se  c a p su le s , th u s  th e  n e g le c tio n  i s  a c c e p ta h le .

The q3 and term s in  eq u a tio n  (lO ) may s a f e ly  he o m itted . V alues in  Tahle 2 
were c a lc u la te d  in  t h i s  manner. These a re  p lo t te d  in  F ig u re  2 . F or th e  ciorve 
o f X  * « 0 .0 0 0  th e  U02-Z r in te r f a c e  h e a t t r a n s f e r  c o e f f ic ie n t  was assumed 
equal to  th e  w a ter f i lm  h e a t t r a n s f e r  c o e f f i c i e n t .

TABLE I I

HEAT TRAWSFER ACROSS AWWUIAR GAP

Ti / k 9C »  0 . 001" 0 . 003*' -o'.bo'S’* '' 0 .011 '*

- 500 1 . 02 (? ) 5 .2 4 .3 1 .7
1000 87 34 19 12
1500 207 89 56 39
2000 378 182 122 93
2500 6 l4 328 238 195

- 3000 881 545 425 365

At UOg su rfa ce  te n ^ e ra tu re s  ahove 5OO K th e  d a ta  from  Tahle I I  can he em­
p i r i c a l l y  d e sc rib e d  hy an eq u a tio n  o f th e  type

T^ = A lo g  (Q + B) - C (11)

Values f o r  th e se  c o n s ta n ts  as  de term ined  g ra p h ic a l ly  ea:e l i s t e d  in  
Tahle I I I .
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TABLE I I I

Tl = A lo g  ( q + B) - C

'X ' Inches A B C

0.001 33^5 200 7247
0.003 21^90 65 3953
0 .0 0 6 2065 30 2489
0 .0 1 1 1780 18 l6 4 l

E. Maximum Core Temperatiire o f  U0„

From th e  d a ta  o f  Loeh, K ingery, e t  th e  maximum UO  ̂ core tem pera tu re  can
be e s tim a te d  in  th e  manner o u tlin e d  in  re fe re n c e  ( l ) .  The maximum tem peratu re  
i s  so d e sc r ib e d  by th e  eq u a tio n :

rQ
T3

Tq = ^  log (Q + B) - C + TTZ Z® ’ _7 - T7 (12)

from which v a lu es  p lo t te d  in  th e  curves o f F ig u res  3 and U have been computed.

I i 'r a d ia t io n  C onditions

A choice o f Q = 56.3 w a tts  p e r square cen tim e te r w i l l ,  i f  th e se  c a lc u la t io n s  a re  
rea so n ab ly  c o r r e c t ,  p rov ide  f o r  a  maximum core tem p era tu re  o f  2880®C in  th e  a re a  
o f an annulus o f 0 .0 1 1 " . T his corresponds to  th e  m e ltin g  p o in t  o f  UO . Peak 
core tem p era tu res  a t  t h i s  power l e v e l  a re  c a lc u la te d  to  be lit-0 8 *C and 2662*0
f o r  a n n u li o f  0 . 001" and 0 . 006" ,  r e s p e c t iv e ly  ( th e s e  r e f l e c t  h ig h  power le v e ls  due
to  la r g e r  d iam eter o f  f u e l ) .

T o ta l h e a t g e n e ra tio n  p e r cap su le  i s  approx im ate ly  2 .85 k i lo w a t ts .  For t h i s  power 
le v e l  an unpertubed  f lu x  8 .3 2  x 10^3 nv i s  re q u ire d . One l 8 -day  MTR cycle  a t  t h i s  
fli.;x shou ld  be s u f f i c i e n t  f o r  th e  purpose o f t h i s  experim en t.

P i le  M eta llu rg y  U n i t /
P i le  Technology S e c tio n ' 
ENGINEERING DEPARTMENT
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FIQURB 3
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A P P E N D I X

A. F lux D epression  Caused by In tro d u c tio n  o f Capsule

The f lu x  d e p re ss io n , (d ) ,  was e s tim a te d  hy sim ple com parison w ith  th e  f lu x  de­
p re s s io n  c a lc u la te d  in  a U-Mg m a trix  s lu g .

0Q - ^  oxide _ V) oxide 0q - 0  m a trix  
0 (£ V) m a trix  0

d 0 .02

B. Power G en era tio n  in  UOc>

P w a tts  M ' 1 n a  ^0 ^
3 X 10 -------- “ x-ToiU—

Since N„ ■ x 6,023 x 10^^U UÛ

^2bA 2 ^  ■

and 1 -d  ~ 0 ,9 8

th en  P = ^0 ^P ^ X i;,3 l3  x  10“^^
100-Z

o r ,  power g e n e ra tio n  in  w a tts  p e r square  cen tim e te r  o f can w a ll (ex c lu d in g  non­
f u e l  b e a rin g  ends) i s :

11o _ 00 VpZ U,315 X 10
(lOO-Z)“ a '

Q s  1.813 X 10"^^ 0ob^

C. Tem perature Drop A cross Can W all and W ater Annulus 

1 , Tem perature Drop A cross Can W all

^Zr
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APPENDIX

where Q = pow er,w atts per cm2

t  2 can w a ll th ic k n e s s ,  cm,

Kzr = Thermal c o n d u c tiv ity  o f  Z irca lo y

c l,li0 2  X 10“^ w a tt cm""̂  °C"^

2, Tem perature Drop Across W ater Film

where h-ĵ  z  2,273 w a tts  cra”^

Q = w a tts  cm“ 2,

3 . In n e r Can W all S urface  Tem perature, T2

T2 B A t ^  /  A t^ ^  /  = 1.6795 Q /  313 °K

where T^ = w ater tem pera tu re  in  °K,

E. Maximum Core Tem perature o f UO2

Thermal c o n d u c tiv ity  of UOg, 6 %̂ t h e o r e t ic a l  d e n s i ty . From Loeb, K ingery, e t .  a

K -  110.8 X  0.85 r j  4  „  —1 O j f “ l
%  -  t  ^  350 ^ ^

:  w cm-i OK-l

S in e , ST
77

' h

where q* = w a tts  g en era ted  per cm^ f u e l

b B o u te r  ra d iu s  o f  f u e l

q * b^
th e n . A t  a  (T^ /  77) ^  1H7T95
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or
q'

lo » (Ti / 77) 5 - 77

Since q* r , Q s watts cm“̂ outer surface of capsule.
2r

then z 77) /s

hut s A log (Q/B) -C for fixed values of 'X'
s8 '"xgSo = /I log (Q / B) - C / 727/? J  -77



THE MELTING POIOT OF URANIUM DIOXIDe (^ ) 

L* G, W isnyi and S , W, P ijanow sk i

KNOLIS ATOMIC POWER LABORATORY 
Schenectady , New York

In  re c e n t y e a rs  i t  has become q u i te  ap p a ren t th a t  th e  m e ltin g  p o in t  o f  
uranium  d io x id e  has n o t been confirm ed to  any degree  in  th e  l i t e r a t u r e .
0 .  R u ff(2 ) in  1911 re p o rte d  2176®C, id ii le  E, F r ie d e r ic h '3 )  i n  I 925 p la ced  
i t  between 2500 ^ d  26OO0G. A more re c e n t d e te rm in a tio n  in  1953 by 
Wo A. Ieunbertsonv4) f ix e d  th e  m e ltin g  p o in t  a t  2S7S ±  2290, However, i n  
1955 Ro AckermannC5) observed a  much low er m e ltin g  tem p era tu re  o f  2405 0 ,

A sm all tu n g s te n  rib b o n  fu rn ace  was c o n s tru c te d  fo r  th e  m e ltin g  p o in t 
d e te rm in a tio n s  and proved s u c c e s s fu l  i n  a  hydrogen o r  helium  atm osphere , 
Tei^>erature was con troU .ed  m anually  and m easured w ith  a  Leeds and N orthrup  
o p t i c a l  pyrom eter. The h e a tin g  e lem en t, »M ch was in  th e  form o f  a  "V", 
a c te d  a s  th e  c o n ta in e r  and a lso  p ro v id ed  fo r  b la c k  body cond iticx is  (em is- 
s i v i t y ^  .9 5 ) .  The low er e m is s iv ity  o f  th e  m a te r ia l  t o  b e  m elted  made i t  
v i s i b l e  a t  a l l  tim es  below i t s  m e ltin g  p o in t .  At th e  m e ltin g  p o in t th e  
sam ple, b e in g  l i q u i d ,  would appear to  have van ish ed  and th e  te m p e ra tu re  o f  
th e  rib b o n  a t  th e  apex o f th e  was reco rd ed  a s  th e  ap p aren t m e ltin g  p o in t .

As a resu lt o f s ix  su ccessfu l determinations the m elting point o f  uranium 
dioxide (as obtained from M allinckrodt) was noted to  f a l l  between 2710®C as a 
miniTmiw and 2 ?9 0 °C as a maximum. A ll  readings were con^jensated fo r  the window 
absorption and the o p tic a l pyrometer ca lib ra tio n . The la t te r  correction  i s  
r e la tiv e  to  the m elting point o f  PW© AI2 O3 , ih ich  i s  accefhed by the authors 
as a secondary standard a t 2040^®'^ (N ational Bureau of Standards reports
2049 ±  2«CC7).

In  summary, th e  average f ig u r e  o f  2?50°C i s  co n sid ered  to  be th e  m elt­
in g  tenQ)eratTare o f uranium  d io x id e .

E f f o r t  i s  c o n tin u in g  in  o rd e r  to  e s ta b l i s h  th e  ex ac t oj^rgen c o n ten t o f  
th e  m elted liranium  d iox ide^ and to  narrow  th e  observed  80 deg ree  sp read .
R e s u lts  w i l l  be re p o r te d  in, a  l a t e r  resxame.

••Operated by  th e  G eneral E l e c t r i c  Company f o r  th e  U nited  S ta te s  Atomic 
Ih e rg y  Commission.
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SUMMARY REPORT OF UOg PROGRAM AT MAILINCKROiyr 

CHEMICAL TORKS FOR SEPTEMBER 28, 19^6

T his report covers th e  a c t i v i t i e s  a t  MCW on th e  UO2 program from June 1 , to  
September 1 , 1956o In p a r t ic u la r ,  i t  p resen ts  in fo n n a tio n  concerned w ith  
in v e s t ig a t io n s  o f  v ariou s methods o f  preparing UO2 powders u t i l i z i n g  e x is t in g  
MCW m a ter ia ls  and p r o c e s s e s » In a d d it io n , in  keeping w ith  th e  req u est made 
o f  panel members a t  th e  June 19, 1956 m eeting to  th in k  o f  p o s s ib le  new and 
improved m a ter ia ls  fo r  core I I ,  a d e sc r ip t io n  o f  a Flame Fusion  f u e l  elem ent 
fa b r ic a t io n  techn ique i s  presentedo

Powder P reparation  and E va lu ation  S tu d ie s ;

During the p a st th ree  months variou s methods o f  preparing UO2  jjowders were 
examined and th e  UO2 powders made by each method were ev a lu a ted  fo r  p o s s ib le  
e f f e c t s  on th e d e n s ity  o f  f u e l  elem ent p e l l e t s  made by th e  B e t t i s  F ie ld  p r o c e ss .  
As enumerated below  th e  method o f  preparing UG2  powders fo r  e v a lu a tio n  v aried
from sim ple m illin g  op era tio n s on nonnal MCW UO2  to  v a r ia t io n s  in  th e  manner
in  which urargrl n it r a te  s o lu t io n s  are converted  to  UO30  Uranium d io x id e  
powders were made as fo llow s?

lo  Vacuum d e n itr a t io n  o f  uran yl n it r a te  to  y i e ld  popcorn l ik e  UO3  which 
i s  then reduced to  f in e  p a r t ic le  UO2 .

2 . M illin g  o f  normal MCW UO3 w ith  w ater and uranium rods in  a rubber
l in e d  m il l  to  produce a hydrated UO3  th a t  upon red u ction  y ie ld s  a
f in e  p a r t ic le  UO2 .

3o Dry m illin g  o f  normal MCW UO3  w ith  tim g sten  carb ide b a l l s  in  & rubber
lin e d  ja r  m il l  fo llo w ed  by s t ir r in g  in  co ld  w ater t o  Iqrdrate p r io r  to
red u ction  to  UO20

li . M icron izing o f  nonnal MCW UO3  u sin g  a ir  as th e  Iqrdraulic f lu id  fo llo w ed  
by red u ction  to  U0 2 »

5o R eduction o f  normal Port Hope UO3 to  UO20

60  M illin g  o f  normal MCW UO2  fo r  variou s p er io d s  in  w ater u sin g  uranium  
rods and rubber l in e d  ja r  m il ls  0

7o M icronizing normal MCW UO2  u sin g  a ir  as th e  h yd rau lic  f lu id .

8 . Nonnal MCW UO2  as su p p lied  to  WAPD fo r  core I«

Comparisons o f  th e  d e n s it ie s  ob tained  w ith  p e l l e t s  p ressed  a t 63 TSI from th e  
UO2  powders prepared by th e above methods are shown in  Table I  and Table 11 .

I l l
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Table I

COMPARISON OF FELI^T DENSITIES OBTAINED WITH VARIOUS TYPES OF UO2

UO2 H isto ry

1 . Produeed from vacuum d e n itr a te d  uranyl 
n it r a t e

2 , Produced from UO3  hydrated by m il lin g  w ith  
w ater fo r  28  hours u sin g  uranium b a l ls  and a 
rubber l in e d  Jar

tu n g sten  carb ide b a l l s  in  a rubber l in e d  
Jar and then hydrated by s t ir r in g  in  co ld  
w a ter .

ii. Produced from m icronized  UO3 .

Produced from Port Hope UO3 .

6 a . Normal MCW UO2 m ille d  w ith  w ater fo r  2 houi 
u sin g  uranium b a l l s  and a rubber l in e d  Jar.

6 bo Same as 6 a excep t th e UO2 was m ille d  fo r  IJ 
h o u rs.

6 c . Same as 6a ex cep t th e  UO2 was m ille d  f o r  I 
h o u rs .

7. M icronized normal MCW UO2 .

8, Normal MCW UO2  (c o n tr o l)

P(  ̂ = green  d en s ity
= f i r e d  d e n s ity  -  liiOO°C fo r  2 h r s . in  H2 , a ir  and steam .
-  f i r e d  d e n s ity  -  green  d e n s ity  = p e l l e t  d e n s i f ic a t io n ,  p ercen t o f  th e

t h e o r e t ic a l  d e n s ity  o f  UO2 .
(«.) = f i r e d  in  H2  and steam

Table I I

COMPARISON OF PELLET DENSITIES OBTAINED WITH UO2  POWDERS MILLED

FOR VARIOUS TIMES WITH URANIUM BALLS IN A RUBBER LINED JAR MILL.

Hours M illed ____________ P P  S
2 58.U 75.9 1 7 . 5
h 57.6 75.5 1 7 . 9
8 59.1 7 7 . 5  18.5

51i.9
(a)

89.1i 3ii.5

5 3 . 3 85.2 31.9

55.2 86.U 3 1 . 2

56.5
(a)

85.9 29.li

55.7 83.6 2 7 . 9

5 9 . 7 77.5 17.8

5 9 . 5 77.5 18.0

58.7 7 8 . 9 20.2

55.8 8 3 . 8 28,0

5 9 . 6 18.0
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COMPARISON OF

Table I I  (co n tinued ) 

PELLET DENSITIES OBTAINED WITH UOp POWDERS MILLED

FOR VARIOUS TIMES WITH URANIUM BALLS IN A RUBBER LINED JAR MILL

Hours M illed f ’F,%

12 59.1 77.2 18,2
16 58.2 7 6 .U 18 .2
20 58.5 76.7 1 8 ,3
2h 58.1 77,8 19.8
U8 59.1 78.5 1 9 ,U
72 58,6 11.9 19,3
96 58,9 77.1 18.2

The h ig h e s t f i r e d  p e l l e t  d e n s i ty ,  as shown in  Table I ,  was o b ta in ed  w ith  th e  
TJO2 made from vacuum d e n i tr a te d  u ra n y l n i t r a t e .  S u b s ta n t ia l  in c re a se s  in  
p e l l e t  d e n s i t ie s  were o b ta in ed  w ith  a l l  s p e c ia l ly  p ro cessed  UO2 powders as 
compared w ith  p e l l e t s  o f norm al MCW U02, excep t in  th e  case s  f o r  bo th  dry 
and w et m illed  normal MCW UO2 .

As shown in  Table I I ,  th e  optimum m ill in g  tim e fo r  in c re a s in g  th e  p e l l e t  
d e n s ity  was hours. T his co n c lu s io n  was confirm ed by th e  e x c e lle n t  work 
o f Mr. To J« Burke o f  WAPD, B e t t i s  F ie ld  where he conducted  a c s tre fu l 
sepsu*ate stucfy o f  th e  e f f e c t  o f  dry  b a l l  m ill in g  in  ru b b e r l in e d  m il ls  on 
th e  d e n s ity  o f  p e l l e t s  made from MCW U02. Mr. B iirke’ s d a ta  a lso  in d ic a te d  
th a t  U8 hour m ille d  U02 f i r e d  a t  1?25°C f o r  5 hours would produce p e l l e t s  of 
approx im ately  th e  same d e n s ity  as o b ta in ed  w ith  a  10 hour f i r i n g  c y c le .
T his re d u c tio n  in  f i r i n g  tim e cou ld  more th an  compensate f o r  in c re a se d  c o s ts  
due to  m il l in g .

A n a ly tic a l  r e s u l t s  on carbon con tam ination  in d ic a te  t h a t  th e  use o f  v irg in  
m il ls  l in e d  w ith  neoprene o r  tygon r a i s e s  th e  carbon v a lu es  to  over 500 ppm. 
However, con tinued  use o f  th e  m il ls  low ers carbon con tam in a tio n  t© about ?0 
ppm. I t  has been no ted  th a t  powders m ille d  in  tygon l in e d  m il ls  do n o t p re ss  
as w e ll as th o se  m illed  in  neoprene l in e d  m i l l s .

M icroscopic exam ination a t  6OOX showed th a t  th e  UO2 made from  vacuum d e n it­
r a te d  urarqrl n i t r a t e  c o n s is te d  o f  i r r e g u la r  shaped p l a t e l e t s  w ith  r a th e r  
sh arp  edges. In  g e n e ra l , th e  average p a r t i c l e  s iz e  o f  th e  UO2 powders was 
decreased  co n sid e rab ly  by m ill in g  f o r  long p e rio d s  o f  tim e . M illin g  o f  
UO3 w ith  w a ter and m icron iz ing  o f  e i t h e r  UO3 o r  UO2 a lso  produced UO2 powders 
o f  very  sm all average p a r t i c l e  s i z e .  A p re lim in a ry  m icroscop ic  exam ination  
o f  th e  m icronized powders in d ic a te d  th a t  a c o n s id e ra b le  p o r tio n  o f  t h i s  
p roduct would c o n s is t  o f  i r r e g u la r  submicron p a r t i c l e s .

O ther approaches to  o b ta in  g r e a te r  p e l l e t  d e n s i f ic a t io n  in c lu d ed  th e  use o f 
v a rio u s  ty p es  o f fu rnace  atm ospheres during  s in te r in g  and th e  use o f  an 
a d d itiv e  to  th e  UO2 powder. A com parison o f  th e  in f lu e n c e  o f  t i t a n i a ,  
steam , and a i r  on p e l l e t  d e n s i f ic a t io n  f o r  d i f f e r e n t  m ill in g  tim es i s  p re ­
sen ted  in  Table I I I .
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T a b le  I I I

PELLET DENSIFICATION AS A FUNCTION OF FURNACE 

ATMOSPHERES AND TITANIA -  FIRED AT liiOQOC FOR TWO HOURS

P e l le t  D e n s if ic a t io n .  P e rcen t o f  T h e o re tic a l

Furnace C ond itions
Howrs M illed T +  H S +  H T ^  S +  H A +  S -P H

P 12.7 18.0 1 9 .1 1 9 .6
ii 12oii 17 ,9 19.1 19.7

2ii l l i .3 1 9 .8 20 .6 2 3 .0
96 l i i .9 1 8 .2 19 .2 19 ,^

T = 0 .2  w/o T i ta n ia  added H - Hydrogen
S = Steam A = A ir

The most e f f e c t iv e  tre a tm e n t o f  th o se  t e s t e d  was th e  use o f a i r ,  steam , and 
hydrogen. The a d d itio n  o f t i t a n i a  a p p a ren tly  in c re a se d  th e  d e n s if ic a t io n  by 
about 1% when steam  and hydrogen were used  but no r e s u l t s  a re  a v a ila b le  fo r  
th e  case when t i t a n i a  was used w ith  a i r ,  steam aind hydrogen.

I t  i s  expec ted  th a t  b e t t e r  e v a lu a tio n  o f UO2 nowders w i l l  be p o s s ib le  in  th e  
n ear f u t u r e  a t  MCW as th e  i n s t a l l a t i o n  of pd le t f a b r ic a t io n  and te s t in g  f a c i l i t i e s  
i s  n ea rin g  com ple tion . Meanwhile, our e f f o r t s  co n tinue  in  th e  d i r e c t io n  o f  
le a rn in g  more about how we m ight produce UO2 powders o f improved p re s s in g  and 
s in te r in g  c h a r a c te r i s t i c s  f o r  th e  p ro d u c tio n  o f UO2 f u e l  e lem ents o f maximum 
d e n s ity .

Flame F usion  S tu d iess

A flam e fu s io n  te c h n iq u e , s im i la r  to  th e  V e m eu il p ro cess  f o r  making monocry* 
s t a l l i n e  h ig h ly  r e f r a c to r y  corundums and s p in e l s ,  i s  b e ing  in v e s t ig a te d  as a 
means f o r  m inim izing s in te r in g  d i f f i c u l t i e s  w ith  p re s e n tly  a v a ila b le  powders 
and f o r  producing f u e l  e lem en ts o f  maximum d e n s ity .  P o s s ib le  advantages o f 
th e  flame fu s io n  method over c u rre n t f a b r ic a t in g  te ch n iq u es  a re :

lo  Complete o r  p a r t i a l  fu s io n  o f  UD2 may be accom plished to  y ie ld  
p o ly c r y s ta l l in e  o r  th e  u ltim a te -m o n o c ry s ta llin e  f u e l  elem ents as 
d e s ire d .

2. E lim in a tio n  o f  p e l l e t  o r  fu e l elem ent form ing o p e ra tio n s  such as
com pacting, e x tru d in g  o r c a s tin g  i s  ex p ec ted . Flame fu s io n  re q u ire s  
on ly  h igh  tem p era tu re  flam es fo r  th e  p ro d u c tio n  o f  dense f u e l  e lem ents.

3o The growth o f  long ( s e v e ra l  in ch es) one p ie ce  UO2 f u e l  elem ents ran g ­
ing from 1 /8  inch to  an inch  o r  more in  d iam eter may be ach ieved .

Uo Flame fu s io n  i s  ad ap tab le  to  th e  p ro d u c tio n  o f norm al o r h ig h ly  
en rich ed  UO2 f u e l  e lem en ts . The a d d it io n  o f  r e f r a c to r y  a d d it iv e s  
sutdias A I2O3 ,  Th02, BeO, Si02s and o th e r  h igh  tem p era tu re  m a te r ia ls  
to  UO2 may be r e a d i ly  accom plished.
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I n i t i a l  experim ents u s in g  a hydrogen-arc  as th e  h e a t source were encouraging 
in  t h a t  s e v e ra l  sm all b u tto n s  o f  fu sed  UO2 were producedo These experim ents 
in d ic a te d  th a ts

lo  UO2 behaves much l ik e  corundum under flam e fu s io n  co n d itio n s  and 
shou ld  be fu se ab le  on a con tinuous b a s is  in to  long UO2 ro d s .

2. G ranules (5Q/^“ l?Q/<> o f dense appearing  UO2 can be grown from 
normal (72$ th rough  325 sc ree n ) MCW powder»

F u r th e r  experim ents u s in g  a m ethane-hydrogen-oxygen flam e in  a s p e c ia l  b u rn e r 
r e s u l te d  in  th e  growth o f  a ta p e re d  p o ly c r y s ta l l in e  t r i a n g u la r  c ro ss  s e c tio n  
b ou le  o f  UO2 m easuring rough ly  1 inch  h ig h  by about 1 /2  inch  along each s id e .  
The tem p era tu res  o b ta in ed  w ith  th e  CH)j-H2-02 flam es were judged to  be 100-200°C 
low er th an  th a t  re q u ire d  fo r  good fu s io n  growth c o n d it io n s »

An X -ray d i f f r a c t io n  exam ination  o f a r e p re s e n ta t iv e  specim en o f  th e  i n i t i a l  
b lack  boule produced w ith  th e  GHl|“H2-02 flam e showed t h a t  th e  boule  c o n s is te d  
o f  h igh  p u r i ty  U02o M icroscopic exam ination  o f th e  bou le  in d ic a te d  th a t  
d e n s i t ie s  o f  100$ o f  t h e o r e t i c a l  were o b ta in ed  where th e  su rfa c e  o f  th e  boule 
appeared to  have been fu se d . T his most dense m a te r ia l  was found to  ex tend  
from th e  fused  su rfa ce  in to  th e  i n t e r i o r  o f  th e  boule f o r  about l / l i  in c h .
The m icroscopic exam ination a lso  re v e a le d  th a t  th e  in d iv id u a l  c r y s ta l s  o f 
UO2 v a r ie d  from about 10/W.to 30Q/û  Trith th e  l a r g e s t  c r y s ta l s  found n ear th e  
fu sed  s id e .

I t  i s  a n t ic ip a te d  th a t  th e  ex p erien ce  ga ined  w ith  th e se  exp erim en ta l flame 
fu s io n  u n its  w i l l  p erm it design  o f  a  flam e fu s io n  u n i t  capab le  o f  producing 
fu sed  fu e l  elem ents o f in te r e s t in g  and d e s ira b le  p h y s ic a l  and chem icals 
p ro p je r tie s .

Subm itted  By
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PHYSICAL PROPERTY DATA

Some d a ta  have been d ev e lo p ed  d u r in g  a c l a s s i f i e d  stu d y , 
sp onsored  by WADC, th a t  i s  concerned  w ith  g a in in g  an under­
s ta n d in g  o f  the o x id a t io n  and v o l a t i l i z a t i o n  o f  UO2  t h r o u ^  
a stu d y  o f  th e  therm odynam ics and k i n e t i c s  o f  th e  r e a c t io n s .
Of i n t e r e s t ,  a l s o ,  to  t h i s  p a n e l are d a ta  th a t  have been d e­
term ined  f o r  some r e a c t io n s  o f  UO2  w ith  o th e r  o x id e s .

1 , Phase R e la t io n s ;

Some te n  b in a ry  sy s te m s , c o n ta in in g  DO2 a s  one con^jonent, 
are b e in g  s tu d ie d  to  d eterm in e  and id e n t i f y  th e  n a tu re  o f  th e  
r e a c t io n s  th a t  m ight o c c u r . In  each  o f  th e  sy s tem s , th e  2 0 - ,  
^0 - ,  60 - ,  and 80-m ole p e r c e n t  UO2 m ix tu res  were p repared  and 
h e a t - t r e a t e d  in  tu n g sten  c r u c ib le s  a t  tem p era tu res from  1300* 
to  2 1 0 0 ®C in  a heliu m  o r  argon a tm osp h ere . The sy stem s a re:

Ba0-U 02 C r203-U 02
C a0-U 02 F e2 0 3 -U 0 2
Ce02”U02 Nb20^-tT02
Sr0 -U02  T i0 2 -U02
Y2 O3 -UO2  Zn0 -U02

A ll  o f  th e  proposed  h e a t  tr e a tm e n ts  f o r  th e  te n  system s  
under in v e s t ig a t io n  have been  com p leted . In o rd er  to  e x p e d ite  
th o se  h e a t in g s ,  th e  sy stem s were d iv id e d  in to  two groups ac­
c o r d in g  to  t h e i r  a n t ic ip a t e d  minimum m e lt in g  p o in t s !  th e  lo w -  
tem perature sy stem s— th o se  c o n ta in in g  Cr2 0 3 , 5*0 2 0 3 , Nb2 0 e , 
Ti0 2 » and ZrOj and the h ig h -tem p era tu re  sy stem s— th o se  con­
t a in in g  BeO, CaO, Ce0 2 , 9 r0 , and Y2 O3 .

The sam ples o f  each  system  in  each  o f  th e se  grou p s were 
h ea ted  s im u lta n e o u s ly . For th e  low -tem p era tu re  grou p , the  
h e a t  tr e a tm e n ts  began a t  1 3 0 0 ®C; fo r  th e  h ig h -tem p era tu re  
grou p s th e y  began a t  1600®C, A ll  were h ea ted  f o r  one hour a t  
100® tem p eratu re  i n t e r v a l s .  M ixtu res were e lim in a te d  from  
s u c c e s s iv e  h e a t in g s  i f  th ey  showed s ig n s  o f  m e lt in g  or  v o la ­
t i l i z a t i o n  (more than w e ig h t l o s s ) .  In  g e n e r a l ,  th e  
Cr2 0 3 -U02  m ix tu res were h ea ted  s e p a r a te ly ,  e s p e c i a l ly  a t  th e  
h ig h e r  tem p er a tu r es .

Fe203-U02 5 The maximum tem perature a t ta in e d  p r io r  to  
b lo a t in g  and developm ent o f  v e s ic u la r  s tr u c tu r e  was 1300®C 
f o r  th e  2Fe203!3D 02 and Fe2 0 3 !^U0 2  mole r a t io  m ix tu r e s .
A l l  showed an unknown phase in  a d d it io n  to  UO o ,  e x c e p t  th e  
Fe2 0 3 !^U0 2  m ixture th a t  showed UO2 2 a d d it io n  to  U0 2 »
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Nb2 0 5 ~U0 2 ? The maximum tem perature a t ta in e d  p r io r  to
m e lt in g  or  d eform in g was 1 3 0 0 *C f o r  the 2 Nh2 0 < »3U02 and 
Nb2 0 5 s5U02  mole r a t io  m ix tu r e s . A ll  showed UOo  p lu s  one o r  
two unknown p h a se s , e x c e p t  m ixture i4'Nb20^:U02  th a t  showed o n ly  
two unknown p h a ses  s im ila r  to  the unknown p h a se s  p r e s e n t  in  
•toe o th e r s .

T i0 2 -U025 The maximum tem perature a t ta in e d  p r io r  to  m elt­
in g  was 1500®C f o r  a l l  c o m p o s it io n s . A l l  showed UO2 , T i0 2 , and 
an unknown compound in  am ounts v a r y in g  w ith  co n ^ jo s itio n , ex ­
c e p t  m ixture T i0 2 !^U02  th a t  showed no f r e e  T1 0 2 »

Zn0-U02' The maximum tem perature a t ta in e d  p r io r  to  m elt­
in g  or  in a ic a t io n s  o f  r e a c t io n  w ith  th e  -tungsten c r u c ib le  was 
1 5 0 0 ®C fo r  th e  Zn0;4U02, and 2 Zn0 ; 3U02  m ole r a t io  m ix-tures.
A ll  shoTfed UO2 p lu s  an unknown phase Tnot n e c e s s a r i ly  the same 
f o r  each  c o m ix js it io n ) , e x c e p t  mix-ture l|'Zn0 :U02  th a t  showed 
o n ly  UOo, and m ixture 3Zn0!2U02 th a t  showed U 02,2  
known p h ase .

Gr203-U02i The maximum tem perature a t ta in e d  p r io r  to  
m e lt in g  o r  e x c e s s iv e  w e ig h t l o s s  was 1 8 0 0 ®C f o r  th e  Cr203S^U02» 
3 Cr2 0 3 t 2U0 2 » and i|'Cr2 0 3 JU02  mole r a t io  m ix-tures.

Ba0-U02? The maximum tem perature o b ta in ed  w ith o u t ex ­
c e s s iv e  w e ig h t l o s s  or  volum e d i s t o r t i o n  was 1 9 0 0 ®C f o r  the  
Ba0 !^U0 2 , 2 Ba0 t 3U0 2 , and 3 Ba0 s2U02  mole r a t io  m ix-tures. Some 
showed w eigh t g a in s  up to  1 , 2^ a t  low er  tem p er a tu r es .

Ca0-U02S The maximum tem perature a t ta in e d  w ith o u t ex ­
c e s s  ive~w il!gh t l o s s  was 1 9 0 0 ®C fo r  the 2C a0s31102 and, p ro b a b ly , 
the CaOs f̂UOg mole r a t io  m ix tu r e s . Some showed -weight g a in s  
a s  h ig h  a s  0 . 6^ a t  low er tem p era tu res .

Sr0 -U0 2 S The maximum tem perature a t ta in e d  p r io r  to  m e lt­
in g  o r  e x c e s s iv e  w e ig h t l o s s  was 2 0 0 0 ®C f o r  th e  SrOt^UOo mole 
r a t io  m ix tu re . Some showed w eig h t g a in s  a s  M gh a s  3 , 6 %  a t  
lo w er  tem p era tu res .

Ce02-U02? The maximum tem perature a t ta in e d  w ith o u t ex ­
c e s s iv e  w eig h t l o s s  or  rea  c t lo n  w ith  th e  -tungsten c r u c ib le  
was 2 1 0 0 ®C fo r  the Ce0 2 5^002  and 2 Ce0 2 t 3U0 2  mole r a t io  m ix tu res.

Y2O3 -UO2 S The maximum tem perature a t ta in e d  w ith  no
w e ig h t l o s s  in  e x c e s s  o f  1^ above th a t  su s ta in e d  a t  th e  lo w er  
tem pera-tures was 2100®C fo r  a l l  c o m p o s it io n s . The i n i t i a l  
w e ig h t l o s s  in c r e a se d  w ith  in c r e a s in g  Y2 O3 c o n te n t  f o r  a l l  
m ix-tures.
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2 ,  Thermodynamic V apor-P reasure D a ta s

One o f  th e  problem s o f  the r e se a r c h  p r o je c t  i s  to  de­
term in e th e  e q u ilib r iu m  vapor p r e s su r e s  a t  v a r io u s  tem pera­
tu r e s  f o r  uranium  o x id e s  c o n ta in in g  v a r y in g  am ounts o f  oxygen ,
A lo w -tem p era tu re  te n s im e te r , s im ila r  to  th a t  d e s c r ib e d  bv 
% e h str a  and K atz (J o u r , Amer, Chem. S o c , ,  7 k , 1683 (1 9 5 2 } ) ,  
i s  b e in g  u sed  f o r  t h i s  s tu d y . There i s  under c o n s tr u c t io n  a  
v ery  h ig h -te n ^ e r a tu r e  Knudsen c e l l  ap p a ra tu s f o r  th e  same type  
o f  m easurem ents, and a few  m o d if ic a t io n s  o f  th e  te n s im e te r .  
D uring th e  l a s t  p a n e l m ee tin g , th ere  was some d is c u s s io n  o f  
th e  th eory  and proced u re th a t  i s  u sed  w ith  th e  te n s im e te r .
These p o in t s  are  rev iew ed  in  t h i s  r e p o r t .

There are two s i t u a t io n s  in  w hich th e  te n s im e te r  i s  u sed :
( 1 ) when s o l id  p h a se s  are h ea ted  or c o o le d  w ith  an e x c e s s  o f
oxygen  f o r  the purpose o f  ch an gin g  t h e i r  c o m p o s it io n s , and
( 2 ; when s o l id  p h a se s  are h ea ted  or  c o o le d  in  s t a t i c  vacuum
(no pumping) f o r  th e  purpose o f  d e te r m in in g  t h e i r  e q u ilib r iu m  
vapor p r e s s u r e s  a t  v a r io u s  tem p era tu res . In  th e  form er c a s e ,  
c o r r e c t io n s  must be a p p lie d  to  th e  ob served  p r e s s u r e s ,  becau se  
o f  th e  ex p a n sio n  or  c o n tr a c t io n  o f  the e x c e s s  oxygen a s  the  
r e a c t io n  v e s s e l  i s  h ea ted  o r  c o o le d , when th e  manometer system  
i s  m ain ta in ed  a t  room tem p eratu re . These c o r r e c t io n s  are 
fu n c t io n s  o f  i n i t i a l  oxygen p r e ssu re  (amount o f  e x c e s s  o x y g e n ), 
th e  tem perature o f  the r e a c t io n  v e s s e l ,  and any v a r ia t io n s  in  
room tem p era tu re . In  th e  second c a s e , d e te r m in a tio n  o f  th e  
e q u ilib r iu m  vapor p r e s s u r e s ,  no c o r r e c t io n s  are  a p p lie d , pro­
v id in g  th a t  th e r e  i s  a  s u f f i c i e n t  number o f  s o l id  p h a ses  f o r  
the system  a s  a w hole to  be in  u n iv a r ia n t  e q u ilib r iu m .

I t  m ight appear th a t  c o r r e c t io n s  would be n e c e ssa r y  in  
any c a s e ,  b ecau se  o f  the la r g e  therm al g r a d ie n t  betw een  th e  
r e a c t io n  v e s s e l  in  th e  fu rn a ce  and the manometers a t  room 
tem p era tu re . That th e se  c o r r e c t io n s  are  not n e c e s s a r y  in  th e  
c a se  when e q u ilib r iu m  m easurem ents are  made i s  shown by th e  
f o l lo w in g .  C on sid er  r e a c t io n s  o f  th e  ty p e :

H igher o x id e  = lo w er  o x id e  + oxygen ..................................  (1 )

T h is i s  a  tw o-com ponent system ; t h a t  i s ,  any two o f  th e
th r e e  m a te r ia ls  d e f in e  th e  sy stem . T here a r e , how ever, th r ee  
p h a se s  p r e s e n t .  A p p ly ing  the e q u ilib r iu m  p h ase r u le ,  not th e  
"condensed" p h ase r u le ,  o n ly  one d eg ree  o f  freedom  e x i s t s .
T h is  i s  d e sc r ib e d  by sa y in g  th a t  th e  sy stem  i s  " u n iv a r ia n t" , 
and i t  means t h a t ,  when a g iv e n  tenQ>erature i s  s e l e c t e d ,  the
v a lu e  o f  th e  p r e s su r e  i s  u n iq u e ly  d e term in ed . P r a c t ic a l ly
sp ea k in g , t h i s  means t h a t ,  a s  lo n g  a s  two s o l id  p h a se s  are  
p r e s e n t ,  th e  e q u ilib r iu m  p r e ssu r e  can n ot be changed . Any
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a ttem p t to  do s o ,  fo r  example by h e a t in g  o r  c o o lin g  p a r t s  o f  
th e  a p p a ra tu s, or  even ch an g in g  th e  volume (assum ing now a  
d e f i n i t e  tem perature o f  th e  s o l id  p h a s e s ) ,  would cau se  th e  
s o l id  p h a ses to  so change t h e i r  p r o p o r t io n s  a s  to  J u s t  o f f s e t  
the a ttem p t to  change th e  p r e s s u r e . At u n iv a r ia n t  e q u il ib r iu m ,  
th en , th e  p r e ssu r e  i s  a s in g le -v a lu e d  fu n c t io n  o f  th e  tem pera­
tu r e .

R e fe r r in g  a ga in  to  e q u a tio n  ( 1 ) ,  c o n s id e r  the s p e c ia l  
ca se  where the h ig h e r  o x id e  form s a s o l i d  s o lu t io n  w ith  the  
low er  o x id e . There i s  s t i l l  the same number o f  com ponents 
req u ired  to  d e f in e  the sy stem , but now th e  number o f  p h a se s  
h as been reduced by o n e , s in c e  a s o l id  s o lu t io n ,  l i k e  a l l  
s o lu t io n s ,  i s  a s in g le  homogeneous p h a se . The phase r u le  
shows th a t th e re  are now two d e g r ee s  o f  freedom . T h is i s  
c a l l e d  a "b iv a r ia n t"  system  and means t h a t ,  a t  a  g iv e n  tem pera­
tu r e ,  the p r e ssu r e  i s  n o t u n iq u e ly  d eterm in ed , f o r  i t  now de­
pends not o n ly  on th e  tem perature but a l s o  on the c o m p o sitio n  
o f  th e  s o l id  s o lu t io n .  Thus, i f  one u s e s  any e q u a tio n  in  a  
b iv a r ia n t  s i t u a t io n  th a t  assum es th a t  vapor p r e ssu r e  i s  a  
fu n c t io n  o f  tem perature o n ly , th e  r e s u l t s  w i l l  n o t  be m eaning­
f u l .

C on sider th e  in fo rm a tio n  th a t  i s  o b ta in e d  when an o x id e  
i s  h ea ted  or  c o o le d  w ith  a la r g e  e x c e s s  o f  oxygen . T h is s i t ­
u a t io n  may be r e p r e se n te d  by the f o l lo w in g  eq u a tio n ;

h ig h e r  o x id e  + e x c e s s  oxygen  — >■
low er  o x id e  + oxygen + oxygen e x c e s s   ......................  ( 2 )

The system  in  t h i s  ca se  i s  no lo n g e r  one o f  two com ponents, 
fo r  I t  i s  ap p aren t th a t  the e x c e s s  oxygen , though i t  d o e s  n o t  
in c r e a se  th e  number o f  p h a se s , c o n s t i t u t e s  an e x tr a  com ponent.
I t  i s  a s  though an in e r t  g a s  were added to  the system j th e  
s o l id  p h a ses  can n ot a d ju s t  t h e i r  p r o p o r t io n s  to  a f f e c t  I t s  
p r e s s u r e , and th e  ob served  p r e ssu r e  i s  no lo n g e r  a fu n c t io n  
o f  tem perature o n ly .  I t  depends a ls o  on th e  amount o f  e x c e s s  
o xygen , th a t  w i l l  behave a c c o r d in g  to  i t s  own p r o p e r t ie s  
( c o e f f i c i e n t  o f  therm al e x p a n s io n , e t c . )  a s  th e  system  i s  
h ea ted  o r  c o o le d . I t  i s  ap p aren t then  t h a t ,  i f  the amount o f  
oxygen e n te r in g  or le a v in g  th e  s o l id  p h a se s  i s  to  be d eterm in ed  
In  such s i t u a t i o n s ,  the ob served  p r e s s u r e s  must be c o r r e c te d  
f o r  v a r ia t io n s  in  th e  p r e s su r e  o f  the e x c e s s  oxygen  w ith  
tem p era tu re . T h is i s  so b ecau se  th e  o b serv ed  p r e ssu r e  i s  th e  
sum o f  th e  p r e s s u r e s  o f  the oxygen in v o lv e d  in  th e  r e a c t io n  
and th e  e x c e s s  oxygen . That I s ,  th e  amount o f  e x c e s s  oxygen  
I n i t i a l l y  p r e se n t  must be known in  term s o f  p r e s s u r e , and by 
c a l ib r a t io n  ex p er im en ts i t  must be d eterm in ed  how t h i s  p r e s ­
sure v a r ie s  w ith  i n i t i a l  amount, tem p era tu re , and v a r ia t io n s
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In room tem p era tu re . C orrected  back to  a standard room- 
tem p erature p r e s s u r e , t h i s  c o r r e c te d  p r e ssu r e  can be sub­
tr a c te d  from th e  ob served  p r e s s u r e . Only then  w i l l  th e  
p r e ssu r e  o f  th e  oxygen in v o lv e d  in  the r e a c t io n  be known.

From th e known p r e ssu r e  o f  oxygen in v o lv e d  in  a r e a c t io n  
o f  t h i s  typ e  and the known volume o f  the te n s im e te r , the  
amount o f  oxygen  in v o lv e d  in  the r e a c t io n  can be c a lc u la t e d .  
T h is i s  done by assum ing th e  v a l i d i t y  o f  th e  id e a l  g a s  la w ,

PV = - ^  RT .........................     (3 )
NW *

B ecause e v e r y th in g  i s  known but w, th e  amount o f  oxygen in ­
v o lv e d  in  th e  p r o c e s s  i s  r e a d i ly  d e term in ed . From t h i s  and 
th e  known s t a r t in g  w e ig h t o f  the s o l id  p h a se s , th e  change in  
co m p o sitio n  o f  th e  s o l id  p h a se s  can be c a lc u la t e d  from the  
v a p o r -p r e ssu r e  m easurem ents. The c r i t e r i o n  o f  e q u ilib r iu m  
was a r b i t r a r i l y  s e t  a s  co n sta n cy  o f  ob served  p r e ssu r e  fo r  a  
p e r io d  o f  one h ou r.

In  t r e a t in g  th e  v a p o r -p r e ssu r e  d a ta  o b ta in e d , sim p le  
c h a r ts  o f  p r e ssu r e  v s  tem perature would be u s e f u l .  However, 
th e  thermodynamic c o n s ta n ts  co u ld  n ot be o b ta in e d . I t  i s  th en  
n e c e ssa r y  to  t r e a t  the data  so th a t  i t  w i l l  p erm it th e  c a l ­
c u la t io n  o f  such c o n s ta n t s .

At e q u il ib r iu m , th e  f r e e  e n e r g ie s  o f  a l l  th e  p h a se s  in  
a system  are  m u tu a lly  e q u a l. T h is may be in d ic a te d  a s

= dFg = ............... dF^       (if)

The f r e e  energy  o f  any g iv e n  p h a s e ,fo r  exam ple dF^ in  the  
e q u a tio n  above f o r  phase 1 , may be d e f in e d  a s

dF^ = + dCP̂ LV̂ ) -  dCT^Si) ...............................................  (5 )

S in ce  E PV i s  d e f in e d  to  be A H , the h e a t  c o n te n t ,  
t h i s  e q u a tio n  a ls o  g iv e s  th e  r e la t io n s h ip s  among the v a r io u s  
thermodynamic p r o p e r t ie s ,  F , H, E, and 9 . 9y s u b s t i t u t in g  
e q u a tio n  ( 5 ) in to  eq u a tio n  ( i f ) ,  im posing c o n d it io n s  c o r r e s ­
pon din g  to  u n v a r ia n t e q u il ib r iu m , and w ith  s u i ta b le  m anipula­
t i o n ,  th e  C lapeyron e q u a tio n  may be deduced?

d In  p _

G )
( 6 )

where R i s  th e  g a s  c o n s ta n t  in  c a lo r i e s  p er  d eg ree  p er  mole 
and A  H i s  the change in  h e a t  c o n te n t o f  the sy stem , w hich i s  
th e  h e a t  adsorbed  or e v o lv e d  in  th e  p r o c e s s  b e in g  c o n s id e r e d .
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The p rop erty  A H  i s  i t s e l f  tem perature d ep en d en t, v a r y in g  w ith  
the change in  th e  h e a t c a p a c i t i e s  o f  p r o d u c ts  and r e a c ta n t s .  
T h is i s  in d ic a te d  by the K ir ch h o ff e q u a tio n

r  l _ L A 5 l lL d T  J ........................................................  <7 )

where AC i s  th e  change in  h e a t c a p a c i t i e s  a t  a  p a r t ic u la r  
p r e s s u r e .^  T his v a r ia t io n  in  th e  v a lu e  o f  A H  f o r  th e  typ e  o f  
p r o c e s s  b e in g  in v e s t ig a t e d  and in  c o n tr a s t  to  th e  h e a t  c o n te n t  
v a lu e s  o f  e le m e n ts , i s  v ery  s l i g h t  and, t h e r e f o r e ,  i s  gen­
e r a l ly  n e g le c te d . Then, th e  term —AH/H o f  e q u a tio n  ( 6 ) can  
be tr e a te d  a s  a c o n s ta n t .  Thus, e q u a tio n  (6 )  s t a t e s  th a t  the  
e q u ilib r iu m  p r e ssu r e  i s  a fu n c t io n  o f  th e  tem p erature o n ly , 
so i t  can on ly  be a p p lie d  where th a t  i s  t r u e ,  nam ely, a t  un­
v a r ia n t  e q u il ib r iu m . I t  i s  a ls o  app aren t th a t  e q u a tio n  (6 )  
i s  o f  th e  form

y = mx  ............   ( 8 )

w hich i s  the e q u a tio n  o f  a s t r a ig h t  l i n e  whose s lo p e  i s  m, 
co rresp o n d in g  in  t h i s  c a se  to  That i s  to  sa y , i f
In  p i s  p lo t t e d  a g a in s t  1 /T , a s t r a ig h t  l i n e  i s  o b ta in e d  whose 
s lo p e  i s  — f rom w hich  th e  v a lu e  o f  A  H may be c a lc u la t e d ,

Knowing A H  and rem embering th a t H s  E + PV, e q u a tio n  (5 )  
may be r e w r it te n  in  A  form

A P  = AH -  T A S   ............................................  (9 )

and i t  i s  app arent t h a t ,  i f  A  F cou ld  be ded u ced , A S  would 
be determ ined  and a l l  the thermodynamic c o n s ta n ts  would be 
known. The standard f r e e  en erg y  chan ge, A F ® j o f  th e se  
p r o c e s s e s  may be c a lc u la t e d  from the r e la t io n s h ip

A  F« = -RT in  K = -  RT In  pQg  ..............    (lO )

where R i s  th e  ga s c o n s ta n t  in  c a lo r ie s  per  d eg ree  a b s o lu te  
p er  m ole, T i s  the tem p erature in  d e g r e e s  a b s o lu t e ,  and K 
i s  th e  e q u ilib r iu m  c o n s ta n t  f o r  the p r o c e s s ,  b e in g  num eri­
c a l l y  eq u al to  th e  vapor p r e ssu r e  in  th e  p a r t ic u la r  c a s e s  o f  
th e  vacuum d eco m p o sitio n  o f  UO2 +X vacuum d e s o r p t io n  o f  
a d sorb ate  on o x id e s .

From th e  known v a lu e s  o f  A  H and th e  c a lc u la t e d  v a lu e s  
o f  A F ® , the co rresp o n d in g  en trop y  ch an ge , A  can be ob­
ta in e d  from th e r e la t io n s h ip

A F J  = a h  -  TA3®  ..........................   (11 )
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f o r  any g iv en  tem p era tu re . T h is , th e n , i s  th e  trea tm en t o f  
th e  d a ta  th a t  w i l l  r e la t e  th e  e q u ilib r iu m  vapor p r e s s u r e -  
tem p erature d a ta  to  the thermodynamic c o n s t a n t s .

There i s  an o b v io u s  p r a c t i c a l  v a lu e  o f  p l o t t i n g  the d a ta  
a c co r d in g  to th e  C lapeyron e q u a tio n  Cln P v e r su s  1 /T ) .  When 
a s t r a ig h t  l i n e  i s  o b ta in e d , u n v a r ia n t e q u ilib r iu m  c o n d it io n s  
e x i s t  and th e  number o f  p h a ses  p r e se n t  can  be ded u ced . More­
o v e r , a s t r a ig h t  l i n e  may e a s i l y  be e x tr a p o la te d , so th a t  
from  v a p o r -p r e ssu r e  m easurem ents a t  lo w er  tem peratuj?es, e s t i ­
m ates can be made o f  th e  vapor p r e s s u r e s  a t  h ig h e r  tem pera­
t u r e s ,  w ith o u t m easuring them. T his e x tr a p o la t io n  must be  
done c a r e f u l ly ,  f o r  ov er  a la r g e  tem p erature range the v a r ia ­
t io n  o f  ^  H w ith  tem perature c a u se s  a d ep a rtu re  from a s t r a ig h t  
l i n e  and, more im p ortan t, th e  v a lu e  o f  A  H p e r ta in s  to a par­
t i c u la r  p r o c e s s  and an unw arranted e x tr a p o la t io n  can be made 
to  a tem p erature where a n o th er  p r o c e ss  i s  o c c u r r in g . T h is , 
u n fo r tu n a te ly , i s  th e  c a se  w ith  U0 2 +j'> ^"ts d eco m p o sitio n  under  
1 0 0 0 ®C y i e l d s  a l in e a r  p o r t io n  on a In  P v e r s u s  1 /T  graph.
The co rresp o n d in g  A H  v a lu e  r e f e r s  to  the p r o c e s s

U02+x“-»U02 + x /2  O2 . . . . . . . . . . . . . . . . . . . . . . . . . . .  (12)

I f  e x tr a p o la te d  to  2000*C, where th e  prim ary p r o c e s s  i s  the  
con gru en t v a p o r iz a t io n  o f  UO2 , th e  r e s u l t s  would be m ea n in g less ,

Because vapor p r e s s u r e s  are b e in g  m easured, th e  system s  
are  n o t condensed  (" con d en sed ” means o n ly  s o l i d s  and l i q u i d s ,  
o r  in v e s t ig a t io n s  c a r r ie d  o u t a t  a c o n s ta n t ,  u s u a l ly  atm os­
p h e r ic ,  p r e s s u r e ) .  H ence, fo r  a b in ary  system , th e  tru e  r ep re ­
s e n ta t io n  o f  th e  phase e q u i l ib r ia  would be a space m odel, w ith  
one a x i s  f o r  p r e s s u r e , one fo r  tem p era tu re , and one f o r  com­
p o s i t i o n .  The e f f o r t  in v o lv e d  to  com p lete  a  stu dy  o f  such a  
system  may be a p p r e c ia te d  from  the f a c t  th a t  i t  h a s n ever  
been done fo r  any system .

From a s e r i e s  o f  d e te r m in a tio n s  o f  e q u ilib r iu m  p r e s su r e s  
a t  v a r io u s  tem p era tu res f o r  a s e r i e s  o f  i n i t i a l  c o m p o s it io n s ,  
th e  d a ta  may be so arranged  a s to  y i e l d  P -T , P-X, and T-X 
p la n e s  in  the t o t a l  P-T-X diagram . A d d it io n a l d a ta  are b e in g  
g a th ered  fo r  th e  system  U0 2 +x~0 2 » ^® csuse o f  i t s  im portance, 
th a t  w i l l  p erm it th e  c o n s tr u c t io n  o f  e few  such p la n e s .

In  th e se  d e te r m in a t io n s , on ly  one i n i t i a l  co m p o sitio n  
h a s been u se d . At in c r e a s in g  tem p era tu re , th e n , b oth  p r e s ­
sure and c o m p o sit io n  o f  th e  condensed p h a se s  ch an ges (th e  
t o t a l  c o m p o sitio n  rem ains c o n s ta n t , b ecau se  th e  work i s  done 
in  a c lo s e d  sy s te m ). Thus, the p r e ssu re -ten ^ je ra tu re  r e l a t io n ­
s h ip , i f  p lo t t e d  sim ply  a s  p r e ssu re  v e r s u s  tem p era tu re , would
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t w is t  in  sp a ce . For th e  In  P v e r su s  1 /T  g rap h s, th e  v a r ia ­
t io n  in  c o m p o sitio n  o f  th e  condensed p h a se s  i s  I r r e le v a n t ,  f o r  
p r e ssu re  depends o n ly  on th e  tem perature f o r  a g iv e n  t o t a l  
c o m p o sit io n . In  th e  c a se  where c o m p o sitio n  i s  p lo t t e d  
a g a in s t  tem p era tu re , f o r  U02+x> c o n s id e r e d  th a t  th e
l i n e  th a t  tw is te d  in  P-T-X space has been  p r o je c te d  on any 
a r b itr a r y  p r e ssu r e  p lan e  (m oving th e  p r o j e c t io n  p la n e  d o es  
n ot change the shape o f  th e  p r o j e c t io n ) .  Such a graph i s  n o t  
an " iso b a r ” , s t r i c t l y  sp ea k in g . I t  would be p r o p e r ly  d e sc r ib e d
a s  "a p r o je c t io n  o f  X v e r s u s  T fo r  v a lu e s  o f  P betw een  two
l i m i t s ,  on an a r b itr a r y  P -p la n e ” ,

(a ) The system  U02+x5

Three sam ples o f  UOg+x vrere h e a ted  in  s t a t i c  vacuum in  
th e  tenqjerature range 25 to  1 0 0 0 *C. These sam ples w ere:

A. U02^o3> Norton fu se d  m a te r ia l;
B. U 02 ,i 5» ^^3 p r e c ip i t a t e d  (ORNL); and,
C. U02+x» M a ll in c k r o d t ,'8 8 .0 ^  U (WAPD).

E q u ilib r iu m  v a p o r -p r essu re  m easurem ents were made a t  appix>xi- 
m ately  1 0 0 ®C tem perature i n t e r v a l s .  The d a ta  were p lo t t e d  
a cco rd in g  to  th e  C lapeyron e q u a tio n  and are p r e se n te d  in  
F igu re  1 . From th e s e ,  the fo l lo w in g  d e d u c t io n s  were made:

(1 ) The i n i t i a l  vacuum d e c o m p o sitio n  o f  each  UO2 m a te r ia l
i s  b iv a r ia n t ,  in d ic a t in g  th e  fo rm a tio n  o f  a s o l id  s o lu t io n
betw een the o r ig in a l  UO2 +X s o l i d  d eco m p o sitio n  p r o d u ct.

(2 ) At a tem perature betw een 200® and 500®C, depend­
in g  on th e  i n i t i a l  c o m p o s it io n , the UOo+x ® olid  s o lu t io n  
s p l i t s  in to  two s o l id  p h a s e s , a n d  (Ackerman, ANL-5^82, 
S e p t. 1^, 1 9 5 5 ) .  T h is i s  in d ic a te d  in  F igu re  1 by th e  l in e a r  
p o r t io n  o f  the lo g  p v e r su s  1 /T  p l o t .

(3 ) When th e  tem perature was m ain ta in ed  c o n s ta n t  f o r
15  hours a t  1 0 0 0 ®C fo r  sam ples B and C, th e  ob served  p r e ssu r e  
o f  oxygen in c r e a s e d , a s  in d ic a te d  by p o in t s  D and E o f  F igu re  
1 . T his in d ic a t e s  th a t  tru e  e q u ilib r iu m  was n o t a t t a in e d ,  o r  
th a t  a new p r o c e s s  had begun .

(if) The A  H v a lu e s  co rresp o n d in g  to  th e  d e c o m p o sitio n  
in  the two s o l id -p h a s e  r e g io n s  were c a lc u la t e d  from th e  s lo p e s  
o f  the l i n e s  in  F igu re  1 .  These v a lu e s  and th o se  f o r  A F  
and A 3  are l i s t e d - i n  Table 1 .
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TABLE 1

Thermodynamic ConBtante - Decomposition of UOg 
and Desorption of Surface Phases

Decomposition 
o f --  a/

Thermodynamic Constants -  V

A H A ^ ®’i 273 -A 3^73
_ ^  ^ 7 7 3  .

kcal/mole Kcal/mole Kcal/mole cal/®/i®ole cal/"/mole

^ °2 .0 3 (A) + 3 .1 3 5 . 3 2 8 . 7 7 6 .8 8 6 .8 8

U0 2 , 1 6 (B) + 1 .3 7 5 . 0 6 8 .3 1 6 . 5 1̂' 6 .5 2

^ ° 2 +x (C) + 0 .8 1 i^.82 7 . 9 3 e . z k 6 .2 3

^  These materials are the same as those of Figure 1;
(A) - Norton fused, ^̂0 2 ^ 0 3

(B) - Ammonia-precipitated, UO2 2.5

(C) - Mallinckrodt, UO2+3J
^  The subscripts of Ap* and AS" indicate the tenqper-

atures in degrees absolute at which the values pertain.

NOTE: Please substitute this table of correct values
  for the one given on the same page of the

NBS report in ¥APD Resume* VII,



128

These v a p o r - p r e s s u r e  d a ta  f o r  the v a r io u s  t y p e s  o f  UO2  
a re  n o t  th e  v a p o r  p r e s s u r e s  o f  g a s e o u s  UO2  o v e r  s o l i d  UO2  
b u t ,  r a t h e r ,  th e  vapor p r e s s u r e  o f  oxygen  r e l e a s e d  in  e x c e s s  
o f  UO2  00* B ecause  o f  a p r e l im in a r y  t r e a tm e n t ,  i t  i s  a s ­
sumed t h a t  th e  g a s  phase e v o lv e d  d u r in g  t h e s e  e x p e r im e n ts  i s  
o x y g e n ,  b u t  i t  c o u ld  a l s o  be composed o f  b o th  th e  l i b e r a t e d  
oxygen  and o t h e r  ad sorbed  p h a se s  t h a t  m ight be e v o l v e d .  O ther  
work i n d i c a t e s  t h a t  some o x i d e s  t e n a c i o u s l y  h o ld  ad sorban tfl  
even  a t  te m p e r a tu r e s  o f  1000® and 1 1 0 0 ®C. In  o r d e r  to  p r e ­
v e n t  any c o n f u s io n  a s  to  th e  i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s ,  
the  vap or  p r e s su r e - te n q o e r a tu r e  d iagram  f o r  UO2 +X g iv e n  
on F ig u r e  2 .  T h is  shows th e  r e l a t i o n s h i p  o f  th e  d a ta  o b ta in e d  
in  t h i s  i n v e s t i g a t i o n ,  l i n e  OA, f o r  th e  vapor p r e s s u r e  o f  
oxygen  (+ X?) r e l e a s e d  i n  e x c e s s  o f  UOo oo v a p o r  p r e s ­
sure  o v e r  U0 2 » l i n e  OB, and t h a t  o v e r  l i q u i d  UO2 , l i n e  BC,
The l a t t e r  c u r v e s  are  b a sed  m ain ly  on th e  work o f  Ackerman,

B ecause th e  volume a s  w e l l  a s  th e  p r e s s u r e  o f  oxygen  may 
be d e term in ed  w i th  the t e n s i m e t e r ,  th e  change in  c o m p o s i t io n  
o f  th e  s o l i d  p h a s e s  w ith  tem p eratu re  may be c a l c u l a t e d ,  assum­
in g  th e  i d e a l  b e h a v io r  o f  th e  g a s .  A T-X diagram  was determ ­
in ed  f o r  m a t e r ia l  B b eca u se  i t  had th e  g r e a t e s t  i n i t i a l  0 /U  
r a t i o  and b e c a u se  i t s  c o m p o s i t io n  was b e t t e r  known. T h is  
i s  p r e s e n te d  i n  F ig u r e  3 ,  w h ich  r e p r e s e n t s  a p r o j e c t i o n  on an 
a r b i t r a r y  i s o b a r ,  s in c e  p r e s s u r e  a l s o  v a r i e s  w i t h  com p osi­
t i o n  and te m p e r a tu r e .  The p o i n t  E i n d i c a t e s  th e  c o m p o s i t io n  
a f t e r  I 5  h o u r s  o f  h e a t in g  a t  1 0 0 0 ®C. A new in fo r m a t io n  sup­
p l i e d  by t h i s  tr e a tm e n t  o f  the d a ta  is?

( 5 ) When UO2 +X h e a te d  i n  vacuum, th e  o v e r a l l  com p osi­
t i o n  o f  th e  co n d en sed  p h a s e s  a p p ro a ch es  tJ02,00 1 0 0 0 ®C,

An X -ray  d i f f r a c t i o n  powder p a t t e r n  o f  sample A was ob­
t a in e d  b e f o r e  any tr e a tm e n t ,  and a f t e r  b e in g  h e a te d  a t  1 0 0 0 ®C 
in  th e  t e n s im e t e r  in  e x c e s s  o x y g en . The a^ p a ra m eter  i n ­
c r e a s e d  from 5 . ^ 6 8 9  to  5*^702 Angstrom s a s  a  r e s u l t  o f  th e  
h e a t  t r e a t m e n t .  A lth ough  th e  d i r e c t i o n  o f  t h i s  change tms 
e x p e c t e d ,  i t  was c o n c lu d e d  t h a t

( 6 )  The change i n  c e l l  d im e n s io n  w i t h  c o m p o s i t io n  o f  
UO2 +X l e  to o  s m a l l  to  be u se d  a s  a q u a n t i t a t i v e  c r i t e r i o n  o f  
c o m p o s i t io n .
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F igu re 2
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A final experiment consisted of maintaining a sample of 
UO2 +T at 1000®C under dynamic vacuum for one-half hour. The 
sample was then cooled to room temperature, and reheated in stat­
ic vacuum to 1000®C. There was no measurable vapor pressure.
It is concluded that

(7 ) ^Og.OO stable up to 1000®C in vacuum; that is, a 
U02_x pbase does not form.

(b) The system UO2+X-O2 *
The system was first studied under optimum oxidizing con­

ditions, by heating UO2 +X in cm of Hg pressure of dry oxygen.
In view of the known complexity of the oxidation of this ma­
terial, vapor-pressure readings were taken at approximately 50®C 
temperature intervals. The data are presented graphically in 
Figure 4̂-, The following deductions and observations were made:

(1 ) The oxidation of UO2+X is rapid at low temperatures.
At about 3 5 0 ®C, the composition of the solid is ^0 2 ,5 0 *

(2 ) The overall composition of the solid remains at 
U02,5o until a temperature above 6 0 0®C is attained; and,

(3) At some temperature between 600® and 700®C, the over­
all composition of the solid phases begins to increase with 
temperature, but when maintained at 1000®C for Zh hours had not 
attained UOo (UiO0 ). (This figure cannot be compared to 
figures in tfie literature that were prepared from studies of 
condensed systems,)

The assumption is generally made in the literature that 
UO2 +X vill quantitatively oxidize to U3 O0  at about 750®C, when heated in air or oxygen, and, indeed, a frequently used method 
of quantitative analysis of UO2+X (Ackerman, ANL-5^82, Sept, 1^, 
1 9 5 5 ) is based on this assumption. Hoekstra, et al (Hoekstra. 
Siegel, Fucks, and Katz, Jour. Phys. Chem., £2. 2̂) 136 (1935)) 
state that, when any lower oxide is heated with a partial pres­
sure of 1 5 0 mm or greater of oxygen, the oxide goes quantitatively 
to exactly U3O8 .

The experiments reported here were performed using sample 
weights of from 10 to 30 mg, and in either 200 or 7 6 0 mm of 
oxygen pressure, yet quantitative conversion to U3O8 was not 
accomplished. This could be due to the fact that the original 
composition of the oxide (from which all subsequent calculations 
are made) was not accurately established. However, Figure 3 and 
the textual discussion show that the original oxide (U0 2 ,ig)
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was decom posed to  a lm o st  UO2  q and thatj,  t h e r e f o r e ,  th e  com­
p o s i t i o n  o f  UO2 . 1 6  u sed  in  t h e s e  c a l c u l a t i o n s  i s  v e r y  n e a r ly  
c o r r e c t #  A n oth er  s e r i e s  o f  e x p e r im e n ts  were msde in  w h ich  th e  
sample w e ig h t s  were r e d u c e d ,  and i t  was found  by t r i a l  and 
e r r o r  t h a t ,  when the sample w e ig h t  was 3  mg o r  l e s s ,  q u a n t i t a ­
t i v e  c o n v e r s io n  to  UjOa was a t t a i n e d  i n  a r e a s o n a b le  t i m e -  
one h o u r .  However, t h i s  may have been  f o r t u i t o u s  f o r ,  w i t h  
such a s m a ll  sam p le ,  th e  in a c c u r a c y  i n  w e ig h in g  th e  sam ple i s  
a v e r y  l a r g e  p a r t  o f  th e  t o t a l  change r e s u l t i n g  from  th e  r e ­
a c t i o n .

These d a ta  show t h a t  t h e r e  a r e  t h r e e  f u r t h e r  e x p e r im e n ta l  
p r o c e d u r e s  t h a t  sh ou ld  be u se d  to  e s t a b l i s h  w h e th e r  o r  n o t  a 
q u a n t i t a t i v e  c o n v e r s io n  d o e s  o c c u r .  The f i r s t  w ou ld  be to  
m a in ta in  th e  sample a t  tem p era tu re  f o r  a  l o n g  p e r io d  o f  t im e —  
p e r h a p s  t h r e e  o r  fo u r  w e e k s— to  p e r m it  t r u e  e q u i l i b r i u m  co n ­
d i t i o n s  to  be a t t a i n e d .  The second  w ould  be to  u s e  an e n -  
l a r g e d - e n d  r e a c t i o n  v e s s e l  in  w h ich  a l a r g e r  sample c o u ld  be 
u s e d .  T h i s ,  h ow ever , would r e q u ir e  a h ig h  oxygen  p r e s s u r e  to  
e n a b le  th e  u se  o f  th e  c u r r e n t  d i f f e r e n t i a l  manometer and , a s  a 
r e s u l t  o f  th e  h ig h  p r e s s u r e  r e q u ir e d ,  would p r o b a b ly  c a u s e  a  
change in  th e  r e a c t i o n  sy s te m . The t h i r d  would be to  o e r fo rm  
a t o t a l  o xygen  a n a l y s i s  b o th  b e fo r e  and a f t e r  such  o x i d a t i o n s .
I n  most a n a l y t i c a l  a n a l y s e s ,  oxygen  i s  d e te r m in e d  by d i f f e r e n c e .  
T h is  i s  i n h e r e n t l y  a  p oor  p r o c e d u r e  f o r  a  c a s e  su c h  a s  th e  p r e s ­
e n t  where th e  p e r c e n ta g e  o f  O2  i s  o f  prim e im p o r ta n c e .  We a r e ,  
t h e r e f o r e ,  p la n n in g  to  add a u n i t  to  ou r  t e n s i m e t e r  f o r  th e  
d i r e c t  a n a l y s i s  o f  t o t a l  o x y g e n ,  u s i n g  th e  r e a c t i o n

UOg + 2BrFj - >  O2  + Br2  + UFg

in  w hich  th e  brom ine and th e  h e x e f l u o r i d e  w i l l  be co n d en se d  
(H o e k stra  and K a tz ,  A n al. Chem., g l  ( 1 1 ) I 6 O8  ( 1 9 5 3 ) ) .

An i n t e r p r e t a t i o n  o f  F ig u r e  h as  b een  made. The p o r t io n  
o f  th e  l i n e  b etw een  A and B r e p r e s e n t s  th e  c o n t in u o u s  change  
o f  th e  UO2  s o l i d  s o l u t i o n ,  a b i v a r i a n t  c o n d i t i o n .  U n iv a r ia n t  
c o n d i t i o n s  e x i s t  betw een th e  p o i n t s  B and C where two s o l i d  
p h a s e s ,  p e r h a p s  Ui( . 0 9  and UO2 +X ( s o - c a l l e d  a lp h a  and b e t a  UO2 ) 
a r e  c o n t in u o u s ly  c h a n g in g  so  t h a t  th e  t o t a l  c o m p o s i t io n  rem a in s  
c o n s t a n t  a t  UO2  5 0 • B iv a r ia n c e  o c c u r s  a g a in  b etw een  p o i n t s  C 
and D w h e r e in  t f ie r e  i s ,  p r e su m a b ly ,  a t r a n s f o r m a t io n  o f  one o f  
th e  s o l i d  p h a s e s  to  y i e l d  a new a s se m b la g e  o f  s o l i d  p h a s e s ,  
p ro b a b ly  UkOo and UjOr^x® T h is  c a u s e s  th e  u n i v a r i a n t  c o n d i t i o n ,  
b etw een  p o i n t s  D and At p o i n t  E t h e r e  i s  a  r e a c t i o n  i n  th e  
s o l i d  to  y i e l d  a s i n g l e  p h a s e ,  c a u s in g  a b i v a r i a n t  c o n d i t i o n .
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The poeelbility that dry air or air that contained some 
water vapor might he a better oxidant than pure dry oxygen was 
investigated. The results obtained indicated that these are 
comparable oxidante.

A study of this system under conditions that will define 
univariant portions and, hence, give the number and composi­
tion of solid phases at various temperatures has been initiated. 
Such a study consists of forming intermediate compositions be­
tween UO2 0 0 ^®2 . 6 7  heating U0 2 ,oo oxygen to aspecific temperature* quenching to room temperature, evacuating, 
then reheating in static vacuum, and determining the equilibrium 
vapor pressures of these intermediate phases. It is anticipated 
that this will be done in the tensimeter without physically dis­
turbing the sample. Such information will permit the construc­
tion of P-X diagrams, from which an elucidation of the number and 
composition of the phases present at equilibrium at specific 
temperatures can be made.

3. Kinetic Data!
The formation of phases that occur in a reaction, such as 

oxidation and possibly volatilization, is based upon thermo­
dynamic equilibrium data as a function of dissociation pressure, 
while the rate of formation usually is based upon diffusion rates 
and impurities. Therefore, to understand the behavior of UO2  
with regard to oxidation and volatilization, its stability must 
be considered not only under equilibrium, but also under kinetic 
conditions. Although the experimental evidence required for an 
understanding of the kinetics of reactions may be obtained in 
many ways, particular emphasis was placed on the application of a 
continuous weight-change balance and differential thermal analysis 
unit. In measuring weight changes and interpreting DTA patterns, 
it is necessary to differentiate between the various processes that 
may occur. For example, the oxidation of UO2 may be viewed as pro­
ceeding through the following series of reactions

, I 1 ^ 3 ° 8 - x  — >
2 +x^'



135

This shows that it is not sufficient to know the equilibrium 
phases that exist in a particular temperature range, but it is 
also necessary to have some knowledge of the rates at which these 
phases are formed. The reaction rates and the activation ener­
gies of the oxidation of UO2 to the Ut0 8 structure are being 
determined for the various types of UO2 described earlier. How­
ever, in the application of the DTA method for the calculation 
of these kinetic data, the available equations have been de­
veloped only for first order reactions. There is not sufficient 
reliable information available on the oxidation of UO2 to eval­
uate the order of the reactions involved. Therefore, we are 
currently studying the time, gas pressure, and particle-size 
dependence of isothermal weight-gain data to determine the 
order and to provide the necessary data for, at least, an empiri­
cal relation if higher orders are involved.

In addition to these determinations, it seems desirable to 
investigate the conflicting DTA reports that have been pre­
sented %  ORNL and others and those from AEBE (Harwell),
American and Canadian patterns show only two peaks in the DTA 
curve, although some patterns indicate a slight ridge on the 
first one, vriiile the A E M  patterns show three distinct and sep­
arate peaks. Table 2 gives some data recently determined at NBS.

The work from England was discussed with Dr, Peter Murray 
(AERE - Harwell) during his recent visit to this country. He 
has consistently found the three reactions using both the U.K. 
oxide (U0 2 ,ij) Mallinckrodt oxide (UO2 0 3 ). He attrib­uted these’peaks to the following reactions (t&e temperature, 
of course, being dependent upon the heating rate)?

U O g ^  U0 2 ^ 2

^ ^ 2 ,2  ^°2 + X

U3 O8  HO2 + X —>  ^ 3 ^ 8

at about 270*S
at about 390*s
at about



TABLE 2
DTA - Weight Change Data for Various Types of DO2

COo>

U02
M aterial

Heating
Rate

DTA Sample Max. Wt, Oftin ^

Wt.
Ref. Standard-^ 
Mater- Wt. 
i a l

1s t  « /  
P eak^

2nd c /  
Peak‘d

Temp. Quan,

•C/min gm -------- gm ®C •0 •c %

Fused-U02 .o3 2.5 1.500 ThOg 1.000 260 ^00 430 3.47
H H 1.3 1.500 ThOg 1.000 320 1̂-20 510 3.35

M allinckrodt- 1 .6 1.000 AI2O3 0.200 260 380 380 3.88
UO2+X 2.0 1.500 Th02 1.500 275 k 2 0 480 3.82

2.1 1.000 Th02 1.000 272 k 3$ ^55 3.78
7.1 1.000 AI2O3 0.200 270 l^ZO 485 3.79

10.0 1,000 AI2O3 0.200 290 k k o 475 3.76
11,1 1.000 Th02 1.000 335 518 3.65
12.0 1.500 Th02 1.000 315 if35 49c 3.79
12.0 1.000 Th02 1.000 325 ^75 520 3.77
13.0 1.000 Th02 1.000 315 i+20 485 3.73

a/ These are preliminary data developed during the incorporation of
various equipment modifications for the normal air atmosphere apparatus,

^  Th0 2 ifl Lindsay chemically-precipitated material that had been calcined 
at 1 2 0 0 ®C and stored in a desiccator,

c/ Both DTA-peaks are exothermic, the second usually of much greater 
magnitude,

^  Weight change began decreasing after these temperatures were attained.
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In a d d it io n ,  th e  U.K. w e lg h t-g a ln  d e te r m in a tio n s  I n d ic a te  In­
com p lete  c o n v e r s io n  to  UjO0 , s im ila r  to  our worlc; and, th e  r e ­
d u c t io n  o f  UjOg to  UOg o c c u r r in g  a t  q u ite  lo w  ter i^ era tu res; i t  
ap p ears to  be m easurafae a s  low  a s  5 0 0 *  to  6 0 0 ®C, I f  the  
w e ig h t l o s s e s  th a t  are record ed  In t h i s  tem perature range when 
the sam ples are m ain ta in ed  fo r  p e r io d s  o f  up to  7 h ou rs are tru e  
m a n ife s ta t io n s  o f  th e  d i s s o c i a t i o n ,  then  th e  u n d ersta n d in g  th a t  
now e x i s t s  on th e  k in e t i c  p r o c e s s e s  o f  th e  o x id a t io n  o f  UO2  must 
be r e v i s e d .  However, w ith  th e  p r e se n t  know ledge, th e re  ap p ears  
to  be no b e t t e r  e x p la n a t io n  than th ose  w hich a r e  now a v a i la b le .
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B. FABRICATION DATA

In a study directed toward an understanding of the fac­
tors determining the strength and other desirable physical 
properties at high temperatures for UO2 and the development 
of optimum properties in bulk shapes of that material, some 
fabrication data are available. Most of the information 
that has been secured during the course of this investiga­
tion has been included in the minutes of the Joint US - 
Canadian Conference on UO2 . This information is in addition 
to that described in that report.

The supply of peroxide- and ammonia-precipitated U0 2 » 
referred to as lot I, has been exhausted. All of the fabri­
cation, sintering, and mechanical property data described in 
the Joint US - Canadian Conference on UO2 and that described 
previously at various WAPD UO2 panel meetings was determined using the lot I materials. The peroxide- and ammonia- 
precipitated UOo in use at the present time was made by ORNL 
for IffiS and will be referred to as lot II,
(1) Molding Additives;

Specimens were prepared by blending either peroxide- 
or ammonia-precipitated UO2 and 0 . 2  percent by weight of 
technical grade aluminum stearate in a boron carbide mortar 
and tumbling in a Jar for two hours. Cylindrical specimens 
were pressed in a steel mold at ^ , 0 0 0 psi and iso statically 
repressed at ^5>000 psi. Specimens were heated for one hour 
in an atmosphere of static helium at temperatures of I6OO®, 
1 8 0 0 ®, 2000*, and 2100®C. For comparison purposes, speci­
mens of the materials prepared without stearate addition were 
heated at 2000®C under the same conditions.

The use of aluminum stearate as a lubricant in the pressing 
operations appears to have definite advantages, particularly 
in the case of ammonia-precipitated U0 2 » The ammonia-precip­
itated material, without additives, has very uneven shrinkage, 
when formed in the same manner as described above, with the 
result that bar specimens warp badly and cylindrical speci­
mens have concave sides, even when isostatic pressing is used. 
Many specimens exhibit laminations or cracks after the maturing 
heat treatments. These defects probably are due to the poor 
flow characteristics during pressing of this very fine-grained 
material. The addition of 0.2 percent by weight of aluminum 
stearate seems to eliminate these undesirable effects entire­
ly and, in addition, contributes slightly to the improvement 
in bulk density of the matured specimens; when matured at 
2000®C, porosity of the ammonia-precipitated material was re­
duced from 8 . 1  percent to 6 . 3  percent. No trouble had been experienced previously with warping or laminations in the 
peroxide-precipitated 0 0 2 , but the addition of the aluminum 
stearate reduced the porosity of specimens matured at 2000®C 
from 1 0 . 9  to 6 . 3  percent. The average values of density and porosity are reported in Table 3 .
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T a b le  3

D e n s ity  and T o ta l P o ro s ix y  o f  Ammonia- and P e r o x id e -P r e c ip ita te d  
UO2 from Lot 11 w ith  0 . 2  P ercen t by W eight o f  Aluminum

S te a r a te  A d d itio n s

M a ter ia l
M aturing  
T e s ^ r a -  
tu re  a /

Bulk
D e n s ity

T o ta l y  
P o r o s ity

•c g/cm^ %

% 02  PPtd . ,  no a d d it io n  c / 2 0 0 0 9 .8 0 1 0 . 9

N M , 0 . 1 Al S te a r a te 1600 7 . 7 0 2 9 .7
n H Nt H M 1 8 0 0 9 .6 5 1 2 . 0

H H H H b 2 0 0 0 1 0 . 2 7 6 .3
b M H

t
II b 21 0 0 1 0 .3 6 5 .5

NH3 p p td . t no a d d it io n  c / 20 0 0 lO .l i f 8 . 1

H N , 0 . 1 Al S te a r a te I 6OO 9 .9 3 9.^^
H H H> b b 1800 1 0 .2 3 6 .7
H H H> b b 2 0 0 0 1 0 .2 8 6 .3
II H II»

M b 2 1 0 0 1 0 . 2 2 6 . 8

a /  A ll  h e a t in g s  f o r  one hour In s t a t i c  h e liu m .

y  C a lc u la te d  a s  (1  -  d e n s i ty  j ^ ICO, t h e o r e t i c a l
th e o r . d e n s ity  

d e n s i ty  tak en  a s 1 0 . 9 6

c /  V alu es r e p r e s e n t  average o f  s i x  sp ec im en s. 

y  V a lu es r e p r e s e n t  average o f  two sp ec im en s.
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Pieces of physical test specimens were mounted in lucite 
and polished for examination. All of the specimens examined 
were matured at 2000*C for one hour in static helium. In the 
case of the ammonia-precipitated material, no visible effect 
due to the use of aluminum stearate could be noted. The major 
difference in appearance between the ammonia- and peroxide- 
precipitated materials was in the appearance of the pore struc­
ture, The "as received" particle size of these materials 
appears to be less than one micron, extensive grain growth, 
after heat treatment was noted in all specimens. The general 
characteristics of the matured specimens were as follows!

M a te r ia l G rain S iz e Pore S tru c tu re

NH3 p p td . 5 0 - 80 m icrons grouped in  c lu s ­
t e r s

NH3 p p td , + 0 ,2^ alum­
inum s t e a r a te 50 - 80 m icrons grouped in  c lu s ­

t e r s
H2O2  p p td . 15  -  30 m icrons random ly d i s ­

t r ib u te d
H2 O2  p p td , + 0 , 2% alum­

inum s t e a r a te 3 0 - 6 0 m icron s random ly d i s ­
t r ib u t e d

(2 ) Chemical Additives
The following table gives some results of microscopic 

examinations of various types of UOo with regards to the ef­
fects of additions of Ti0 2 and AI2O3 on total porosity and 
grain development!



I '

I

Haterlal Addition Total Po at 1600*C
roslty
1900'*C

VlslblDevelop
1 6 0 0®C

e Oraln 
ment at 1900®C Remarks

wt,^ %

SteamOxidized None 28.7 2 6 . 1 No No Very porous structure
0.75 TIO2 1 7 . 1 1 1 .̂ No Yes Some 5 0-IOO micron grains
1 . 5 0 AI2O3 2 7 . 7 12.5 No Yes Some 5 0-IOO micron grains, pores larg­er than with TIO2 .

Hydrogenated Steam Oxidized
None 28.3 20.7 No No Very porous struc­ture.
0.75 TIO2 12.3 7.1 No Yes Some 5 0-IOO micron grains.
1 . 5 0 AI2O3 2 5 .^ 7 . 8 No Yes Some 50-IOO micron grains, pores larger than with 

TIO2 .
Peroxide None 2 9 .k 11.3 No NoPrecipitated 0 . 7 5 TIO2 

1 . 5 0 AI2O3

5.6
18.9

7 . 1
7 . 0

Xes
No

Yes
Yes

AmmoniaPrecipitated None 1 2 . 1 9.2 No Yes Small pores at 
1 6 0 0", grains us­ually less than 
50 microns at 
1 9 0 0*.

0 . 5 0 TIO2 8 . 6 9.2 Yes Yes Grains less than 
30 microns at 
1 6 0 0*, ifO- 6 0 mi­crons at 1 9 0 0®.1.33 AI2O3 1 5 . 1 8 . 1 No Yes Some 5O-IOO
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C. MECHANICAL PROPERTY DATA

The supply of peroxide- and ammonia-precipitated UOg, re­ferred to as lot I, has been exhausted. All of the fabrica­tion, sintering, and mechanical property data described in the Joint tJS-Canadian Conference on UO2 and that described pre­
viously at various WAPD UO2 panel meetings was determined using the lot I materials. The peroxide- and ammonia-precipitated 
UO2 1r use at the present time was made by ORNL for NBS and>9will be referred to as lot II.

(1) Flexural Strength of Peroxide- and Ammonia-precipi­
tated UO2

The room temperature flexural strengths of peroxide- and ammonia-precipitated UO2 with 0.2 percent by weight of aluminum 
stearate, and peroxide-precipitated UO2 with and without 0 . 2 5  
percent by weight of TiO£ from lot II are summarized in Table if. This table filso includes flexural strength data obtained on earlier groups of specimens prepared from lot I of peroxide- 
and ammonia-precipitated UOg with and without additions.

The room temperature flexural strength, 12,990 psi, ob­
tained with specimens from lot II of peroxide-precipitated UO2 without additions is essentially the same as that obtained with 
the lot I of peroxide-precipitated UO2 , 12,^00 psi. The coef­ficient of variation of strength is also approximately the same, 
13 and 1 3 . 6  percent. The bulk density of specimens of lot II appears to be slightly higher, and the "t“ test (for significant difference between means) indicates that, at the confidence 
level, the average bulk density of this group of specimens is significantly greater than that of lot I. It has been found 
that there is no significant difference between different head­ings, and it seems logical to attribute the slight bulk density 
difference to minor variations between different lots of UO2 .

The use of 0.2 percent by weight of aluminum stearate as a lubricant in the pressing operation did not show any effect on 
the flexural strength of the peroxide-precipitated UO2 , 1 2 , 6 8 0  psi, obtained with the addition and 12,990 psi obtained without 
the addition. However, the average bulk density was increased 
from 1 0 . 1 7 to 1 0 . 3 7 g/cm-' and the variability was decreased slightly. The fact that the strength remained the same while the porosity decreased may be explained by the fact that the grain size of specimens prepared with stearate addition was 
greater than the grain size of specimens prepared without addi­tions of the stearate.

The average flexural strength of the peroxide-precipitated 
UO2 containing 0 . 2 5 percent by weight Ti02 was psi. At
the 95/̂  confidence level, this is not significantly different from ttie values of flexural strength obtained from the peroxide- 
precipitated material with and without aluminum stearate addi­tions, 1 2 , 9 9 0 and 1 2 ,6 8 0, respectively. However, the strength 
is significantly greater at the 95̂  ̂confidence level than the average strength obtained fro m  l o t  I  o f  p e r o x i d e - p r e c i p i t a t e d  
UO2 with Ti0 2 addition.



Table k
Summary of Room Temperature Flexural Strength and Bulk Density 

Results for NH^- and H2 0 2-precipitated UO2

Material Heat 
Treat­
ment a/

No. of 
Specimens

Modulus
Average

of Rupture 
S.D,^ C.V.2/ Average

Density
S.D.^ C.V.^

®C ------ pel psi % g/cm^ g/cm^ %

NH3 ppt. 
Lot I 2000 12 11,100 1,230 11.1 9.84 0 . 0 7 0 . 7 4

Lot II + Al 
stearate 2000 11 1 0 , 8 7 0 1,164 1 0 . 7 1 0 . 2 6 .02 .23

H2O2 ppt. 
Lot I 2000 6 12,it00 1 , 6 1 0 13.0 10.04 . 0 7 . 7 1
Lot II 2000 1 5 1 2 , 9 9 0 1,770 13.6 1 0 . 1 7 .03 .32
Lot II + Al 

stearate 2000 8 12,680 1,730 13.6 10.37 .02 . 1 9

Lot I + 0.25% 
Ti0 2 1 6 0 0 7 10,400 2 , 8 0 0 2 6 . 9 10.39 .10 . 9 2

Lot II + 0 . 25% 
Ti0 2 1 6 0 0 15 1 4 , 5 2 0 2,400 16.7 10.38 .03 .28

a/ Heat-treated for one hour in an argon atmosphere at the temperature given. 
^  S.D. = standard deviation.
e/ C.V. = coefficient of variation = (S.D./average) x 100,

CO
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The room ten5>erature s tr e n g th  o f  specim en s o f  th e  ammonia- 
p r e c ip i t a t e d  UO2 , p repared  w ith  0 .2  p e r c e n t  by w e ig h t aluminum  
s t e a r a t e ,  was found to  be 1 0 ,8 7 0  p a i .  T h is  v a lu e  com pares 
fa v o r a b ly  w ith  th e  v a lu e  o f  1 1 ,1 0 0  p a i  found f o r  th e  m a te r ia l  
from  l o t  I  w ith o u t a d d it io n a . Specim ens prep ared  from th e  un­
a d u lte r a te d  m a te r ia l warped very  b a d ly  w ith  th e  r e s u l t  th a t  a l l  
had to  be prep ared  w ith  la r g e  d im en sio n s to  p r o v id e  s u f f i c i e n t  
m a te r ia l to  g r in d  f l a t  sp ec im en s. Specim ens p rep ared  w ith  th e  
s t e a r a te  a d d it io n  d id  n o t e x h ib i t  any su ch  w arpage. A ls o ,  the  
t o t a l  p o r o s i t y  o f  the specim en s th a t  were p rep ared  u a in g  th e  
aluminum s t e a r a t e  a d d it io n  was 6 .^  p e r c e n t  a s  compared to  1 0 .2  
p e r c e n t  fo r  th e  u n a d u lte r a te d  specim en s o f  l o t  I .  A p o r t io n  o f  
t h i s  d i f f e r e n c e  may be a t t r ib u te d  to  d i f f e r e n c e s  betw een  the  
two l o t s  o f  UO2 , s in c e  t o t a l  p o r o s i t i e s  o f  8 .1  p e r c e n t  were 
o b ta in e d  w ith o u t  a d d it io n s  w ith  l o t  I I .

(2 )  E l a s t i c  C o n sta n ts;

The m oduli o f  e l a s t i c i t y  o f  sp ecim en s o f  am m onia-precip­
i t a t e d  UO2  (a p p ro x im a te ly  93^ o f  t h e o r e t i c a l  d e n s i ty )  were d e ­
term ined  a s  a fu n c t io n  o f  tem perature o v e r  th e  range o f  from  
25* to  8 2 5 *C in  v a cu o . The d ata  o b ta in e d  from d i f f e r e n t  s p e c i ­
mens sawed from a la r g e  bar were in  good agreem ent and d u p l i ­
c a t e  d e te r m in a t io n s  on th e  same specim en  r e v e a le d  th a t  the  
m a te r ia l o f  th e  su p p ort w ir e s ,  i . e . ,  p la tin u m  or  tu n g s te n , had  
no app aren t e f f e c t  on th e  v a r io u s  d e te r m in a t io n s . The m odulus 
o f  e l a s t i c i t y  v a lu e s  w ere found to  d e c r e a s e ,  b u t n o t  l i n e a r l y ,  
w ith  in c r e a s in g  tem p era tu re . At 8 2 5 * 0 , the v a lu e  had d e c r e a se d  
t o  a p p rox im ate ly  1 ,6 2 5  k i lo b a r s  from  th e  room tem p eratu re  v a lu e  
o f  1 ,8 2 3  k i lo b a r s .  F ig u re  t.5'shows th e s e  d a ta .

F iv e  specim en s o f  b a l l - m i l l e d  M a llin c k r o d t UO2 (Lot 
3 9 -2 2 5 ) ,  normal uranium  d io x id e ,  were r e c e iv e d  from  th e  Corning  
Q la ss  Works. The f a b r ic a t io n  in fo r m a tio n , su p p lie d  C orning, 
i s  a s  f o l lo w s !  "A w e ig h t g a in  o f  3 .6 6 ^  on i g n i t io n  to  
o f  th e  *as r e c e iv e d '  m a te r ia l  co rr esp o n d s to  ^0? qj[(,o, i f  th e  
o n ly  im p u rity  i s  assumed to  be o x y g e n . A w e ig h V g a in  o f  3.80^^ 
o f  the f i r e d  m a te r ia l  on i g n i t io n  co rresp o n d s to  C0 2 ,q 2^* 
S p ec tro g ra p h ic  e x a m in a tio n  o f  the 'a s  r e c e iv e d '  m a te r ia l  shows 
t r a c e s  o f  aluminum, c a lc iu m , co p p er , ir o n ,  s i l i c o n ,  magnesium, 
m anganese, n i c k e l ,  l e a d ,  and t i n .  A b in d e r  a d d it io n  o f  one 
w e ig h t p e r c e n t  Carbowax 20-M was made d u r in g  g r a n u la t io n  o f  th e  
m a te r ia l .  The sp ecim en s were f i r e d  a t  1750*C f o r  3 h ou rs in  a 
Harper molybdenum-wound tub e (3" I .D . x  36") fu r n a c e . The 
atm osphere u sed  was d eoxygen ated  dry hydrogen f lo w in g  a t  a  
r a te  o f  30 f t .  p er  hour."

The fo l lo w in g  v a lu e s  f o r  th e  e l a s t i c  c o n s t a n t s ,  and o th e r  
d a ta , were d eterm in ed  f o r  th e se  f i v e  sp ecim en s o f  M a llin c k r o d t  
norm al UO2  ( l o t  3 9 -2 2 5 ) a s  fa b r ic a te d  by th e  C orning & lass Works :
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Property Average
Value Standard

Deviation CoefficientVariation

Kilobars* Kilobars* %

Modulus of Elasticity: Longitud inally 1929 8 0,^2
Flexurally, wide 1936 9 ,^6
Flexurally, thin 1930 12

Shear Modulus 7^1 3 .39
Poisson* s Ratio:

From Long. E 0. 302 0.002 0.7
From Flex.--wide E .306 .002 .7

^  ' Fr^m FI e .302 . 005 1.6
Bulk Modulus 1620 21 1.3

Velocity of Sound,m/sec. k5m- 7 0.17
Bulk Density, g/cm^ 10.37** 0.02 0.16

* 1 kilobar = lif,503.8 lb/ln.2 = 10,197.16 kg/c
** About 9^.6^ of theoretical density.


