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IN- REACT OR RESTRIJCTURING TEMPEKATUHES 

AND KINETICS li'OR ( U,Pu) 02 

A.  R.  Olsen R. R. E'itts W .  J .  Lackey 

Data f r o m  a number of thermal f l u x  i r r a d i a t i o n  tests of  s t a i n l e s s -  

s t e e l - c l a d  (U,Pu)Oz fuels were analyzed i n  terms of  proposed mechanisms 

o f  f u e l  r e s t r u c t u r i n g  and a c t i n i d e  r e d i s t r i b u t i o n .  The da t a  ind ica t e  

that columnar grain growth i s  t h e  r e s u l t  of  a vaporization-condensation 

process i n  f u e l s  operat ing above about 1'700 ' C .  The columnar s t r u c t u r e  

i s  not  f u l l y  developed i n  f u e l s  with a cen te r  temperature of  2000°C 

even after 28 days of' operation, but t h e  rate of  res t r i ic t i . r ing increases  

with increasing temperature. 

cesses are slower and the re fo re  of secondary importance i n  e a r l y - l i f e  

r e s t ruc tu r ing .  

ccndensation process can account f o r  observed a c t i n i d e  concentration 

va r i a t ions  wi th  e i t h e r  uranium o r  plutonium deplet ion i n  the  highest  

temperature regions,  depending on t h e  opera,ting temperatures and 

pmbabljr on t h e  oxygen a c t i v i t y  i n  t h e  gas phase over t h e  fuel .  

S i n t e r i n g  and equiaxed g r a i n  grosrtti pro- 

A model i s  postulated i n  which t h e  vaporization- 



2 

INTRODIJCTI ON 

In-reactor  r e s t ruc tu r ing  of oxide f u e l s  has long been s tudied,  

pr imar i ly  because of t he  e f f e c t s  on Riel operat ing temperat.ures. 

i s  of i n t e r e s t  f o r  two reasons: 

normally imposed i s  t h a t  t h e r e  be no molten f u e l  during s t eady- s t a t e  

operation, and ( 2 )  i f  the  r e s t r u c t u r i n g  k i n e t i c s  a r e  known, t h e  r eac to r  

sta.rt.up procedures can be optimized so t h a t  t h e  condi t ion of no f u e l  

melting can be met with new f u e l  subassemblies o r  with assemblies t'nat 

have been moved from a region of low to  higher  flux. 

understandi-ng of t h e  modes of in - reac tor  r e s t ruc tu r ing  of (U,Pu)O2 f u e l s  

and t h e  ki-net ics  of  t h e  various processes a,s funct ions of temperature, 

temperature grad ien t ,  and time a r e  necessary f o r  -the ana lys i s  of f u e l  

p i n  performance. 

This 

(1) one of  t h e  r eac to r  design c r i t e r i a  

I n  additi-on, an 

W e  have examined t h e  da ta  on f u e l  microstructures ,  composition 

gradien ts ,  and po ros i ty  from a number of  i r r a d i a t l o n  t e s t s ,  both in s t ru -  

mentedl and u n i n ~ t r u r n e n t ; e d , ~ J ~  and analyzed t h e s e  da t a  i n  terms of 

proposed processes of f u e l  r e s t ruc tu r ing .  The da ta  ind ica t e  t h a t  ear ly-  

l i f e  r e s t ruc tu r ing  above 1700°C occu.ys by t h e  vaporization-condensation 

mechanism and suggest, t h a t  t h i s  same process leads t o  observed var ia-  

t ioiis  i n  a c t i n i d e  d i s t r i b u t i o n .  

OXIDE RESTRUCTURING 

'fable i i s  a compilation of various s t r u c t u r a l  phenomena observed 

i n  i r r a d i a t e d  f u e l  together  with most of t h e  condi t ions now thought t o  

a f f e c t  these  phenomena. Other f a c e t s  of fue l  o r  f u e l  p i n  perfoma.nce, 

such a s  f i s s i o n  gas r e l e a s e  r a t e s ,  a r e  c lose ly  r e l a t e d  t o  r e s t ruc tu r ing .  



Table I. Conditions Affect ing (U,Pu)Gz Fuel S t r u c t u r a l  Phenomena 

Involvement of Condition i n  Each Phenomenon 
Condition Grain Growth 

Columnar Equiaxed S i n t e r  ing 

T emp er a t  -a e J J J 

Temperature gradient  J 

T i m e  J J J 

Fuel oxygen- to-  
metal r a t i o  

J / 

Fuel compos i t i o n  J 

Fuel dens i ty  J J J 

Hydrostatic stress J J 
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Although i.t i s  beyond the  scope of t h i s  paper t o  discuss  each of t hese  

items i n  d e t a i l  o r  t h e  e f f e c t s  of neutron flux arid f i s s i o n i n g  processes  

on many of them, t h e  t abu la t ion  does r evea l  t he  most important f a c t o r s  

t o  which our analyses  of t h e  experimental  da ta  have been d i r ec t ed .  

Temperature i s  a key f a c t o r  i n  a l l  these  phenomena and a l s o  

depends on the  ex ten t  of r e s t ruc tu r ing ,  s ince  t h e  thermal conduct ivi ty  

of t h e  f u e l  increases  wi th  i t s  dens i ty .  The instrumented t e s t s  i n  our 

program were s p e c i f i c a l l y  designed t o  inves t iga t e  the  e f f e c t s  of  temper- 

a t u r e  on r e s t ruc tu r ing  i n  both pel]-et and Sphere-Pxc m e l s  and t o  

evaluate  t h e  methods of p red ic t ing  f u e l  operat ing temperatures i n  non- 

instrumented tests.  The Sphere-Pac process,  which uses low-energy 

v ib ra to ry  compaction of f u e l  microspheres, has been descr ibed previously.  

The r e s u l t s  of t h e  instrumented t e s t s  confirmed t h e  method of tempera- 

t u r e  p red ic t ion  a s  reported previously. '  Brief ly ,  these  t e s t s  showed 

t h a t  t h e  pred ic t ions  agree wi th in  t8$ of  t h e  measiced temperature and 

t h a t  f o r  equivalent smear d e n s i t i e s  .there i s  no s i g n i f i c a n t  d i f fe rence  

i n  o v e r a l l  f u e l  p i n  thermal conductance f o r  p e l l e t  and Sphere-Pac f u e l s .  

The comparative da ta  are shown i n  Fig.  1. The instrumented t e s t  r e s u l t s  

a r e  important for two major reasons.  F i r s t ,  they provide confidence i n  

t h e  temperature quoted f o r  t h e  uninstrumented t e s t s .  Second, p o s t i r r a -  

d i a t i o n  examination showed t h a t  t h e  f i e 1  form does not have a s i g n i f i c a n t  

e f f e c t  on r e s t ruc tu r ing .  This second po in t  can be seen i n  Fig.  2, where 

we have p l o t t e d  ca lcu la ted  temperatures on rad-ial cross  sec t ions  of t h e  

two f u e l  types - p e l l e t  and. Sphere-Pac - from an instrumented t e s t .  

Note tha t  above about 1650°C t h e  o r i g i n a l  f u e l  form has been completely 

o b l i t e r a t e d  by r e s t ruc tu r ing ,  and the  two fuel f o r m  a r e  very similar. 

1 
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Fig. 2 .  Temperatures in Uo. 823u,. *01, 95,  Fuel D i n i n g  Irradia'c ion  
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S l i g h t l y  elongated gra ins  occur i n  t h i s  high-temperature region for the  

p e l l e t  p in .  A second temperature demarcation for t hese  t e s t s  i s  a t  

approximately l 3 O O ” C ,  where t h e  f i r s t  d i sce rn ib l e  ou t l in ing  of gra in  

boundaries (po ros i ty  or bubbles i n  t h e  g r a i n  boundaries) i s  observed i n  

both fuels. 

B e i n g  assured t h a t  t h e  f u e l  f a b r i c a t i o n  form, Sphere-Pac or p e l l e t ,  

i s  not a primary f a c t o r  i n  f u e l  r e s t ruc tu r ing  and t h a t  fuel temperatures 

can be ca lcu la ted  with reasonable r e l i a b i l i t y ,  w e  can conf ident ly  

u t i l i z e  t h e  data from noninstrwnented Sphere-Pac t e s t s  t o  inves t tga t e  

t h e  e f f e c t s  of temperature, temperature gradient ,  and time on 

r e s t ruc tu r ing .  

The e f f e c t s  of temperature and poss ib ly  temperature grad ien t  on t h e  

r e s t ruc tu r ing  r a t e  a r e  shown i n  Figs.  3 and 4 .  Each f i g u r e  shows cross  

sec t ions  from p ins  operated i n  the  same capsule but a t  d i f f e r e n t  flux 

Sphere-Pac f u e l  i n  a l l  s i x  p ins  was iden- l e v e l s .  The uo.855L1502.00  

t i c a l .  The ca lcu la ted  temperatures of  apparent r e s t ruc tu r ing  l ini ts  

( r a d i i  of observable equiaxed-grain growth) f o r  Fig.  3 are approximately 

13OO0C, i n  agreement with t h e  temperature limits def ined by t h e  i n s t r u -  

mented t e s t s .  I n  Fig.  4 t h e  temperature limits of r e s t ruc tu r ing  a r e  not 

w e l l  def ined because of t h e  changes i n  temperature p r o f i l e  as t h e  hea t  

r a t e  decreases and t h e  power d i s t r i b u t i o n  changes w i t h  burn~p.~ 

change i n  radial extent  of r e s t ruc tu r ing  i s  d i f f i c u l t  t o  def ine  f o r  Jk de 

between 32 and 40 W/cm but  i s  q u i t e  apparent when Sk d0 rises t o  3 t i n e -  

The 

averaged value of 46 W/cm. 

A s u r p r i s i n g l y  long time dependence for r e s t r u c t u r i n g  i n  f u e l s  oper- 

a t ed  with an ]k d0 of 31 t o  32 W / c m  i s  shown i n  Fig.  5. The upper two 
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Fig. 4 .  Effect  of  % b e l  Temperature on Restructuring Dur*i-w 

174 Effec t ive  ii'ull Power Days of I r r ad ia t ion .  
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s t ruc tu res  a r e  from the  instrimented t e s t s ,  and the  lower two are from 

uninstrurfleoted capsule i r r a d i a t i o n s  i n  t h e  Engineering Test Reactor (ETR) . 
Tiiese microstructures show t h a t  t he  columnar grain struct1.x-e i s  indis-  

t i n c t  a f t e r  t w o  t o  fl.ve days of operation and not f i l l y  developed af'Ler 

28 days of operation. For example, a l a rge  nwnber of l e n t i c u l a r  voids 

a r e  s t i l l  v- is ible  i n  Yne col~.miar g r a i n  region. 

t h e  s t ruc tu re  i s  f r e e  o f  l e n t i c u l a r  voids and has grown rad.5.ally. We 

d o  not have information ye t  on longer times; however, we bel ieve t h a t  

i n  the 174-day s t r u c t u r e  t h e  columnar g m i n  growth i s  e s s e n t i a l l y  

complete 

Hawever, a f t e r  1'74 days 

The 1xiFqu-e cha rac t e r i s t i c s  of t h e  Sphere-Pac microstruc.l;.uire indi-  

ca t e  t h a t  Lhe primary- res t r u x t w i n g  process i n  Tuels a t  temperatures 

above about 1700°C i s  vaporization-condensation. Figure 6 c l e a r l y  shows 

t h e  growth of condensed dendri tes  a t  t h e  outer  r a d i a l  boundary of t h e  

columnar g r a i n  region f o r  t h e  shorter tern t e s t s  (28 EFPD). 'This phe- 

nomenon has long been proposed as the process by which columnar grains 

a r e  formed as pores sweep up t h e  temperature gradi.ent.6?ri Ln f a c t ,  

ca lcu la t ions  of pore d j - s t r ibu t ion  using t h e  pore migration model of 

Nichols' showed reasonable agreement wi-th poros i ty  d i s t r i b u t i o n  measure- 

ments niacie on OUT t e s t s . 9  

slower r s t e  of d e n s i f i c a t b n  f o r  t h e s e  -t'nernial. f1.u t e s t s  than the pre- 

d i c t ions  of others'' f o r  fast r e a c t o r  conditions a t  siniilar l i n e a r  heat  

rates. This difference i s  l a r g e l y  the  result of  a. d i f f e r e n t  f u e l  center. 

temperature, which 5.s some 300°C 1ii.gher i n  t h e  fast  reac tor  calculat ions;  

the  rate of pore migration j.n t he  madel. var ies  exponentially wtth tern- 

peraS,!Ire. A secondary e f f ec t ,  result ing i"rorn flu per turba t ion  e f f ec t s ,  

Chr ca lcu la t ions  and observations show a 
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pig. 6. Fuel Deposits on t h e  Inner Surface o f  Microspherzs Located 

at t h e  Periphery of the Colurruaar Graifi-c;rowt;h Region a 
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may be t h e  d i f fe rences  i n  l o c a l  thermal grad ien ts ,  p a r t i c u l a r l y  i n  t h e  

higher  temperature region.  

S in te r ing  a n i  g ra in  growth processes am of secondary importance 

i n  short-term re s t ruc tu r ing ,  although they do provide a means of agglom- 

e r a t i n g  as - fabr ica ted  po ros i ty  f o r  the vaporization-condensation process .  

This agglomeration process i s  apparent i n  t'fle e l ec t ron  rni@rogra,phs 

shown i n  Fig. 7 .  'The kr rad ia ted  s t ructure  shown i n  t'rre f i g u r e  i s  from 

a fuel. region with a ca lcu la ted  teinperatvre o:C L450"C. 

ature and higher we occasional ly  observed t h e  rows of sinall  voids seen 

i n  Fig. 7.  We bel.i.eve these t o  be bubbles of f i s s ton  gas a t  g ra in  bound- 

a r i e s .  These voids were 0 . 1  t o  0.2 pm i n  diameter, an order of magnitude 

smaller than  t h e  agglomerated porosity.  

A t  t h i s  temper- 

Examination of khe cooler  fuel regions from the  higher  burnup sazn- 

ples has revealed t h e  s t r u c t w e  shown i n  Fig. 8. Here we see t h e  devel- 

opment of subgrains,  ind ica ted  by Yne a m o w s  within t h e  equhxed grains. 

Similar  s t r u c t u r a l  changes have been reported by Eatley e t  As  yet  

we d.o not  know whether t h e  subgrains a r e  out l ined by bubbles o r  iiiclil- 

s ions.  

area" o f  tine fuel and r e s u l t  i n  increasing fissj .on gas r e l e a s e  with 

burnup Tor f u e l  i n  t h e  800 t o  1400°C range, as t h e  expeiim.en.l;r, of 

Findlay e t  have shown. Addi.tj.ona1. observations will be made on 

higher bimmp t e s t s  t o  see i f  t h i s  subgrain st-r.ucture develops with 

burnup. Preliminary measumments of equiaxed, gTaia-grwth k i n e t i c s  

have been reported,  

Since t h e  cur ren t  equati-ons and constants are reported elsewhere' a t  

t h i s  conference, they  will not be di.sc~i.ssed. here. However, we have seen 

gra,in growkh a t  fuel teniperatw*es as l o w  as 900°C. 

The development of such a s t i w c t w e  could increase  t h e  ''surface 

l 4  and addi t ional-  messii~zments a r e  i n  progress. 
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Fig. 7 .  Electron Micrographs of Pores in (coarse t ic rospberes  ~ 

(A) As fa-br icated and (B) a f t e r  i r r a d i a t i o n  a t  temperatures below 1450°C 

for 28 effective fill puwer days.  

R-54300 

Fig. 8. Subgrain Growth i n  (U,Pu)O2 Irradiated fo r  174 Ef fec t ive  

li”Ul.1 Power Days. 



1.4 

-WANIUM- PLUT ONIU' RED I S T R i  BUT I O N  

The vaporization-condensatTon r e s t ruc tu r ing  process does have a 

secondary e f f e c t  on a c t i n i d e  d i s t r i b u t i o n .  Although we have not been 

ab le  t o  e s t a b l i s h  a quan t i t a t ive  method o f  p red ic t ing  such r ed i s t r ibu -  

t i o n ,  our observations and ca lcu la t ions  have allowed us t o  e s t a b l i s h  a 

qua l . i t a t ive  mechanism. 

The uxique s t r u c t u r e  of Sphere-Pac f b e l s  allows us t o  see  t h e  

effectis of t'ne vaporizat ion process on plutonium d i s t r i b u t i o n .  Figure 9 

shows t'ne a and P-7 aiitoradiographs along with t h e  photomacrographs f o r  

two d i f f e r e n t  p ins  from t h e  s m e  capsule.  

t h e  lower hea t  r a t e  does not show t h e  r ing  s t r u c t u r e  i n  t h e  P-7 auto- 

radiograph t y p i c a l l y  seen where f u e l  melti-ng has occurred. The i n t e r e s t -  

i n g  feakirres a r e  revealed i n  t h e  a autoradiograph. First, t h e r e  i s  a 

l a rge  i-ncrease i n  plutonium content, near the c e n t r a l  void.  Secondly, 

t he re  are sphe r i ca l  i s lands  of higher plutonium content i n  t l e  cooler 

p a r t s  of the  regions with t h e  columnar grain-growth struc.t;uz-e. We 

a t t r i b u t e d 3  9 l 4  t hese  observations t o  a migration o f  uranium-rich vapors 

down t h e  temperature grad ien t ,  with condensates f i l l i n g  t h e  voids around 

t h e  l a rge r  microspheres. A t  in termediate  temperatures, d i f fus ion  and 

short-range vaporization-condensation processes provide homogenization. 

The loss of t h e  uranium-rich vapors from t h e  fuel near t'ne c e n t r a l  void 

leaves a plutonium-enriched s o l i d  behind. 

Figure 9 ( a )  from .tine p i n  with 

Figure 9 ( b )  i s  from a p i n  ,with a higher  heat  r a t e  where, at l e a s t  

i n  t h e  ea r ly  stages of i r r a d i a t i o n ,  a po r t ion  of t h e  f u e l  w a s  molten. 

The exteriC of melting i s  ind ica ted  by the  inner  edge of t h e  high 9-7 

a c t i v i t y  r ing .  The a autoradiograph shows t h e  plutonium-rich sphe r i ca l  
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i-slands .in t h e  cooler regions of t h e  c o l . m a r  gra ins ,  alt'loilgh they a r e  

less d i s t i n c t  than t'nose i n  Fig. 9 ( a ) .  

t h i s  p i n  and t h e  one with lower heat  r a t e  7-s i n  t h e  p.Luton5.m concentra- 

t ions  near t h e  c e n t r a l  void. 

no t  show t h e  sharp r i s e  i n  concentrat ion a t  t h e  void, but,  i n  f a c t ,  

ind-icates a small. decrease.  Such a decrease cannot be a t t r i b u t e d  t o  

s o l i d i f i c a t i o n  from t h e  melt because t h i s  process woii1-(1 y ie ld  a peak i n  

plutonium content f o r  t h e  last  segment t o  s o l i d i f y .  

i s  a-nother means of e s t ab l i sh ing  a pliltonium gradien t  but; would not 

expI.ain a peak m a y  from t h e  void sur face .  

condensation process  can exy3.ain both obswvat ions and we w i l l  show o w  

reasoning. 

The major diprerenee between 

The p i n  with t h e  higher heat  r a t e  does 

Thermal diffusion15 

We f z e l  .khat t h e  vaporization- 

As a f irst  s t e p  i n  developing t h i s  ~ ~ ~ i e l .  o f  acti-nide r e d i s t r i b u t i m ,  

we ca lcu la ted  t h e  vapor pressurres of Ppu, PuO, Pu02, U, UO, U02, and U03 

over d i f f e r e n t  s o l i d  compositions as funct ions of temperature and t h e  

11~0:H2 r a t i o  i n  the g a s  phase, using t h e  Z;hermody-narnic da ta  of Rand and 

Markin. l6 Figurt'e 10 shows t h e  -vapor c o q o s i t i o n  over a hypostoichiometric 

Uo .8Pw. 202-x fuel- with d i f f e r e n t  H20:H2 r a t i o s  Similar CUITVeS ha,Ve 

been ca lcu la ted  f o r  d i f f w e n t  s o l i d  compositions, and t h e  e f f e c t  of t h e  

s o l i d  composition a t  a constant  H20:H2 r a t i o  can be seen i n  Fig.  11. 

The t o t a l  combined pressures  of a l l  uranium- and p1utmnium-bearing 

species  a r e  shown i n  Fig. 12. We were 11.11success-ful i n  a.t.t;emp.ting t o  

c a l c u l a t e  r a d i a l  va r i a t ions  i n  plutonium contents f o r  the solid by t h e  

method proposed by Aitken and %ans.l7 Contrary t o  t h e i r  r e s u l t s ,  o11.r 

ca l cu la t ion  fo r  hypostoichiometric f u e l s  p red ic t s  Vnat the  plutonium- 

to-uranium r a t b  i n  t h e  gas phase increases  with increasing temperature 
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f o r  any given water-to-hydrogen r e t i o  i n  t h e  range -LO 

We have no explanation fo r  t h e  d i f fe rence  between our resu lks  and 

Aitken's.  

On t h e  b a s i s  of o u r  observations and ca lcu la t ions ,  we p o s t u l a t e  

t h e  following q u a l i t a t i v e  model: 

1. Vaporization-condensation w i l l  occur i n  the  s t eep  temperature 

grad ien ts  ( l o 3  t o  104"C/cm) of f u e l  under i r r a d i a t i o n ,  s ince  the  f u e l  

vapor p a r t i a l  pressures  change by approximately an order  of  magnitude 

for every 200'C. 

2.  On t h e  bas i s  of current1.y ava i l ab le  thermodynamic? da ta ,  t h e  

vapor composition over a ( U , P U ) O ~ _ ~  f u e l  w i l l  become enriched i n  

plutonium-bearing species  a s  t h e  temperature increases .  

3. The tempera-Lure a t  which Lhe plutonium content i n  the vapor 

exceeds the  plutonium content i n  t h e  evaporating s o l i d  decreases with 

decreasing oxygen a c t i v i t y  i n  the atmosphere (lower H20:H2 or CO:CO:! 

r a t i o s ,  a s  determined. by i n i t i - a 1  fiAe1 oxygen-to-metal r a t i o s ) .  

&. If a f u e l  i s  i r r a d i a t e d  under condi t ions such tha-L t h e  center  

tempera-t.ure i s  below t h e  temperature a,t which the  plutonium content  i n  

the  vapor equals t h e  plutoni.um content i n  t he  s o l i d ,  t h e r e  w i l l  be a 

net  migration of uranium down the  temperabure grad ien t ,  leaving a higher  

plutonium content i n  .the higher  temperature reg ions .  

5 .  Tf t h e  f u e l  i s  operated with center  temperatures above the 

temperature a t  which t h e  plutonium content i n  Lhe vapor exceeds t h a t  

i n  t he  s o l i d ,  t h e  plutonium content  w i l l  peak a t  some temperature below 

the  peak temperature.  
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We have only a l imi ted  mount  of microprobe data avai1abl.e a t  t h i s  

time, but the data t o  date  support t h i s  pos tu l a t e .  Figure 33 shows the  

pl-utonium-to-uranium r a t i o  i n  an irradiated f u e l  near t h e  c e n t r a l  void. 

The i n i t i a l  oxygen-to-metal r a t i o  for t h e  f'uel w a s  between 1.23 and 

2.00, so an oxygen a c t i v i t y  equivalent t o  a H20:Hz r a t i o  l e s s  than l o M 2  
i s  expected18 i n  the  gas atmosphere. 

approximately 2000'C, a r i s e  i n  plutonium content t o  a rtaximum a t  t h e  

edge of  the  c e n t r a l  void i s  expected and was observed. 

With a center  temperature of  

Figure 14 shows t h e  microprobe ana lys i s  for t he  p in  operated w i t h  

center  melting a t  t h e  s t a r t  of  l i € e  and with center  temperatures about 

27OO'C (3000'K) a t  the  end of l i f e .  The i n i t i a l  fuel was the  same, so 

t h e  oxygen a c t i v i t y  i n  t h e  gas would be s imi l a r .  

higher temperature a peak i n  plutonium content would be expected i n  the  

columnar gra ins  away from t he  center  void. R reported microprobe anal-  

y s i s  for. a fu.el irradiated i n  t h e  EBR-11 with c e n t r a l  temperatures near 

t he  melting point  shows 3, peaking i n  plutonium away from the c e n t r a l  

void, fi-wther confirming o m  evidence on the  temperature e f f e c t .  We 

s t i l l  see t h e  decrease i n  plutonium content a t  t h e  outer  edge o f  t he  

columnar gra in  region; t h e  1400- t o  11*>00-pm dis tance i n  t h e  fiqu_re. 

We have not ye t  examined any fuel w i t h  a lower oxygen-to-metal 

However, a t  t h i s  

r a t i o ,  so  t h e  expected e f f e c t s  of oxygen a c t i v i t y  a r e  l e s s  w e l l  sub- 

s t a n t i a t e d .  There i s  some indica t ion  i n  repor t s  of the  General E l e c t r i c  

Company2"-" 

r a t i o s ,  b u t  t he  t e s t  conditions (8g h r  with c e n t r a l  melting) were such 

that  equilibrium was probably not a, t tained. 

indicated- t h a t  i n  EBR-I1  i r r a d i a t i o n s  of the same f u e l  i n  two d i f f e r e n t  

tha t  plutonium gradients  vary with i n i t i a l  cxygen-to-metal 

A preliminary repor t2  
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claddings, one o f  which would a c t  as an oxygen sink, d i s t i n c t l y  d i f f e r e n t  

end-of- l i fe  plutonium contents were found j n  t he  intermediate columnar 

g ra in  regions - 31 compared with ?6$, wi.th the  higher concentrati-on being 

associated with the possibly lower oxygen a c t i v i t y .  

DiSCUSSION 

The proposed mechanism for uranium and plutonium r e d i s t r i b u t i o n  by a 

predominant]-y vapor phase t r anspor t  mechanism i s  similar t o  t h a t  discussed 

by rjober” and Aitken.25 The major differences a r e  t h a t  i n  t h i s  case we 

show the e f f e c t s  of peak temperature on the  equilibrium plu.tonium dis t , r i -  

bution and the  e f f e c t s  o f  the  compositional changes on r e s t r u c t u r i n g  

forces  ( k i n e t i c s ) .  The extent  of ac t in ide  r e d i s t r i b u t i o n  i.s initia1.l.y 

es tabl ished by the  rapid decrease i n  vapor pressures  wi.t,ln decreasing 

temperature. The composition of the solid s t a t e  a t  various rad ia l  

l oca t ions  approaches a quasi-equilibrium when the uranium-to-plutonium 

and the oxygen-to-metal r a t i o s  i n  the solid a re  balanced with those i n  

the  vapor phase. The v a r i a t i o n  of equilibrium oxygen-to-metal w i t h  

plutonium content i s  supported by the experi.me.nta1 observations of Ohse 

and Olson26 and J. E ,  BatLles e t  al.27 who repor t  d i f f e r i n g  oxygen-to- 

metal  r a t i o s  f o r  vapor pressure minimums (congruent vaporizat ion)  i n  out-  

o f -p i l e  experiments w i t h  two d i f f e r e n t  compositions of s o l i d s .  The 

pressure minimums occur a t  ( ~ 2 . 8 ,  ~uc.2)01.92-1.93 and ( ~ 0 . 8 5 ,  ~~0.15)O1.97. 

Since the t o t a l  vapor pressures  a t  a l l  oxygen-to-metal r a t i o s  l e s s  than 

approximately 1 .99  a r e  e s s e n t i a l l y  control led by the par t ia .1  pressure o f  

U02 ( r e f s .  26 and 27), and t h i s  decreases w i t h  decreasi-ng oxygen-to-metal 

r a t i o s  i n  the so l id ,  the  pressure gradient  w i l l  be reduced as the  s o l i d  

compositions change i n  the  higher temperature regions t o  higher plutonium 



contents  and lower oxygen-to-metal r a t i o s .  During r e s t r u c t u r i n g  the  

lowering of temperatures due to  increased thermal conductivity r e s u l t i n g  

from f u e l  dens i f i ca t ion  w i l l  lower the  vapor pressure.  The compositional 

changes w i l l  f u r t h e r  lower these pressures  so  t h a t  t h e  vaporization- 

condensation process e s s e n t i a l l y  reaches equilibrium. The c los ing  off of 

channels for vapor movement with dens i f i ca t ion  will also reduce the  

p o s s i b i l i t i e s  f o r  vaporization-condensation; bu t  po ros i ty  sweeping up the 

temperature g rad iec t  w i l l  continue t o  provide a path along which such a 

process might proceed. 

Even without the  a l t e r n a t e  p o s s i b i l i t y  of thermal diffusion,  the  

change i n  oxygen-to-metal r a t i o s  with burnup w i l l  provide a d r iv ing  

fo rce  f o r  continued r e d i s t r i b u t i o n  by the  vaporization-condensation 

process.  A s  the  oxygen ac t iv iky  increases,  Ghe vapor pressures  a t  all 

temperatures w i l l  a l s o  increase; arid new quasi-equilibrium composi t i o n a l  

d i s t r i b u t i o n  requirements w i l l  develop. 

c oric LUS I o m  

The ana lys i s  of our observations t o  date mag be s m . a r i z e d  as 

Po llows : 

1. We have c l e a r l y  defined vaporization-condensation as t h e  

p r i n c i p a l  process for r e s t r u c t u r i n g  i n  ( U, PU)  02 f u e l s  f o r  operat ing 

temperatures above l’7OO’C ( t h e  columnar grain-growth region) - 
2. S in t e r ing  processes and g r a i n  growth w e r e  shown t o  occur a t  

a l l  temperatures observed down t o  approximately 900cC, but these pro- 

cesses a r e  of secondary importance i n  e a r l y - l i f e  r e s t r u c t u r i r g .  



3. E a r l y - l i f e  res t r i rc tur ing  has a d i s t i n c t  time dependence, which 

i s  an inverse  func t ion  of t h e  f u e l  operat ing temperatures.  A t  a center  

temperature of 2000°C t h e  r e s t ruc tu r ing  i s  incomplete even a.fter 23 days 

of  f u l l  power operat ion.  

4 .  The v~porizat ion-conderisat ion process can account; f o r  a c t i n i d e  

r e d i s t r i b u t i o n .  E i the r  uranium or plutonium can concentrate  i n  the  

f u e l  a t  t h e  h ighes t  temperature, depending on t h e  f u e l  operat ing temper- 

a t u r e  and probably on t h e  oxygen ac t iv i - ty  i n  t h e  gas phase. 

AC KNOWLEiZMEIVT 

'The authors  would l i k e  t o  thank E .  L. Long, Jr., D.  E .  Cuneo, and 

L. G .  Shrader f o r  the  metallogra,phy; J. L Mill.er, Jr., Helen Mateer, 

and T. J. Henson fo r  t he  microprobe analyses;  D.  K. B t e s  f o r  

prog~arnming t h e  VAPUR code; and C .  M. Cox, F. J. Homan, and. T. N .  Washburn 

for t h e i r  a s s i s t ance  and comments during t h e  review of t hese  da ta .  



REFERENCES 

1. R .  E3. FITTS, V.  A. UeCAELO, E. L. LONG, J R . ,  and A. R .  OLSEN, 

"Thermal Performance and Restructur ing of P e l l e t  and Sphere-Pac 

Fuels," Trans. Am. Nucl. Soc., g ( 2 ) ,  549-551 (1970). 

2.  A. R. OLSEM, C .  14. COX, and R.  B. FITTS, ''Low Burnup I r r a d i a t i o n  

Tests of Sphere-Pac Sol-Gel (U,Pu)O2 Fuels," Trans. Am. Nucl. Soc., 

,.a.-! 12( 2), 605-606 (1969). 

3. A. R .  OLSEM, "Intermediate-Burnup I r r a d i a t i o n  Tests of Sphere-Pac 

Sol-Gel Fuels, 'I Trans.  Am. Nucl. Soe., M 13( l), 32-33 (19'70) I 

4 .  F. G .  KITTS, R. 8. FITTS, and A.  R .  OLSEN, "Sol-Gel Urania-Plutonia 

Microsphere Preparat ion and Fabricat ion i n t o  Fuel Rods, 'I pp. 195-210 

i n  In t e rn .  Symp. Plutonium Fuels Z'echnol., Scot tsdale ,  Ariz., 1967, 

Nucl. Met. 2, ed. by K. E. Ilorton, R.  E.  Macherey, and N. J. Al l io ,  

American Ins t i t u t e  of Mining, Metal lurgical ,  and Petroleum Engineers, 

New York (1968). 

5 .  A. R.  OLSE?X, R .  B. FITTS, and C. M. COX, "Analysis of t h e  V a l i d i t y  

of Fast  Reactor Fuel Tests i n  Fx i s t ing  Test Reactors," pp. 127-I30 

i n  National Symposium on Developments i n  I r r a d i a t i o n  Testtng Tech- 

nology, CONF-h90910, United S t a t e s  Atomic Energy Commission, Division 

of Tlechriical information Extension (1969). 

0. J. R. MacEWAN and V. B. LAWSON, J. Am. Ceram. Soc. ,  5, 42 (1969). 

' I .  D .  E. DeHALAS arid C . R .  HORN, J.  Nucl. PJIater . , 5, 207 ( 191 % )  . 
8. F. A. NICHOLS, "Theory of Columnar Grain Growth and Cen t ra l  Void 

Formation in Oxide F'uel Rods," J. Nuel. Mater., z, 214-222 (19C~~!). 

9,. F. , I .  H O W ,  C. Id. COX, and W .  J. LACKEY, "Comparisons Between 

Predicted and Measured -Fuel Pin Performance, I '  ( t h i s  conference).  



28 

10. 

11. 

12. 

13. 

14 . 

15. 

1.6 . 

17. 

C W G  SAENG R I M  and HENRI FENCH, "A Thermal Analysis of Fast  

Reactor Oxide 117uelssfr Trans. Am. Nucl. Soc., L?(l), 103-104 (196'3). 

W. E.  13AITJEY e t  a l . ,  "Effect of 'Ceqera ture  and Burnup on Fiss ion  

Gas Release i n  Mixed Oxide pp. 195-210 i n  Ceramic Nuclear 

Fuels In t e rna t iona l  Symposium May 3 - 4 ,  1969LW~ington ,  D. C . ,  

American Ceramic Society (1963). 

J. R .  FINDLRY e t  a l . ,  "The Emission of F iss ion  Products from IJraniun- 

Plutonium Dioxide D u r i n g  I r r a d i a t i o n  t o  High Burnup, 'I  J .  Nucl. 

Mater., 35, 21k-34 (1970) . 
W. J. U C K E Y ,  "Microscopy of (U,Pu) 0 2  Fuels,  'I  ,!bels and Materials 

---_I 

- -  
---- Development Irogram Q u a r t .  Progr. Rept. June 30, 1.970, ORNL-4600, 

Oak Ridge National Laboratory, pp. 47-54. 

W .  J. LACKEY and J. L MILLER, " D k t r i b u t i o n  of U and Pu," Fuels .~ 

and Materials Development Program Quart. Progr . Rept . June 30, 1970, - 

ORNL-&OO, Oak Ridge National Laboratory, pp. 69-71. 

M. G .  CIUSAfEOV and A .  F. FISCHER, Out-of-Pile Study of  t h e  Effec ts  

of Thermal Gradients on the Dis t r ibu t ion  of Plutonium i n  Fast- _ . _ - ~  _I.- 

Reactor Fuel  Materials,  ANL-7703, Argonne Nati-onaL Laboratory ( 1970). 

M. H. I W T D  and T .  L. MARKIN, "Some Thermodynamic Aspects of (U ,Pu)Oz  

So1i.d Solutions and Their Use as Nuclear Fuels," p .  63;' i n  Thermo- 

dynamics of  Nuclear Materials,  196'7, i n t e rna t iona l  Atomic Energy 

Agency, Vienna (1963). 

_--II_ 

E. A.  AITKEN and S. K. miNS, A Thermodynamic Data Program Involving 

Plutonia  and Urania at, High Temperatures, Quarter1.y Report No. '7, 

GW-12027 I General E l e c t r i c  Compazy, Val lec i tos  Nu-clear Center 

(August 1969 ) . 

-- 

-_ 



18. K. E. SPEAR, A. R .  OLSEN, and J. M. LEITNAKER, Thermodynamic 

Applications t o  (LJJPu) 02 1 

National Laboratory (1969). 

Fuel Systems, ORNL-TIVT-2494, Oak Ridge 

19. R. NATESH and D.R.O. BOY LE, Reactor Development Program Progress 

Report, February 19'70, ANL-'7669, Argonne National Laboratory, p .  10'7. 

20. Sodium-Cooled Reactors Fast  Ceramic Reactor Development Program 

Thirty-Second Quar te r ly  Report, August 1969-October 1969, 

GW-10028-32, General E l e c t r i c  Company, Breeder Reactor Develop- 

ment Gperation, p .  2-6 

21. Sodium-Cooled Reactor Fast  Ceramic Reactor Development Program 

Thir ty-Fif th  Quar t e r ly  Report , May 19'7rl-July 1.970 , GW-10028-35 , 
General E l e c t r i c  Company, Breeder Reactor Development Operat ion, 

pp. sc2-64. 
22. Sodium-Cooled Reactors Fast Ceramic Reactor Development Program 

Thirty-Sixth Quar t e r ly  Report, August 1970-0ctober 1970, 

G W -  10023- 36, General Elec'bric Company, Breeder Reactor Develop- 

ment Operation, pp. 48-61. 

21. C .  E.  C R O U T M a L ,  Reactor Developmerit Program Progress Heport 

February 1979, A N L 7 6 C 3 ,  Argonne National Laboratory, p .  10'3. 

PI. BOBER, C .  SARI, and G .  SCHUMAClyER, "Plutonium Migration i n  a 

Thermal Gradient in Mixed (U,Pu) Oxid? Fuels ,"  Trans. h. Nucl. 

-9 

24. 

SOC. 12(2), eo? (1x9). - -  
c , L  7 .  E .  A. AITKEN and S .  K .  EVANS, "Thermodynamic Behavior of  Plutonium 

Oxide Systems i n  a 'T?mperatu-r*e Gradient, I '  pp. 'i',"?-'/qJ i n  Plutoniruri 

l Q r i i 3  arid Other Actinides, Nucl. Met. l 'I(Part 2 ) ,  ed.  by W.  N .  Minlsr, 

The Meta l lurg ica l  Society o f  American I n s t i t u t e  o f  Mining, 

Mctal lurgical ,  and Petroleum Engineers, New York, 13'70. 

- 



30 

26. R. W. OHSE and W. M. OLSON, "Evaporation Behavior of Substoichio- 

metric (U,Pir)02, " pp. ?/+3-'?51 in Plutonium 1970 and Other Actinides, 

Nucl. Met. - 17(Part 2 ) ,  ed.  by W. N. Miner, The Metallurgical Society 

of American Institute of Mining, Metallurgical, and Petroleum Engineers, 

New York, 19'70. 

27. J. E. BATTLES, W. A. SHINN, P.E.  BLACKBUWT, and R. K. EDWARDS, "A 

Mass Spectrometric Investigation of Volatilization Behavior of 

(uo. 8 ,  h 3 . 2  )O~-X, " pp- 733-742 in Plutonium 1970 and Other Actinides, 

Nucl. Met. l.?(Part 2), ed, by W. N. Miner, The Metallurgical Society 

of American Tnstitute of Mining, Metallurgical, and Petroleum Engiceers, 

cw 

New York, 1970. 



- 1-3. 
4 .  

i-l)?, 
15149, 

150 * 
151.. 
552 " 
153. 
154. 
155. 
156. 
157. 
1%. 
159. 
160. 
161. 
162. 
163. 

16Lt-168. 
169. 
170. 
171.. 
172. 

~ r r 2 - m .  

208. 
209. 

210. 
211.  
212 * 

213. 

2 12,. 

215. 
216. 

217. 
218. 

219. 

2 2 0 . 
221. 

INTERNAL DISTRIBUTION 
176. F. J. Wonian Cen t ra l  Research Library 

O m L  - Y-12 Technical  Library 177, H. Iriouye 

Laborztory Records Department L83. J. M .  Leitnaker 
Laboratory Records (FmP) 18L. E .  L. Long, Jr. 
Laboratory Records, ORNL RC 185. A. L. Lo'cts 
OlwL Patent  Off ice  186. E.  J.  Manthos 
R .  E.  Adms L$/. W. R .  Martin 
G ,  M. Adamson, Jr. 188. H. V. Mateer 
R. E. Blanco 149. W. E .  McCoy, Jr. 
E .  E .  Bloom 190. C .  J. McHargue 
€3. A.  Bradley 191. J. L Miller, Jr. 

J. A. Conlin 197. P. P a t r i a r c a  
C .  M .  Cox 198. W. H. Yechin 
K. S. Crouse 199. J. L. Scot,t 
F .  L .  Culler,  Jr. 200. J. D .  Sease 
D .  R. Curieo 201. V .  J.  Tennery 
J. E .  Cunninglnm 202. D, B .  'I'rauger 
R .  B. F i t t s  203. W.  E .  TJnger 
B. F l e i sche r  204. V. C .A Vaugheri 
J. H Frye, Jr. 205. T. N. Washburn 
G. H. Goode 206. A. M. Weinberg 
W .  0 .  Warms 20'7. J. R .  Weir, Jr. 
M. R. i l i l l  

Document Reference Section 1'78-182. W .  J .  Ilackcjr 

R. A. Buhl 192--196. A. R. OlSen 

EXTERI\JAL DISTRIBUTION 

W. E .  Baily, General E l e c t r i c ,  BRDO, Sunnyvale, CA 9/+0K6 
C .  J.  Baroch, Babcock & Wilcox, P .  0. Box L%6G, Lynchburg, 

1). F .  Cope, RDT, SSR, AEC, Oak Ridge National Laboratory 
E.  A. Evans, WADCO, P .  0. Box 19'/0, Richland, WA 49352 
J. Green, Los Alamos S c i e n t i f i c  Laboratory, P. 0. Box 1661, 

T. I l t i s ,  KDT, SSR, AEC,  Westinghouse, AfD, P. 0. Box 154, 

D. L. K e l L e r ,  Battelle Memorial I n s t i t u t e ,  505 Kind &re., 

E .  E .  Kintner, HIT, AEC, Washington, DC 20545 
P.  J. LevLne, Westinghouse, Am, Waltz Mill S i t e ,  P. 0, Box 158, 

C .  L. Matthews, KDT, AEX, O a k  Kiclge NatFonaL Laborzt,ory 
P.  Murray, WestinKhouse, ARD, Waltz M i l l  Site, P .  0 .  Box 1 > g j  

M. V .  N e v i t t J ,  Argonne National Laooratory, 97013 South Cass Ave., 

E .  C. Norman, RDT, AEC, Washington, DC 2054-5 
H. PearLrriari, Atomics Iriterriational, P .  0.  Box 309, Canoga Park, 

VA 24795 

Los Almos, NJ!4 87'544 

Madison, FA 15663 

Columbus, OH 432131 

Madison, PA 1.566% 

Madison, PA 15661 

Argonne, JL LO439 

CA 9133'7 



i 32 , 

222. 

223. 
224. 

225. 

226. 
227, 

228. 
229. 

230-233. - 

233-234 ~ 

235. 
23G-237. 

W. E. Ray, Westinghouse, AFXI, Waltz Mill Site, P. 0. Box 158,  

S. Hosen, KDT, AEC, Washington, TIC 20545 
P. G. Shewinan, Argonne National Laboratory, 9700 South Cass 

S. Siegel, Atomics International, P. 0. Box 309, Canoga Park, 

J. M, Simmons, KDT, AEC, Washington, DC 20545 
A. A, Strasser, United Nuclear Corporation, Grasslands Rd., 

C. E. Tdeber, RDT, AEC, Washington, DC 20545 
G. A. Whitlow, Westinghouse, AFD, Waltz Mill Site, P. 0. Box 158, 

Director, Division of Reactor Licensing, RDT, AEC, Washington, 

Directo L', Division of Reactor Standards, RDT, AEC, Washington, 

Laboratory and University Division, AEC, Oak Ridge Operations 
Division of Technical Information Extension 

Madison, PA 15663 

Ave., Argonne, 1IL 60439 

CA 91304 

Elnsford, NY 10523 

Madison, PA 15663 

DC 20545 

DC 205L5 




