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LEGAL NOTICE 

T h i s  report w a s  prz’pured as on txcount of Goveiqrnenr s p ~ n ~ ~ x e d  w > < k .  
nor the Commission, nor any person acling nr, behalf of the C-oronision: 

A. Makes a n y  ivorronty or reur’esentcrtio,;, s x p r c s 4  or impi ied, with r e i p e c r  TU ri:e occurocy, 

c o m p l d e n e r s ,  or usefu lness  oi the infarmdlon conrained i n  this report, or the? the U ~ P  of  

ony inforirQtion, appiratus ,  metlmd, 01 process disclosed i n  t h i s  report, mny no? infringe 

pr ivate ly  owned rights; or 

Nrithar the United Stotes, 

13. Assumes any i i n b i i i t i e s  .with respect t o  the use of, o< for durnnyrs res 
any infarmutian, apQtli*l?uS, mothad, or process disclosed in this r e p a f t .  

As used in the abnve, ‘ ‘ p i r ~ o r i  acting on beholf of the Commission’’ includes uny employee IZI 

contractor of the  Commission, IX employee of such uctur. to the  e x t e n t  that  such enlpioyes 
or coiitiac:ot of t he  C o m m i s s i o n ,  ~r employee N /  co*:tioctot prapores, dissen:inates, or 

provides access to, a n y  informatinn pursuant i o  h i s  smployment OI contract wi th  the  C u n m ~ s s ~ o r ~ ,  
or h i s  employment ,with auch c lntroctcr .  
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TNYHODUCTION 

'The purpose of t h i s  work was t o  develop a m p i d  l a b o r a t o r y  method 

f o r  rriaking microspheres of nuc lea r  fuel m a t e r i a l s ,  mostly oxides,  and t o  

use t h e  method f o r  t h e  p repa ra t ion  arid prel iminary eva lua t ion  o f  s e v e r a l  

p r o d u c t s .  A method which proved ve ry  u s e f u l  f o r  t h i s  i,ur'p,ose w a s  devel..- 

oped. The method i s  a sol . -gel  process,  b u t  it d i f fe rs  s i g n i f i c a n t l y  from 
1 s o l - g e l  processes  i n  use a t  Oak Ridge Na t iona l  Laboratory (OBNL) 

s e v e r a l  o'tiier l a b o r a t o r i e s  and plan.t? -(. 

method a t t r a c t i v e  f o r  I.aboratory use are s i m p l i c i t y ,  f l e x i h i l . i t y ,  and t'ne 

a b i l i t y  t o  co i l t ro l  anton concen t r a t ion  in t h e  gel. microspheres b e f o r e  they 

are f i red .  These f e a t u r e s  make it possible n o t  on ly  t o  i n v e s t i g a t e  and. 

eva lua te ,  i n  a p re l imina ry  manner, marly types of microspilere products,  

b u t  a,l.so t o  "bui ld"  in'io -the n~ ic rosphe res  p r o p e r t i e s  such as control led.  

p o r o s i t y .  

and a t  
r -  

F e a t u r e s  which make Lhis new 

Microspheres of nuc lea r  f u e l  materials c o n t a i n h g  admixed materials 

t o  i n c r e a s e  t h e i r  s t rength o r  t h e i ~ f r ~ c o n d u c t i v i t y  o r  to raise &heir m e l t  - 
i n g  temperature,  and microspheres wi th  c o n t r o l l e d  p o r o s i t y  are needed f o r  
evaJua t ion  as n u c l e a r  f u e l s .  Hopefully, some of t h e s e  new pi-oducts will 

exl1ibi.t s u p e r i o r  performance a s  nuc lea r  f u e l s .  

Among t'ne t ypes  o f  microspheres prepared were porous UO and Tho2; 2 
U02-Mo, UO J4, and T h O  -Mo ceruiets; mixed UO -ZrO 

These products were exainiiied- by microscopy, p o r o s i t i e s  were measured us ing  

mercury porosimetry, photomicrographs of sectlions and chemical ana lyses  

were made, and resistances t o  crushing were determined. The r e s u l t s  o f  

t h e s e  eval.uations are gi.ven along wi.tii a d.escripti.on of t'ne procedures 

used. 

and  ZrN-ZrC;  and Z r C .  2 2 2 2  

DESCRiPTION OF Y'fB METHOD U S E 0  M PREPlIRE MICROSPHERES 

A l l  o f  t'ne microspheres desc r ibed  i n  t h i s  work were prepared by t h e  

procedures o u t l i n e d  i n  F i g u r e  1. I n  t h r  sphere forining procedure, a s t ream 

of s o l  was forced- from a sy r inge  i n t o  a layer of 2-ethyl-1-hexasoI. (2EI-I) 

f l o a i i r i g  on 1-5 M NH40H. 

d r o p l e t s  f e l l  i n t o  t h e  1.5 M NHLOH .where t h e y  g e l l e d .  

The s o l  dispe-rsed i n t o  droplets i n  the 2EH and the - 
The gelled microspheres _- 
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MlXlNG l-;-ET3 
SOL FORMATION 

NH3 -7 
SOLlUTlON OF 

U, Th, or Zr 
SALT 

" C  
TER 

I) 

6 E LAT 10 N MELTING 

2-ETHY XANOL 

15 M NH40H - 

S PI4 E RE FO %MAT IO N 
P ANION REMOVAL 

Fig. 1. Two Methods for Making Sols and O n e  for Spheres Were Used. 
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d i d  n o t  agglomerate o r  otherwise change shape ri.n t h e  15 M R-1 OH. Anions 

i n  the gel led.  spheres  were leached out  by t h e  concentrated arrrmoniurm hydrox- 

i d e .  The g e l  spheres  were d r i e d  and. f i r e d ,  usual. ly f o r  1. hr a t  1250-1300 C 

in argon p u r i f i e d  over ho t  copper. 

- 4  

0 

i n  some cases  4% X2Ar  was used. 

It was discovered tha t  s o l s  form when ammonium molybdate s o l u t i o n s  a r e  

mixed wi th  s o l u t i o n s  of uranium, thorium, o r  zirconium sa l t s .  The fwida- 

mental.. reasons t h a t  such sols form are not  known, b u t  t'ne s o l s  proved t o  

be e x c e l l e n t  s t a r t f n g  m a t e r i a l s  f o r  forming c e r t a i n  types  o f  products,  as 

will . .  be shown below. A second method for maki-ng s o l s  (F ig .  I., bo-ttom) 

almosi; as simple as t h a t  desc r ibed  above, consis-Led of bubbling d i l u t e d  

arnmonja gas i n t o  s o l u t i o n s  of uranium, thorium, o r  zirconium sa,L-ts u n t i l  

g e l a t i o n  occurred, t hen  me l t ing  t h e  g e l  a t  about  50°C t o  convert  it t o  a 

free-f lowing s o l .  A l l  of t h e  products  described. i n  t h i s  r e p o r t  were made 

from sols prepared by one of t h e s e  two me-thods. 

I n  some cases,  minor v a r i a t i o n s  ii1 s o l  p r e p a r a t i o n  were used. F o r  

example, sols con ta in ing  zirconium were prepared by stopping t h e  ammonia 

flow jus'c 'oef ore  g e l a t i o n  occurred because t h e  g e l s  con ta in ing  zirconium 

o f t e n  could no t  be converted ,to sols by warming. In  add i t ion ,  good spheres  

could. no t  be made from sols con ta in ing  zirconjum o r  thorium, made by t h e  

method shown in t h e  b w e r  h a l f  o f  F i g .  1, u n l e s s  t h e  sols were hea ted  to 

70-90°C f o r  abou-L 1 hr. 

t i a l  conversion of amorphous s o l  in'Lo s m a l l  c r y s t a l l i t e s .  

sol-gel  process  .l 

i n  pub l i ca t ions ,  *-7 a r e  q u i t e  s i m i l a r  t o  t h e  ORNI; p rocess .  I n  tile first 

s t ep ,  anions a r e  removed from a s a l t  of uranium, thorium o r  zrirconiwn by 

h e a t i n g  3.n a i r  o r  wa-ter vapor, by a l k a l i n e  p r e c i p i t a t i o n  followed by wash- 

h g ,  o r  by solven-1; e x t r a c t i o n ,  d i a l y s i s ,  o r  i.on exchange. Tne product  i s  

pep t i zed  wi th  water  o r  d i l u t e  e l e c t r o l y t e  solution t o  form a s o l  which i s  

f e d  through a needle  i n t o  an. organ ic  l i q u i d  where SOL d r o p l e t s  a r e  forrned 

and dried to y i e l d  gel. microspheres.  In  t h e  procedure used. i n  t h i s  work, 

s o l  i s  made by e i t h e r  of t h e  two metlnods o u t l i n e d  i n  Fig. I, and micro-  

spheres  a r e  formed by f eed ing  t h i s  s o l  i n t o  the l a y e r e d  2-e-Lhyl-l-hexanol 

(2EH)  and 15 M NH 03. 

s t e p .  

Presumably, t'nis t r ea tmen t  caused a t  l e a s t  a p a r -  

I n  FLg. 2, the procedure used i n  t h i s  work i.s compared wit'n t h e  ORNI, 

The oti ier  s o l - g e l  processes,  which have been desc r ibed  

Anion removal a c t u a l l y  is  p a r t  of t h e  sphere forming - 4  
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THE SOL-GEL PROCESS USED HERE 

ORNL-Dwg. 67-3750 

ORNL SOL-GEL PROCESS 

Fig.  2. Comparison of the Microsphere Preparation Method w i t h  the 
QRWL Sol-(3el Process. 
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The m a i n  ad-vazi-tage o f f e r e d  by thi.s new method i s  the  saving i n  'tirile 

and e f f o r t  r e q u i r e d  to i n v e s t i g a t e  new s o l s .  For example, t h e  anion 

removal s t e p  r e q u i r e s  no e f f o r t  by Lhe experimenter.  I n  mos-i; of t h e  cases  

dese r tbed  below, a.ni.on removal was accomplished by l e a v i n g  the gel. spheres  

i n  1.5 M - NH40H ove rn igh t .  Microscopic i n v e s t i g a t i o n  of the wet g e l  spheres  

irmiediately a € t e r  formatlion w i l l  r e v e a l  i f  a new sol i s  working we1.l enough 

t o  indi-cate  t h a t  f f r i .ng and e v a l u a t i o n  o f  the  f i r e d  product will be worth- 

while .  TI" the w e t ;  gel. spheres  appear to have u n s a t i s f a c t o r y  shapes, s u r -  

f aces ,  o r  s t r eng th ,  t hey  are d i sca rded .  Thus, t h e  e f f e c t  of s e v e r a l  

v a r i a b l e s ,  such as sol concen,bratri.on, on t h e  forrniiig opera-tion can be 

eva lua ted  r a p i d l y .  

Because it i s  n o t  necessary t o  c o n t r o l  water o r  s u r f a c t a n t  con ten t  

iil t h e  XH, t h e  2ER need. n o t  be c i r c u l a t e d  through a p u r i f i c a t i o n  system 

and only a s m a l l  arnoun-t; (a l a y e r  about  3 inches -t'nick) i s  requi.red.  

s u r f a c t a n t  i s  needed because a I-omera-bioii o f  t h e  d r o p l e t s  Tn t h e  2FH i s  

n o t  a problem. The d r o p l e t s  faI.1 through -the 2 E H  i n  a f r a c t i o n  o f  a 

second arid t h e r e f o r e  do n o t  have a n  opportuni-ty -to agglomerate. The 2EB 

se rves  only t o  d i s p e r s e  t'ne s o l  i-nto d r o p l e t s ;  it does n o t  s e r v e  as a d r y -  

i n g  medium i n  t h i s  system as 7.t docs i n  t h e  O&lL system o u t l i n e d  i n  Fig. 2. 

Therefore,  t h e  2EII nay be water  - s a tu ra t ed .  

No 

The anLon removal s-bep may be t e rmina ted  a t  any d e s i r e d  r e s i d u a l  

ani.on concen t r a t ion  by i-eruoving LIE g e l l e d  spheres  from t h e  anmonium 

hydroxide a. t  t h e  proper  t ime. R e s u l t s  which a r e  given l a t e r  show t h a t  

i n  some cases  the r e s i d u a l  i on  concen t r a t ion  may be more important t han  

has been p rev ious ly  r e a l i z e d .  

Q u a n t i t i e s  of spheres  s u f f i c i e n t  ?or l a b o r a t o r y  e v a l u a t i o n  (about 

20 g) can be formed i n  l ess  t h a n  5 min. 
a l l  made by applying p res su re  t o  a s y r i n g e  by hand.  To achieve b e t t e r  

control. over t h e  sphere s i z e s ,  t h e  use of a constant-speed f eed ing  device 

would be necessary.  Needles w i t h  bore diameters  between 0.02 and 0.05 em 

were used. The sphere s i z e  ob ta ined  depends on t h e  v e l o c i t y  w i t h  whtch 

the  stream of s o l  i s  introduced i n  t o  Yne 2EH rati?er than on needle  s i z e .  

This poi.nt w i l l  be d i scussed  i n  more de t a i l  i n  the  next  seeti-on. 

The products desc r ibed  here were 
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CONTROL OF MICROSl'IEHllj: 

The g r e a t e r  the  veiocity of t h e  stream 

smaller are the spheres  Porrned. An experimnelzt was performed i n  which 

col.ored water d r o p l e t s  were ;pwfl.ped. i n t o  2EH, with a cont ro l l . ed  -speed 

syri-nge d r i v e .  The d i spe r sed  d r o p l e t s  were pjhotogmphed, and the photo - 
graphs  >]ere exarnined wi th  a microscope t o  de-Le-mine the drop]-et size,-, iJ e 

Th(2 r e s u l t s  are shown i n  Fig. 3. The v a r i a t i o n  of r ad ius  with veloc.i.tjr 

carinrjt be explained 'by a s imple theory such as t h a t  given in t he  ajjperldix. 

Roimrer, i-i; i s  c l ea r ,  from the results in Fig. 3, that, the d r o p l e t  size, 

and theref ore the pr.odixct size, can be c o n t r o l l e d  by con-brol.ling the 

v e l o c i t y  with W h i c h  the sol. is introduced. into t h e  2EII. 

POROUS uo,, MICROSPHERES MADE BY VOLYTILLZING Moo 9 
L 3 
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yfie p o r o s i t y  of t h e  product increased rapi.dI.y w i t ' n  i n c r e a s i n g  M ~ / U  

atijlnic r a t i o s  i n  the sol.  arom 58  or sols containir ig  no MO t o  30$ a t  a 

re,i;io o f  0.3 (F ig .  4) . 
7.n orily zi small i n c r e a s e  i n  porosi ty- .  

Greater. amoiints of moly'ud.enum i n  th . e  sol- r e s u l t e d  

A s  would be expected, the crush s t r e n g t h s  of 300 I.J. spheres decreased 

rapidl.;y ( f r o m  1700 g to about  300 g) us t h e  yorosi-Ly inc reased  Prom 5% t o  

36. 
Tne d e n s i t y  of th.e product n o t  p e n e t r a t e d  by rnercu.ry was c l o s e  t o  

LOO'$ iif t h e o r e t i c a l ,  showing tha t  nearly rLl of -the p r e s  were operi  t o  

the s u r f a c e .  

Sorrie t y p i c a l  examples of  the sect3.on oi" t h e  p0rou.s products  are 

stivrJT; in ~ i g .  5. 
i n g   ne MO/U atomic ratio i n  t h e  sol. from 0.1 t o  0.8. 

diameters  f e l l  i n  t h e  r.a.nge 1. to 1-0 i-1, with t h e  m a l l e r  pores predominant 

TIE porosi- ty  was iricreased. P:eoni 1-9 t o  34% by i ~ c r e a s  - 
fihnost a].]- pore 

2 
fojr the lower. porosi.ti.es. 

and decreased. s l i g h t l y  w i t h  i n c r e a s i n g  porosj.-Ly, due t o  Lhe i n c r e a s e  i n  

pore size wi th  inc reas ing  p o r o s i t y .  

The IT2 s u r f a c e  areas were 0.1 111 /g or less, 

An example of a s e c t i o n  of a UO 

-is shown for compa.risoa purposes i n  Fig. 6, 
s e c t i o n  was Laken were prepared by -the method shimn in Fig. 1 (bo t tom) .  

niicrosghere oi' low poros?.t;y, I .3$, 

The spheres from w$ich t h i s  
2 

porous Th0 microspheres were prepared by the same method described 
2 

i n  the  previoiis s ec t i cn  for  poroiis UO- micrssptieres, wit11 1. M - ' L " ~ ( N O ~ ) ) +  

sol.u.tion in plece  of t h e  IJ chl.orj.de s o l u t i o n .  The - t h o r i m  crmcentra - 
t-ion in t h e  s o l s  was 0.7 M. The :maxi.murn Mo/Th utomic r n - t i o  used was 0.6; 
h i g h e r  ratios resul ted.  i.n sols that  eou1.d. nct 11s converted t o  g e l  spheres 

because t h e y  were t o o  vj.scous. Fo r  ratios less  than  0.3,  t h e  (I'?HLk)2 Moo4 
sol.iition WEE; mixed into i;horia s o l s  prepared by us ing  arnmoiiia ('uottom 

method in Fig .  1). A t  t h e s e  Inw r a t i o s ,  sols prepared by s5.in.pl.y mixing 

Th(N0 ) 
than s p h e r i c a l  product .  Leaching in 15 M NH OH decreased t h e  r a t i o  of 

n i t r a t e  ions  t o  th:,ri.i*in atoms from 4 i n  the  sol. t o  0.91 I n  the gel spheres  

but did n o t  e f f e c t  the Mo/Th atomic ratios. 

2 41- 

I 

s o l u t i o n  wi-th (N€14) MoO14 soLiit ion resul.ted i.~. e l . l i p t i c a l  rather 3 4  2 

- 4  
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F i g .  6. Fired Microsphere from a U4+ Chloride Sol., Porosity is 1.3%. 



The p o r o s i t y  of t h e  product was over' 20% khen t h e  Mo/Th atomic r a t i o  

i n  tht. s o l  was only 0 .1  and showed no dependency on the amount of i ~ ~ l y b -  

denim i n  t h e  s o l  over  the range of r a t i o s  betwtcn 0 .1  and 0 .6  ( F i g .  7 ) .  
Some variab.Le o t h e r  than t h e  aniount oi' iriolybdenwn caused t h e  p o r o s i t y  to 

s c a t t e r  between 12 and 33$. Th i s  -variable i s  probably t'ne r a t e  of mixing 

of t h e  thorium arid riloly'odenim s o l u t i o n s .  The sol. forms very r a p i d l y  arid, 

t o  o b t a i n  a u n i f o m  sol,  t h e  ra te  o f  inixing m i l s t  be r a p i d .  The sol p r e p a r a -  

t i o i i  s-bee needs ful-ther i n v e s t i g a t i o n .  

IJp to 0 .1  Mo/Th t'ne r e s i s t a n c e  t o  c n ~ s h i n g  decreased with i n c r e a s i n g  

po ros i ty ,  as expected, and 

cury was u s u a l l y  n e a r l y  100% of theoretics%, showj-rig t h a t  most of t h e  pores 

were open t o  the s u r f a c e .  A-t; higher Mo/Th, however, the products  w i th  

l o w t x  p o r o s i t y  u s u a l l y  had lower c rush  s t r e n g t h  and lo-wer dens i ty ,  i n d i c a t  - 
ing t h a L  here some pores  were not open -bo %lie s u r f a c e .  

t h e  d e n s i t y  of the %n02 not p e n e t r a t e d  b y  mer- 

Porous sphe.rr:s of niixed U02 -Tho2 (2080%) were also made !iy t h e  same 

procediire, w i th  the excep-tion t h a t  a 0.8 M n- I (N0  ) 
r a t h e r  t han  1 M Tln(N0, ) 

- -  0.2 M UO,(NO )2 
3 4- - L 3  1 

was mixed wi th  aii~~iioniirn- molybdate soli i t iori .  

I n  F i g .  8, photomicrographs of s e c t i m e d  porous ThO a n d  UO -Tho,. 2 2 2 

- 3 4  

( 2 0 8 6 )  spheres ,  w i th  33% and "1% porosi'iy, respect ivel ,y ,  a r e  shown. 

These spheres  wese made from S O L S  con ta in ing  0.6 a.toin of Mo per mole of 

Th -+ IJ. 

lj00 11 spheres  were 460 2nd 250 g. 
um-if'o nrdy dis t ribuked . 

The r e s p e c t i v e  c rush  s t r e n g t h s  (a.verage of f i v e  measurements) fcjr 

It is appavent t'nat t h e  pores are q u i t e  

POROUS UO, MICROSPHERES MADE BY VOLATILIZING CHLORIDE 
C- 

It was discovered t h a t  the voLati l izat iorz  of  residual.  ch1.ori.de du r ing  

f i r i n g  of U02 gel. sphe res  Got only  produced controLLabLe p o r o s i t y  si.rni.1.a.r 

t o  t h a t  ob ta ined  b y  .vol.a. t i l izatiOn o f  M o O .  b u t  al.so r e s u l t e d  in a grea-ter 

range of p o r o s i t y  oi' 1 t~ 44%. 
3 ' 

The s o l  and :spheres were prepared by the  me-thod. oui;l.ir.ed in the 'uottom 
44- 

of Fig. 1, s t a r t i n g  w.i.bh 1.0 t o  1.7 M U chi-oride s o l u t i o n s  . The -vol.iuiie 

[if 1-5 M NIiiiOH u s e d .  was varied t o  cause d i f f e r e n t  res idual .  ch lor ide  conten- 

tra,i;Fons i n  t h e  gelled.  spheres .  As t h e  volilrne of 15 M NH 011 increased,  

t h e  amount of c h l o r i d e  i n  Ckie ge l l ed  spheres  (Fi.g. 9 )  and the  p o r o s i t y  of 

- 
- 

- 4  
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from Sols Containing 0. atom of No per atom of T h  + Us Porosities: 
(A) 33% (B) 43% 
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-t;lie product (Fig. lo) f i r e d  i n  argon both decreased. 

very l i t t l e  clil-oride, but f i r i n g  reduced t h e  CI/U atorriic m t i o  i n  ttie 
product  t o  1.ess than  LO 

was US low as 0.2. The excess oxygen i.n the f i r e d  product, cali:ulated a,s 

$ UO, ranged between 0.3 arid .j$ UO . 

Oven d r y i n g  removed 

-1: 
(ak)ol.ii 1.0 ppm) ii' t h e  r a t i o  i n  -LIE g e l  spheres  

3' 3 
The p o r o s i t y  in t h e  f i r e d .  produc-t reached :2 maxh!wn of' kh$, when the 

C l / U  atomic rat : io  ?'..n t h e  g e l  spheres  was about  0 .3  ( F i g .  lo). 

ratio was i nc reased  t o  between 0.3 and 0.4, the  po ros i ty  dkr-reased ratner  

t h a n  increased, because t h e  ;<;ore s t r u c t u r e  begar? t o  break up. Ai; r a t i o s  

h i g h e r  than O . L L j ,  the product  was a powder. A t  ra-bios  b(?lrjw 10 t o o  

].ow t o  measure by t h e  ana l .y t ica l  methr;da used, -f;he products  s t i l l  had. 

D 9 1'0 ;s .i.t i e s 2 to 7%. 
:;pher.es r e s u l t  i n  several. p e r c e r t  ;c)orosity i n  t h e  produ.c.1;. 

If  t h e  

-1: 

Evi-dently very s r n a ~ ~  e.rii<Jll.nts o f  c i i lor ide i n  %tie gel. 

In a typical pre.par.ation ( p o r o s i t y ,  2-78), 9 ~ j 6  of' ttir pore diaiiieters 

were i n  t h e  range 0.3 t o  1.6 1.1, about $ 51e1-e larger - than  9 p, and 2$ vere 

smal.~.er than  0.6 p. 'oetween 1.6 and 3.9 TYE remaining 2% 

Eiesista.nce t o  crushing i n  300 p spheres wa:: maximm (ove r  L'(00 g) 

a t  5% p o r o s i t y ,  droppi r ig  t o  000 g a t  1.8 p o r o s i t y  and t o  LOO g a t  t h e  poros-  

i-by rnaxjmm of lib'$ (F ig .  1.1). 

Fig. IL r e p r e s e n t  product  frum the g e l  ~plrieres i n  vh ich  t h e  C1/U atomic 

r a t i o  was g r e a t e r  t han  0 . 2  be fo re  f i r i n g .  Here tbc onsei; o f  d e t e r i o r a t i o n  

into powder Lowered both the r e s i s t a n c e  .to crushing and %he p o r o s i t i e s .  

Die t w r j  c i r c l e d  p o i n t s  n e a r  42$ porc;sity i n  

Examples of s e c t i o n s  of fired UO microspheres wi.t'n 44% poros i ty ,  2 
t i n e  h i g h e s t  a t t a i n e d ,  are shown i n  F i g .  12. Toe photograph taken a t  lower 

magn i f i ca t ion  shmjs thxt t h e  p o r o s i t y  i s  uniformly d i s t r i b l i t e d ,  A.n exam- 

p l e  or" product  i n  which the pore s t r u c t u r e  has started t o  break up ( C l . / U  

atomic r a t i o  in Leuched spheres  was 0.4) i s  givea i n  F i g .  1.3. 
uct stiLL re tained i t s  spherical shape but  5md practicall:jr ncj si;reng;th. 

I-ts c o l o r  was red, r a t h e r  t han  the b lack  c o l o r  typica:l_ of UO 

TIi is  p rod-  

2' 

T'ne main ~ux.;Ju:;~: l o r  i n t r o d u c i n g  m t a l  i r k o  n u c l e a r  f'uels oxide 

micru:spneres is to i n c r e a s e  the t'nermai coriductivit jr  . ' B e r e t o r e ,  t o  
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Figo 3.1. Resistance to Cashing in the Fired U02 Pllicrosphgres 
Increases as the Porosity Increases to 596, then Decreases with Increas- 
ing Porosity. 
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13. Exmple of Fired U% in which the Pore Struc 
realsup. Porosity is 42.5$. 



o b t a i n  a p o t e n t i a l l y  u s e f u l  product it i s  necessa ry  t o  l e a r n  n o t  only how 

t o  make s t rong,  well-shaped microspheres b u t  a l s o  how t o  make a product 

w i th  good thermal condiictivi-ty.  The v i s u a l  observat ion o f  a con-tiniious 

metal. phase i n  pho-tomicrographs of po l i shed  s e c t i o n s  i n d i c a t e s  good t h e r  - 

m a l  conduc t iv i ty .  

I n  t h e  examples desc r ibed  below, t h e  sbr'ucture was t o o  f i n e  t o  

determine i f  t h e  me.i;a.I phase was contlnuniis, even a t  LO00 t imes magn i f i -  

c a t i o n .  The absence o f  any vi .s ible  me ta l  aggregates  i s  encouraging. 

E l e c - t r i c a l  conduc t iv i ty  much h ighe r  than expected f o r  oxides was observed 

i n  e l e c t r o n  microprobe measurements. These r e s u l t s  a r e  s u f f i c j - e n t l y  prom- 

i s i n g  Lo warrant f u r t h e r  development work. In p a r t i c u l a r ,  a good method 

f o r  measuring t h e  thermal  conduc-ti.vity o f  the microspheres i s  needed. 

The method used t o  prepare s o l  f o r  UO -Mo product was -the same as 
2 

t h a t  desc r ibed  above f o r  making porous UO microspheres by v o l a t i l i z i n g  

MOO The major d i f f e r e n c e  i.n t h e  prepara'Llon occurred i n  t h e  f i r i n g  

s t e p .  

f o r  1/2 h r )  i n  o r d e r  Lo reduce the MOO 

i ng  it. 

2 

3' 
F-iring w a s  c a r r i e d  ou t  -in a reducing atmosphere (4% H2-Ar, 1250'C 

t o  me ta l  r a t h e r  -t'nan v o l . a t i l i z - -  3 

No s t r u c t u r a l  d e t a i l s  could be d i sce rned  from photomicrographs o f  

polished. s e c t i o n s  taken a t  1000 t imes magnifj-cation (Fig. 14). Thus, it 

2 i s  not p o s s i b l e  t o  determine i f  there  i s  a c o n t h u o u s  molybdenum o r  IJO 

phase.  On t h e  o t h e r  hand it i s  appa ren t  that, t h e r e  are no l a r g e  a g g r e -  

ga t e s  of metal.. Sone c r y s t a l l i t e  growt'n wzs made v i s i b l e  by -the p o l i s h -  

i n g  process. Chemical a n a l y s i s  showed t h a t  t h e  product from which F i g .  14 
was Laken contained about  one-half  atom of rnolybd.enum p e r  mole of UO T'he 

r c s i s t a n c e  to crushing of 300 

determined. w i th  mercury a t  25 C, was 10.16, o r  94$ of t h e  d e n s i t y  c a l c u -  

l a t e d  from the t1ieo.reticaI d e n s i t i e s  of U02 and molybdenum. 

showed the presence cf  rnolybdenuill me ta l  and no moly'denum oxide.  

2. 
The a-ensity,  spheres  w a s  abou-t 600 g.  

0 

X-ray ana lyses  

A ve ry  s i m i l a r  procedure w a s  used t o  make UO -W microspheres.  Enough 
4+ 2 

'( M_ ammonium rne.tatunystate s o l u t i o n  was mixed wi th  1 M - U 

t i o n  t o  y i e l d  a sol con ta in ing  about  one aLorn of W p e r  atom of U02. 

sol i s  not  s t a b l e  and must be fornied i n t o  spheres  qu ick ly .  3ecause t h e  

s o l  i s  a c i d i c ,  p r e c i p i t a t i o n  of t u n g s t i c  acid begins w i t h i n  about  1.0 min- 

u t e s .  'The forming and f i r i n g  procedure were unchanged Y m r n  t h a t  desc r ibed  

c h l o r i d e  sol-u- 

This 
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above f o r  t'ne UO -Mo case.  The products also appear  t o  be ve ry  s imilar  

( F i g .  15). Again, no s t r u c t u r a l  d e t a i l s  can be di-scerned from the photo- 

micrograph of po l i shed  sec t ions ,  with the except ion t h a t  Some c rys  t a l l . i t e  

growt'n i s  ev iden t .  'The r e s i s t a n c e  'LO crushing o f  200 p spheres  was about 

500 g. Cherniical a n a l y s i s  o f  t h e  f i r e d  product  showed.. 0.9 atom of W p e r  

mole of uo . 

2 

2 
The method used t o  prepare sol f o r  Th02--Mo product was t h e  same as 

t h a t  desc r ibed  above f o r  making porous Tin0 microspheres by v o l a t i l i z i n g  

MOO F i r i n g  was performed i n  a reducing atmosphere (4% H 2 - A r  1-150 C f o r  

1 h r ) .  Again, no s t r u c b u r a l   detail..^ could be d i sce rned  from photomicro- 

graphs of po l i shed  s e c t i o n s  ( F i g .  16) except t h a t  c r y s t a l l i t e  growth was 

e v i d e n t .  The crystal . l . . i tes can be seen q u i t e  c l e a r l y  i n  photographs a t  
lower magn i f i ca t ion  ( r i g h t  s i d e  o f  F i g .  16) .  Chemical ana lyses  showed. 

"c'ne pr0d.uc-b contained about  one-hal-f atom of Mo p e r  mole of "h02. Tile 

r e s i s t a n c e  t o  crushing of  300 p spheres  was 500 g. X-ray a n a l y s i s  showed 

molybdenum meta l  and no molybdenum oxide.  E l e c t r o n  microprobe examina .- 

t i o n  d i d  no t  r e v e a l  any inhonogeneity i n  the product .  This examination 

d.id show t h a t  t'ne e l e c ' ~ r i c a l _  conductivi-iy o f  t h e  speci-mens w a s  much h i g h e r  

t'nan that of pure t h o r i a .  

0 
2 

3' 

MICROSPEERES OF U02  FROM UO G E E  3 

The p repa ra t ion  of U02  microspheres bould be much s impler  i f  t hey  
6+ 6+ could be made d i r e c t l y  from U solutions. Because U s o l s  are no t  

s t a b l e ,  i t  has always been necessary t o  reduce t h e  U6+ t o  U 

i ng  a sol.. It w a s  found that U sols, w'niLh were s u i t a b l e  f o r  foriuiLig 

g e l  spheres ,  could be made by t h e  met'nod i n  F j g .  1 (bottom) i f  sugar  or 

glycerine i re re  int roduced i n t o  t h e  U s o l u t i o n  be fo re  ilie NH gas was 

introduced.  

75 mi l? ,  and it was necessary to f 0 r .m  t h e  sols i n t o  spheres q u i r k l y  before 

t h j  s p r e c i p i t a t i o n  s t a r t e d .  

4: befo re  mak- 
6+ 

Gt 

3 
l r e c i p i t a t i  on (probably o f  ammonium d i u r a n a t e )  bcgan a f t e r  

Approximately 6 atmls o f  carbon (as sucrose o r  g l y c e r i n e )  were used 

p e r  atom of uraniurr. The g e l l e d  spheres  could be thcroughly d r i e d  w i t h -  

out  darnaze, b u t  t h e  evo lu t ion  o f  organic  material- du r ing  f i r i n g  l e f t  

c r a c k s  khich weakened the 9roduct (Fie. 17). Tlie fired product contained 
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Fig. 15. Fired Cemt Microspheres of' 55 mole $ UO,-45 mole $ W. 
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as  much as 3 (using suc rose )  t o  as l i t t l e  as 0.1 ( u s i n g  g l y c e r i n e )  atoms 

ol carbon p e r  mol.ecule of UO 
2. 

The sol used f o r  t%e product; i n  Fig. 1'7 was made by mixing 15 ml of' 
-E 1 . 4  M U 0 2 ( N 0  ) 

(an organic  material  edded -to -increase t h e  s t r e n g t h  o f  t h e  geI.l.ed spheres  

i n  t h e  ammoniim hydroxide) .  A on ia  d i l u t e d  wi th  a i r  was in.t;mdaced. inn-t i l  

d r o p l e t s  forined from t h e  r e s u l t a n t  s o l  would c ros s  t h e  2EH-1.5 M NH OH 

i n t e r f a c e .  

1.5 M NIi OH ove rn igh t .  A f t e r  l eaching ,  t'nere were 3.3 aLoms of carbon per 

atom of uranium. The g e l  spheres  were f i r e d  t o  800 C in zrgon, cool.ed, 

and cracked spheres  were removed. N o  f u r t h e r  breakage was observed upon 

f i r i n g  t o  1300 C i n  argon f o r  1 hr,  ind ica t img t h a t  the t ransformat ion  of 

UO i n t o  UO can be achieved s a t i s f a c t o r i l y  by f i r i n g  a t  h igh  l;emperat,ure. 

Becausc of t h e  many imgerfec t ions  i n  t h e  product  (F ig .  1'0 the r e s i s t a n c e  

t o  c rush ing  was 0nI-y 140 g f o r  300 p spheres .  

w i th  2 . 4  m l  o f  g lyce r ine  and. 5 ml.. o f  1% Carbopol t h i ckene r  3 2  I 

- 4  
(This  was a sol .  pH of about  3 ) .  The spheres  were Leached i n  

- 4  
0 

0 

3 2 

Tn general ,  t h i s  approach t o  making IJ02 microspheres  appea.rs prornisi.ng; 

b u t  improvements i n  y i e l d  and qual . i ty  are needed. 

MICHOSPHEXES MADE FROM SOLS CONTAINING ZIRCONIUM 

The inco rpora t ion  of zirconium corn_oounds i n t o  nuc lea r  f u e l  microspheres  

i s  sornettmes d e s i r a b l e  to i nc rease  t n e  s t r e n g t h  of t h e  product,  or ,  p o s s i -  

b l y  i n  &titre a p p l i c a t i o n s ,  t o  improve t h e  high terriperature p r o p e r t i e s .  

For example, t h e  meI.ting p o i n t  of zirconium monocarbide i.s 31~20 C .  0 

2 Mlcrospheres of 20 mole % Z r 0  - 80 mole 

sol. mixed wi th  U02(N03)2  so1uti.on. 

Z r 0 ( N O 3 ) ,  s o l u t i o n  by t h e  rnetiiod of F i g .  1 (bot tom).  

solu-Lion wa.s 0.25 M ,... i.n Z r  and L M __ i n  I J02(N03)g  . 
t h e  rnel;liod a l r e a d y  descr ibed .  The gel- spheres  were f i r e d  for L hr a t  

1150 C i n  4% H2- A r .  

i n  a low resis tance t o  c rush ing  of about  500 g f o r  spheres 400 11 i n  dia,ni- 

c t e r .  The pores  were almost  a l l  between 0.015 a d  0 . 1  l~ j.n diameter  and 

t h e r e f o r e  are t o o  small to be seer! c1earl.y i n  Fig. 18. Very l i -kely,  t h e  

transflorination of UO t o  UO du r ing  f i r i n g  caused. %his p o r o s i t y  i n  t h e  

product .  Thus, the mai.n o b j e c t i v e  i n  ad,diny ZrO t o  UO spheres ,  t o  

rJ02 were formed from a Z r O  2 
Die Z r 0 2  s o l  was prepared  from 1.6 M - 

The mixed sol.  and 

Spheres were -formed by 

0 3 igh  p o r o s i t y  i.n t'ne product  (F ig .  18), 44$, resul:t,ed 

3 2 

2 2 
-E 

Prod.uct of E. F .  Goodrich Chemical. Company. 
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Fig. 18. 
f r o m  Zr02-UQ Gel 

3 

Fired Microsphere of 20 mole ’$ ZrO,-80 mole ’$ UQ2 Made 



i n c r e a s e  s t r e n g t h ,  w a s  no t  achieved.. On 

qui'ce s t r o n g  i n  comparison t o  -the h i g h l y  

descrlibcd e a r l i e r .  

Gel-  spheres  con ta in ing  40 mole % Zr02 
shape and appcarance, were a l s o  p r e p a w d .  

du r ing  f i r i n g .  

To make s t r o n g e r  microspheres of UOp- 

Zr02 s o l ,  prepared as above, w i th  U02 s o l ,  

t h e  o t h e r  hand., t h e  spheres  a r e  

porous UO, and Tho, product,s 
c L 

and 60 rriole $ IJ03, of' e x c e l l e n t  

However, t h e s e  spheres  cracked 

Zr02, it was necessary t o  mix 

prepared f rom l M U c h l o r i d e  4+ 

s o l  by t h e  method a l r e a d y  desc r ibed  ( F i g .  I, bottom), r a t h e r  t han  wi-th 

U02( NOj)2 s o l u t i o n .  With tile same f i r i n g  condi'Lions, product w a 5  p re  - 
pared con ta in ing  33, 50, and 6'9 mo1.e $ Zr02 ( F i g *  19). 
product vas a mixture of b l ack  and yellow spheres,  some of which were 

cracked. 

were f r o s t e d .  

.of  a l l  t h r e e  products approached 2 kg a t  400 p diameter,  except  t h a t  .tile 

b l ack  spheres  con-Laining 33$ ZrO 

A t  33% Z r 0 2  t h e  

A t  5 9  Zr02 some of t h e  spheres  had a glossy suvface and some 

A t  67% Zr02 ,  a l l -  were f r o s t e d .  The r e s i s - t ance  t o  c rush ing  

were much weaker. 
2 

A photomicrograph of a po l i shed  s e c t i o n  of a sphere of 50 mole $ 
Z r O  - 50 mole % U02 ( F i g .  20) i n d i c a t e s  t h e  mater ia l .  i s  a s i n g l e  phase, 

w-i'Lh 110 v i s i b l e  po res .  
2 

Microspheres o f  ZrC and mi.xed Z r C  and ZrN were a l s o  made. Tne s o l  

and  g e l  spheres were prepared i.n essentiaI.l..y t h e  same way for both prod-  

u c t s ;  only t h e  f i r i n g  atmospheres and temperatures  were d j f f e r e n t .  A 

ZrO 

d-ispersed i n t o  t h e  sol. using a n  u l t r a s o n i c  probe. The sol used f o r  p r e -  

pa r ing  Z r C  microspheres contatzed t h r e e  atoms of caybon f o r  each atom of' 

zirconium; t h a t  used f o r  p repa r ing  mixed. Z r C  -ZrN contained on ly  t w o .  

sol was prepared as i n  Fig. 1 (botLon1) and Spheron 9 g r a p h i t e  was 
2 

S o l  con ta in ing  3 atoms of carboil _ner atom o f  zl.rconium was formed 

i n t o  @;el. spheres by the method shown i n  Fig. 1. lieptane W Q S  used i n  p l ace  

of 2-eLhyl.hexanol. 

The g e l  spheres  remained spherri cal. du r ing  the t r ans fo rma t ion  t o  Z r C  

( F i g .  21 ) .  X-ray a n a l y s i s  showed ZrC  and no  Zr0 

0 The gel- spheres  were f i r e d  I h r  i n  argon a t  1.800 C .  

2' 
S o l  con ta in ing  2 a t o m  of carbon p e r  3.'coin of zirconium w a s  formed 

0 

2 i n t o  gel. spheres i n  the same way. A f t e r  f t r i n g  f o r  1 h r  a-t 1500 C i n  N 
a t  1 atin, t h e  product bas examined and found t o  be spheres  coated w i t h  

golden ZrN, but tiit: spheres  were unreacted on the insi .de.  Fi.r ing was 
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"7 - 7 C L  1 I f  - F"- a 5 c 3 x  - 

Fig, 20. Fired Microspheres of 50 male zro,-go mole $I uo2. 
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continued 3 more 

appeared uniform 

was t h e  expected 

h r s  a t  1600'~. A f t e r  t h i s  t r e a h i e n t ,  iiie spneres  

~;hroutl;h~)ut aiid were dark - v i o l e t  i n  c o l o r .  A? though Z r N  

product,  chemical a n a l y s i s  i n d j c a t e d  t h e  product  t o  be 

No Zr02 was found. 
1 - 35No - 53 ' Z r C  

C ONC LUS IONS 

A s o l - g e l  method was developed and proved very u s e f u l  f o r  l a b o r a t o r y  

p repa ra t ton  of' microspheres of nuc lea r  f u e l  m a t e r i a l s  having novel  compo- 

sitions o r  p r o p e r t i e s .  The range cf prod.ircts which have been desc r ibed  

j.n t h i s  r e p o r t  support  t h e  concl..usion t b - c  sol -gel  processes  have a wide 

a p p l i c a b i l i t y  and g r e a t  f l e x i b i l i t y  as preparati-ve methods f o r  iniicl-ear 

f u e l  m a t e r i a l s  i n  microsphere form. 

The f i r e d  prodiicts which were prepared i n  microsphere f o m  inc lude  

Tho2 and mixed 'Th02-UOp, w i t h  porosi .Lirs ranging as high  as porous UO 

44%; cermets of UO -Id> UO -Mo, and ThO -Mo; mixed UO -ZrO conta-hj.i-,g 

up t o  67 rno1-e $J Z r 0 2 ;  and. Z r C  and mi.xed Z r C - Z r N .  

2,  

2 2 2 2 2 

Pre l imina ry  c h a r a c t e r i z a t i o n  tes-tn i n d i c a t e  t h a t  t'nese products 

might a l l  f i n d  f u t u r e  use i.n r e a c t o r  f u e l  appl icat j .~ .ms . Ilowever, niuch 

T u r t h e r  t e s t i n g  of bo th  i r r a d i a t e d .  and noi? - i r r a d i a t e d  products  w i l l  be 

necessary before  f i r m  conclusions can be drawn concerning t h e  use fu lness  

of any of t;iiese p roduc t s .  

The p r e p a r a t i v e  met,l-~ods developed i n  this work, w'ni-le t h e y  a r e  highly 

s a t i s f a c t , o r y  f o r  I-aboratory use, have n o t  been t e s t e d  on l a ~ g e r  scale 

Nevertheless,  t h e  s i m p l i c i t y  o f  t h e s e  raethods, and t h e i r  simil .a:r . ty t o  

sol-gel processes  which lhave been scaled-up, suggest  t h a t  t'ne products  

desc r ibed  above could be prepared on l a r g e r  sca1.e without  encounter ing 

veyy s e r i o u s  problems. 

Photomicrographs were p r e p r e d  by H .  G .  Gray, R .  S .  Crouse, ani i  

Z .  R .  McNutt of t h e  Oak Ridge National. Laboratoi-y MetaJ.s and Ceramics 

Div i s ion .  Chemi-cal. ana lyses  and riiercui-y poros j_ty measurements were made 

by W .  R .  Laing, C .  J. Coley, F .  L. Layl,on, P. S .  Gouge, and FJ. E .  Bayless 

of t h e  A n a l y t i c a l  Chemistry Divisivn. l a b o r a t o r y  a s s i s t a n c e  was provided 
by E .  R. Johns.  
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APPENDIX 

ATTEMPT TO RhM'E LIQUTD DROP SIZE TO THE K I N E T I C  
ENERGY OF THE EN'lEi l lNG SOL SV?EBM 

A mathema-tical. mod.eI.. was de r ived  i n  a n  aLtemp-L t o  r e l a t e  t h e  f a c t  

t h a t  t h e  s i z e  o f  t h e  spheres  foi-mcd decreased as Llie veloci- ty  of t h e  

stream of sol. e n t e r i n g  t h e  2 - e thy l  hexanol i-ncreased. T w  major assump .- 

-Lions were made i n  t h e  d e r i v a t i o n :  

l. T'he s o l  has no energy o the r  than  k i n e t i c  energy, whFch can be 

determined by measuri-ng t h e  v e l o c i t y  with which it e n t e r s  t he  

28B, and 

2 .  all .tile kinetri.c energy i s  used i n  making spheres. 

From t h e  t h e o r y  o:Y t h e  maxi miim bubb1.e p re s su re  mekhod f o r  measu.i*j.ng 

su r face  tension,  t h e  p re s su re  i n s i d e  a d r o p l e t  at equi l ibi- i ixi  i s  
10 

PY p ::: - 
r 

where y i s  the i n t e r f a c i a l .  t e n s i o n  and r i s  tne radi.u.s of t h e  d r o p l e t .  

Multi.plying by volume ( c c )  and s e t t i n g  E q  (1) equa l  t o  ki.ne-tic energy., 

one o b t a i n s  2 
mv - = 2 y (e.) 
2 -- r 

By rea r r ang ing  and s u b s t i t u t i n g  d e n s i  Ly D f o r  m/cc t h e  equat ion becomes 

r =  4 Y  - 
v 3 -  ( 3 )  

Therefore a p l o t  of l o g  r vs l o g  v should have a slope oi' ( - 2 ) .  

derivatl ion and. eq1iatj.m can be found i n  physicel. chemistzy textbooks 

d e a l i n g  wtth s u r f a c e  t e n s i o n  . 

This 

11 

The experimental. r e s d t s  showed t h a t  t h i s  model did- no t  work well 

except  perhaps f o r  a ve ry  narrow range of v e l o c i t i e s  near  t h e  c e n t e r  of 

t h e  graph i n  F i g .  3. A t  low pimping v e l o c i t i e s ,  g r a v i t a t i o n a l  f o r c e  

accel-erated t h e  sol., s o  tihat t h e  rnaxi.nium drople'c r a d i u s  t h a t  could be 

obtained was about  300 ;I., corresiionding t o  a s o l u i i o n  v e l o c i t y  o f  50 m / s e c .  



A t  aolutl ion velocities g r e a t e r  than  100 cm/sec, much mergy  was used 

up in processes other  -t;hsn d r o p l e t  for?nutli.on, and t’ne dropl-et radiri did. 

not, decrease as r a p i d l y  with increasir ig  solution v e l o c i t y  as predic-ted 

by ~y (4). 1% .was conc1uiteii %flat ~ q .  (I+) ca.nriot IX wec~. very s a t i . s f a c -  

t o r i l y  f o r  p red ic t fhg  behavior of v e a l  systems s ince  it does not t ake  

i~i ’ r ;~ ,  considera.t ion a11 o f  t h e  i.mpor-t;ant energy t e r m  for t h i s  process. 
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