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HTGR FUEL DEVELOPMENT: INVESTIGATIONS OF BREAKAGES OF 
URANIUM-LOADED WEAK ACID RESIN MICROSPHERES 

J. A. Carpenter, Jr. 

. . 
ABSTRACT 

During the HTGR fuel development program, a high percentage 
of uranium-loaded weak acid resin microspheres broke during 
pneumatic transfer, carbonization, and conversion. One batch 
had been loaded by the U03 method; the other by the ammonia 
neutralization method. To determine the causes of failure, 
samples of the two failed batches were investigated by optical 
microscopy, scanning electron microscopy, electron beam micro- 
probe, and other techniques. Causes of failure are postulated 
and methods are suggested to prevent recurrence of this kind 
of failure. 

INTRODUCTION 

The technique of.using ion-exchange resin microspheres for producing 

uranium-bearing kernels of coated fissile fuel particles for the HTGR was 

conceived at ORNL in 1969. l Y 2  Its acceptance has grown so .rapidly that 

it has supplanted the older sol-gel technique and is now the reference 

process for refabrication. (However, the sol-gel method is still used 

to produce thorium-bearing fertile particles.) 

In the resin-based approach, commercially supplied resin microspheres 

are brought into contact with a uranyl nitrate solution. The uranyl 
* + 

ion (UO, ) exchanges with the cation of the resin (typically Na , H', or 
+ 

N H ~  ) and becomes part of the polymer structure. The loaded microspheres 

are dried, then heated in an inert atmosphere to temperatures above 500°C 

to decompose the resin and form a product that consists of fine UO2 

particles dispersed in an amorphous carbon matrix. This process is called 

carbonization. 

Then the carbonized particles are heated in an inert atmosphere to . 

about 1500"~ to cause the UO2 to react, partially or completely, with the 

carbon matrix to form kernels of .UC2. This process is called conversion. 



The converted k e r n e l s  a r e  then  coated wi th  carbon (and sometimes 

s i l i c o n  ca rb ide )  t o  form t h e  f u e l  p a r t i c l e .  

A l l  work of t h i s  k i n d , a t  ORNL has  been wi th  t h e  cation-exchange type  

of r e s i n  - e i t h e r  t h e  su l fona ted ,  s tyrene-divinylbenzene c ross- l inked ,  

s t rong .  a c i d  r e s i n  (SAR), o r  t h e  carboxyl ic ,  a c r y l i c  acid-divinylbenzene 

c ross- l inked ,  weak a c i d  r e s i n  (WAR). Both r e s i n s  produce accep tab le  

k e r n e l s ,  bu t  because of o b j e c t i o n s  t o  s u l f u r  and low uranium d e n s i t y ,  

development work wi th  SAR was d iscont inued  i n  l a t e  1973 i n  favor  of WAR. 

Processes  and l a rge - sca l e  equipment have s i n c e  been developed a s  pro to types  

f o r  f u t u r e  ho t - ce l l  ' appl ica t ions .  During this' devel opment , l a r g e  numbers 

of WAR ba t ches  have been loaded,  handled, carbonized,  and converted.  Of 

t h e s e ,  on ly  two batches t a i l e d  dur ing  processing.  This  r e p o r t  d e t a i l s  

our  i n v e s t i g a t i o n  of t h e s e  two ba tches  and p o s t u l a t e s  causes of t h e i r  

f a i l u r e .  

We wish t o  emphasize t h a t  t h i s  p r e s e n t a t i o n  of r e s i n  f a i l u r e s  i s  i n  

no way an  ind ic tmen t -o f  t h e  resin-based approach. To t h e  con t r a ry ,  s i n c e  

only  two f a i l u r e s  i n  t h e  cou r se  of any development work i s  an outs tanding  

r eco rd ,  w e  b e l i e v e  t h a t  t h e  resin-based approach i s  t o t a l l y  v i a b l e .  There- 

f o r e ,  t h e  reasons  f o r  t h i s  r e p o r t  a r e  (1) t o  show t h a t  t h e  causes  of t h e  

f a i l u r e s  a r e  known and c o n t r o l l a b l e ,  (2)  t o  po in t  ou t  t h e  need f o r  c l o s e  

c o n t r o l  of c e r t a i n  processes  i n v o l v e d ' i n  producing and loading  t h e  micro- 

sphe res ,  and (3)  t o  document t h e  f a i l u r e s  i n  c a s e  they  r e c u r .  

FAILURE OF AMBERLITE IRC-72* DURING CARBONIZATION 
MID' PNEUMATIC TRAPTCPER 

. , 

Thi s  ba tch  of Amberl i te  IRC-72 was loaded v i a  t h e  U03 method.3 Many 

o t h e r  ba tches  of t h i s  type  of  r e s i n  loaded b y . t h i s  method had been 
i .  

s u c c e s s f u l l y  carbonized and converted.  A t  t h e  r.ompletinn nf t he  f i r s t  
, . 

ca rbon iza t ion  run  wi th  a  p o r t i o n  of t h i s  ba tch  n e a r l y  h a l f  t h e  p a r t i c l e s  

were b r ~ k e n . ~  Th i s  f a i l u r e  was par t ic ,Glar ly  d i sconce r t ing  hecause t h e  

ca rbon iza t ion  run  was t h e  ve ry  f i r s t  i n  a  new p iece  of equipment and, 

consequent ly,  we were u n c e r t a i n  a s  t o  whether t h e  f a i l u r e  was caused by 

t h e  r e s i n  o r  t h e  new u n i t .  Impuri ty  ana lyses  revea led  s l i g h t l y  h ighe r  

.-. * . . 
Trademark of Rohm and Haas, Co., Ph i l ade lph ia ,  Pennsylvania.  



silicon5 and slightly lower uranium6 contents than in other batches. The 

ramifications of these slight deviations were not obvious. 

Subsequently, we tested another portion of this batch in pneumatic 

transfer experiments. During these tests some of the particles cracked 

under conditions in which similar microspheres from other batches did not. 

The cracked pieces were quite abnormal, so whatever the problem, it 

obviously affected the strength and resilience of the uncarbonized as well 

as the carbonized resin microspheres. 

Light Microscopy 

Examples of resin particles that cracked during the pneumatic transfer 

tests are shown in Fig. 1. The unusual inner structures of the particles 

were obvious when compared with particles examined later. The irregularly 

shaped white central area is surrounded by a yellowish glassy material, 

which in turn is surrounded by a pale yellow-green translucent shell. The 

Fig. 1. Uranium-Loaded Amberlite IRC-72 Weak Acid Resin Microsphere 
Pieces Cracked During Pneumatic Transfer. 60x. Reduced 14.5%. 



whole i s  enclosed by a t h in  glassy rim. (Color versions of these f igures  

are avai lable  upon request.) The white color of the  cen t ra l  areas is 

reminiscent of the  r e s i n  before loading. The black specks on the surfaces 

of t he  pa r t i c l e s  i n  t h i s  and the other  f igures  is f l ake  graphite blended 

with these pa r t i c l e s  t o  reduce s t a t i c  charges. 

To ascer ta in  the extent  of t h i s  unusual inner s t ruc ture  throughout 

t he  batch, other p a r t i c l e s  w e r e  selected a t  random from the batch and 

cracked open by crushing between the anvi l  and spindle of a hand-held 

mictometer caliper.  The b i t s  and pieces so produced a r e  shown i n  Fig. 2. 

Clearly, the  unusual inner s t ruc ture  was not typical  of the  majority of 

the  par t ic les .  Note t he  apparently clean breaks of some of the  glassy 

mater ia l  away from the  translucent material. 

Whole uncrushed microspheres are shown i n  Fig. 3 .  Note the  dark0.r; 

color of the  th ree  s l i g h t l y  smaller microspheres t ha t  a r e  aligned hori- 

zontal ly  j u s t  above center. 

For comparison, we took microspheres from another batch of loaded 

Amberlite IRC-72 with which no d i f f i c u l t i e s  had been encountered. The 

only major difference between t h i s  good batch and the  fau l ty  batch was 

t h a t  the  former was loaded by the uranyl n i t r a t e  method7 (with salvent 

extract ion of n i t r a t e ) .  Same of these pa r t i c l e s  were del iberate ly  

cracked open as before; some of the  b i t s  and pieces a r e  shown i n  Fig. 4, 

which shows that the  translucent material  seen in  Figs. 1 and 2 is  the  

norm - not the  white nor the glassy portions. Comparison of whole 

microspheres from the normal batch (Fig. 5) with those of the  f au l ty  

batch ( ~ i g .  3) shows t h a t  t he  three smaller, darker microspheres seen 

i n  Fig. 3 a r e  abnormal. 

Figure 5 a l s o  i l l u s t r a t e s  a defect  often observed i n  batches of 

r e s i n  dcrospheres ;  namely, clumps or  c lu s t e r s  of small microspheres 

attached t o  the l a rge r  ones. The batch shown was shape separated by the 

vibrat ing p la te  techniquee which, while adequate f o r  re jec t ing  grossly 

out-of-round par t ic les ,  is apparently i ne f f i c i en t  i n  removing those 

with the small s a t e l l i t e s .  The s a t e l l i t e s  s e e m  t o  be more prevalent * 
i n  Amberlite IRC-72 r e s i n  than i n  Duolite C-464, which is discussed l a t e r .  

* 
Trademark of Diamond-Shamrock, Co., San Francisco, California. 



Fig. 2. Bits and Pieces of Uranium-Loaded Amberlite TRC-72 Weak 
Acid Resin Microspheres Selected at Random from the Same Batch as the 
Broken Pieces Shown in Fig. 1. These are fragments of deliberately 
crushed whole microspheres. 60x. Reduced 24%. 

I " " I  

Fig. 3. Whole Uranium-Loaded hberlite fRC-72 Weak Acid BestLn 
Microspheres Selected at Random from the bame Batch as Those Shom in 
Figs. 1 and 2. B O X .  Reduced 24%. 



Fig. 4. B i t s  and Pieces of Uranium-Loaded Amberlite IRC-72 Weak 
Acid Resin Microspheres Selected at  Random from a Normal Batch and 
Deliberately Crushed. 60x. Reduced 24%. 

Fig. 5. Whole Uran2w-Loaded Amberlite IRC-72 Weak Acid Resin 
l3icrospheres Selected at Random from the Same Normal Batch as the 
Pfeees Shown in Fig. 4. 60x. Reduced 24%. 



Scanning Electron Microscopy 

The white color  of t h e  material i n  t h e  center  of t h e  p a r t i c l e s  broken 

i n  pneumatic t r a n s f e r  (Figs. 1 and 2) suggested t h a t  perhaps it was not  

loaded. To v e r i f y  t h i s ,  some of t h e  broken p a r t i c l e s  were analyzed as- is  

i n  a scanning e lec t ron  microscope (SEM) equipped wi th  a nondispersive x-ray 

f luorescence detec tor .  A low-magnification view of some of t h e  broken 

pieces is shown i n  Fig. 6. Close-up views of one piece  with a pecul iar  

kidney-shaped center  a r e  shown i n  Fig. 7. Photographs of x-ray spec t ra  

from var ious  points  on the  p a r t i c l e  fragment a r e  shown i n  Fig. 8. Figure 9 

is  a view of another fragment, and Fig. 1 0  is a photograph of i t s  spect ra .  

Figure 6 shows t h a t  t h e  f r a c t u r e  of t h e  p a r t i c l e s  t h a t  broke during 

t h e  pneumatic t r a n s f e r  was e s s e n t i a l l y  bimodal, character ized by an ou te r  

region i n  which t h e  f r a c t u r e  surface  is smooth and almost p e r f e c t l y  planar 

and a c e n t r a l  region where t h e  surface  i s  wrinkled. The proport ion of t h e  

two regions v a r i e s  from p a r t i c l e  t o  p a r t i c l e ,  but  c a r e f u l  inspect ion does 

show some of each type i n  a l l  t h e  pieces.  The piece  i n  t h e  cen te r  toward 

Pig. 6. S c a n n l ~ ~ g  Electron Microscope (SEM) Photomicrograph of 
Pieces  of Uranium-Loaded Amberlite IRC-72 Weak Acid Resin Broken During 
Pneumatic Transfer .  55x. Compare wi th  Fig. 1. 



Fig. 7.- SEM Photomicrographs of a Fisze of Uranium-&oaded,Acberlite IRC-72 Weak Acid Resin Micro- 
sphere Broken During Pneunatic Transfer. The points on (a) in,dicate wkre x-ray spectra were obtained. 
The l e t t ers  on (a:~ indicate points correspoadfng t o  the spectra of Fig. 8.  The box window on (a) indicates 
the area viewed An (b). (a: 100~. ((b) 1@00x. 



Fig. 8. SEM X-Ray Spectra from the Lettered Points on Fig. 7(a). 
The bracketed line is uranium L-alpha. The others are caused by the 
instrument, not the specimen. 



I.' '::" 

Fig. 9. SEM Photomicrograph of a Piece  of Uranium-Loaded Amberlite 
IRC-72 Weak Acid Resin Microsphere Broken During Pneumatic Transfer .  
The s p o t s  i n d i c a t e  po in t s  where t h e  x-ray spec t ra  shown i n  Fig. 10 were 
taken. 100x. 

t h e  upper r i g h t ,  f o r  example, has only a very small outer  region compared 

wi th  t h e  one j u s t  below it o r  the  one above it t o  t h e  l e f t .  Notice too 

t h a t  t h e  center  region of t h e  pieces appears t o  be collapsed,  giving some 

of t h e  p ieces  a shape resembling a cantaloupe ha l f .  It is not  c l e a r  whether 

t h i s  i s  a region of d u c t i l e  mate r i a l  t h a t  was under tens ion and collapsed 

inward when t h e  microsphere broke o r  i f  i t  is perhaps an i n t e r f a c e  between 

a g lassy  region and a white c e n t r a l  core  t h a t  has been pulled out .  

Figure 7 shows closeup d e t a i l  of such a p a r t i c l e .  This one had t h e  

d i s t i n c t  white c e n t r a l  a reas  seen i n  t h e  p ieces  i n  Figs. 1 and 2. This 

white mate r i a l  appears i n  t h e  SEM photomicrograph of Fig. 7(a) a s  t h e  two 

kidney-shaped areas i n  t h e  center .  The mate r i a l  surrounding these  a reas  

is yellowish i n  color  a s  is  t h e  smoother outer  region. The window super- 

imposed on Fig. 7(a)  i d e n t i f i e s  t h e  area viewed i n  Fig. 7(b). The letters 

on Fig,  7(a) i n d i c a t e  t h e  po in t s  where x-ray spec t ra  were taken, and t h e  

corresponding s p e c t r a  are shown i n  Fig. 8(a)-(c) .  The s p e c t r a l  l i n e  of 

i n t e r e s t ,  U L-alpha, i s  shown bracketed i n  Figs. 8(a)-(c) .  The remainder 

of t h e  l i n e s  a r e  due t o  components of t h e  SEM, not t h e  specimen. From 



Fig. 10. SEM X-Ray Spectra from the Spots Indicated on Fig. 9. The 
bracketed line is uranium L-alpha. The others are caused by the instrument, 
not the specimen. 



Figs. 8(a)-(c) it appears that all points measured, including the white 

material, had about the same uranium content. 

Figure 9 shows an example of a piece with a thick, smoothly broken 

outer region, but no white area in the center. Spectra corresponding to 

the points superimposed on Fig. 9 are presented in Figs. 10(a)-(c). The 

intensities of the bracketed U L-alpha confirm the previous findings that 

all points have essentially the same uranium contents. In view of the 

electron microprobe results that follow, this result was probably not 

entirely correct. Unfortunately, no spectra were taken from the lighter 

outer portion of the smoothly broken region in Fig. 9. 

Electron Bern Microprohe Analyses 

The SEM results, which indicated that all points of the pieces broken 

during pneumatic transfer had essentially the same uranium concentration, 

were surprising. To pursue this further, whole microspheres were chosen 

at random from the parent batch, metallographically mounted, sectioned, 

polished, and investigated by means of an electron beam microprobe. Bright 

field and polarized light optical photomicrographs of several microspheres 

taken during these analyses are shown in Figs. 11 and 12, respectively, 

and x-ray scans and optical photomicrographs of four particles are pre- 

sented in Figs. 13 to 16. The x-ray line In all the scans is U M-alpha, 

The particle in the upper rights of Figs, 11 and 12 is the type 

generally found among those that broke during the pneumatic transfer (Fig. 1). 

The microprobe scan (Fig. 13) confirms that the white material in the 

center does indeed have essentially the same uranium content as the 

yellowish glassy material surrounding it. However, it also shows that the 

yellowish translucent material toward the outer portion of the piece 

contains more uranium. This would not have been known without miaroprobe 

analysis. 

The particle in the lower right of Figs. 11 and 12 is a type not 

generally seen in those that broke dumhgg pneumatic transfer but may be the 

precursor of the half cantaloupe-shaped particle in Figs. 7 and 9. It is 

characterized by a white circular center surrounded by yellowish glassy 

material and then yellowish translucent material. Close inspection of 



Fig. 11. Uranium-Loaded Amberlite 
IRC-72 Weak Acid Resin Microspheres 
Selected a t  Random from the  Batch 
t h a t  Exhibited Breakage During 
Pneumatic Transfer,  Carbonization, 
and Conversion. These p a r t i c l e s  
have been mounted metallographically, 
sectioned, and polished f o r  e lec t rop  
beam microprobe analyses. 100x. 
Reduced 33%. 

Fig. 12. Same V i e w  as Fig. 11 
but  Under Polarized Light. 100x. 
Reduced 33%. 





Fig. 1L. Photomicrograph and Electron Beam Microprobe Scan of the Cross-Section of a Ura2ium-Loaded 
kmberlite I3C-72 Weak Acid Resin'Microsphere from the Batch that Exhibited Breakage During Pnellmatic 
Transfer, Carbonization, and Conversion. 100~. Reduced 32%. 



Fig. 15. Photomicrograph and Electron Beam Microprobe Scan of the Cross-Section of a "Normal" 
Uranium-Loaded Amberlite TRC-72 Weak Acid Resin P:icrosphere from the Batch tiat Exhibited Breakage During 
Pneumatic Transfer, Carbonization, an3 Canversior.. 100x. Reduced 32%. 



Fig. 16. Phatomicrograph and Electron Beam Microprobe Scan of the Cross-Section of a "Normal" 
Uranium-Loaded Amberlite IRC-72 Weak Acid Resin Microsphere from the Batch that Exhibited Breakage During 
Pneumatic Transfer, Carbonization, and Conversion. 100x. Reduced 32%. 



Figs. 11 and 12 shows that this particle also has a thin outer shell of 

material, which appears slmilar to the glassy material, under polarized 

light (Fig. 12), only darker. The microprobe scan of this particle (Fig. 14) 

shows that the white center and the glassy material around it have lower 

uranium concentrations than the outer translucent materSal. The thin outer 

shell of glassy material seems to have about the same uranium concentration 

(perhaps a bit less) as the translucent material. 

Inspection of the "normal" particles in palarized light (Fig. 12) 

readily reveals that even these have the thin outer shell of glassy 

material that is barely discernible in optical photamicrographs (Figs; 15 

and 16). The scan (Fig. 15) indicates a lower concentration ili the outer 

shell than m the inner translucent region. Un the other hand, the scan 

in Fig. 16 suggests the outer shell in that case has about the same con- 

centration as the center. 

Discussion 

There are two major steps in the production of these uranium-bearing 

resin microspheres; formation of the microspheres and their subsequent , 

loading. W o  observations suggest that the malfunction in this instance 

did not occur in the loading step. First, the very sharp drop in concen- 

tration between the translucent and the glassy material, as observed in 

the microprobe scans of Figs. 13 and 14, would not be expected to result 

from a loading error. Instead, a more gradual change would be likely. 

Second, the fact that not all microspheres, not even the majority, 

exhibited the intra-microsphere concentration differences also seems to 

rule out a loading error that would probably affect all particles in the 

batch more or less the same. It should be pointed out, however, that non- 

uniform or "shell" loading, in which an outer region of high uranium 

borders a center of no or reduced uranium, has been produced in Amberlite 

IRC-72 microspheres by the UOa method, but only with ammonium- or sodium- 
9 form resin. 

A more likely explanation is some error in the manufacture of the 

resin, probably overheating. Amberlite IRC-72 is a macroreticular resin, 1 0  

which means that the microsphere is an agglomerate of even smaller beads 



(on the order of a micrometer in diameter) composed of a polymer gel. 

There are, therefore, two types and sizes of pores. One type, referred 

to as t'he micropores, is within the polymer gel bead's and consists of 

void spaces between the polymer mol&cules. ~hese are on the order of 

about 2' nm in size. The second"type is void spaces between the small. 

gel beads. These voids, termed macropores, are on the order of several 

tens of nanometers in size. These beads are brought together in a 

controlled-temperature process to form the microsphere. An over-temperature 
, . 

condition may have occurred during the process for some of the particles. 1 1  

The giassy material probably represents the most affected material; the 

translucent material, the.least affected; and the white central material, 

intermediate. 

Given this tenet, we postulate the f~llowing reasons for failure 'of 

the resin. The macroporosity of the glassy"materia1'was probably reduced 
, . 

to near zero, hence its transparency. The microporosity would be affected 

as' well; consequently, although the total number of potential exchange 

sites 'may not have' been affected greatly, the ease of loading them 'may 

have been affected due to steric hindrance or "shielding" effects. 'There- 

fore, loading on this material would be reduced, as observed. The white 

material may be beads with surfaces closed by, possibly, flash heating, 

so the beads could not load and retained their white color as a result. 

The uranium in this area, if not exchanged into the resin, would likely 

be deposited in the macropores and, because these are small, would "not 

contribute much coioring. The fact'that the concentration in the white 

material is the same as that in the glassy 'material is probably because 

the glassy material surrounds the white and could control the kinktics 

of solution infiltration into the bead and the final chemical eqbiilibria 

within it; 

The yellowish translucent material, then, is a close-to-normal; 

situation. There, macroporosity and micrdporoslty are essentially un- 

af fected and loading is normal. The outer layer is probably *ot' dontinuous, 

since the yellowish translucent 'material is som&tim&k seen inside the thin 

outer layer 'that has a lower' concentration. The observation that the 

outer layer can sometimes have a reduced concentration and s~~etimes'not, 



could i n d i c a t e  t h a t  s t e r i c  hindrance e f f e c t s  on t h e  loading  capac i ty  

can  va ry  desp ice  t h e  l o s s  of  macroporosity.  

~ r k a k a ~ e  of t h e  microspheres  dur ing  pneumatic t r a n s f e r  probably 

r e s u l t e d  from t h e  presence  of s i g n i f i c a n t  q u a n t i t i e s  of t h e  g l a s s y  

m a t e r i a l .  This  i s  c l e a r  from Fig. 1, which shows no p i eces  from normal 

microspheres  (such as seen  i n  Figs.  1 5  and 1 6 ) ,  which con ta in  l i t t l e  of 

t h e  g l a s s y  m a t e r i a l  except  f o r  t h e  t h i n  o u t e r  l a y e r .  Evident ly ,  t h e  - 

s u b s t a n t i a l  q u a n t i t i e s  of t h e  g l a s sy  m a t e r i a l  reduced t h e  r e s i l i e n c e  of 

t h e  microspheres  and made them b r i t t l e ,  s o  they s p l i t .  

The causes  of the f a i l u r e s  du r ing  ca rbon iza t ion  and conversion may 

have been more s u b t l e .  Although t h e  type  of microsphere wi th  s u b s t a n t i a l  

q u a n t i t i e s  of g l a s s y  m a t e r i a l  undoubtedly broke dur ing  ca rbon iza t inn  and 

convers ion ,  t h e  numbers of such p a r t i c l e s  i n  t h e  ba t ch  was no t  s u f f i c i e n t  

t o  account  f o r  t h e  30-50% f a i l u r e  r a t e  observed a f t e r  ca rbon iza t ion  and 

conversion.  A more e x t e n s i v e  abnormali ty  must be suspected,  s p e c i f i c a l l y ,  

t h e  t h i n  o u t e r  l a y e r  of g l a s s y  m a t e r i a l  p re sen t  on many of t h e  "normal" 

microspheres .  Such m a t e r i a l ,  being i n i t i a l l y  more dense,  would be  

expected to .  s h r i n k  a t  a r a t e  d i f f e r e n t  from t h e  normal r e s i n  m a t e r i a l  

wi . thin it. A s  a r e s u l t ,  s t r e s s e s  could break even some of t h e  normal 

microspheres .  

Thfis bat.ch of r e s i n  was t h e  combination of s i x  loading  runs ,  a l l  'of 

which used t h e  same pa ren t  supply of unloaded r e s i n  suppl ied  a s  a " lo t "  

by t h e  manufacturer .  Other po r t ions  of t h i s  pa ren t  l o t  of unloaded r e s i n  

Qere  loaded wi th  no apparent  d i f f i c u l t i e s ,  a f a c t  which sugges ts  t h a t  

t h e  abnorma l i t i e s  observed were perhaps due t o  some malfunct ion i n  one of 

. t h e  l oad ing  runs.  Two s t e p s  i n  which such mal funct ions  could occur  a r e  
. >  . t h e  conversion of t h e  r e s i n  from t h e  as-suppl ied sodium-form t o  t h e  

hydrogen-form b e f o r e  l oad ing  o r  t h e  dry ing  s t e p  a f t e r  loading.  I n  

. . convers ion ,  t h e  r e s i n  could have .been contac ted  wi th  too-concentrated 

- n i t r i c  a c i d .  I n  d ry ing ,  i t  could have been heated too  long a t  a too-high 

temperature.  

C.ertninly, t h e s e  p o s s i b i l i t i e s  caanoL be ru l ed  o u t ,  b u t  it  IS 

d i f f i c u l t  t o  imagine a .scheme whereby t h e s e  o r  any of t h e  s t e p s  i n  loading  

. . c o u l d  produce t h e  wh i t e  c e n t e r s  o r  t h e  i n t e r i o r  g l a s s y  m a t e r i a l .  A r e s i n  

l o t  u s u a l l y  comprises s e v e r a l  r e s i n  product ion  runs  and i t  i s  q u i t e  p o s s i b l e  



that the abnormal particles observed in this batch were the result of a 

faulty production run. Unfortunately, the unloaded resin lot was not 

inspec.ted nor were archives kept, so it is impossible to ascertain whether 

or not the structural abnormalities were present in some of the beads 

before 'loading. This points out that quality control tests of the unloaded 

resin received from the manufacturer would be in order for large-scale 

HTGR fuel refabrication plants and for development programs. 

Summary 

1. The structure of the particles that broke during pneumatic transfer 

was a white central area surrounded by glassy material, then a. translucent 

mater'ial, and a thin glassy outer shell. 

2. The white material and the glassy material surrounding it had 

about the same uranium content, which was lower than that in the translucent 

material . 
3. The uranium concentration in the thin glassy outer shell was 

sometimes typical of.the white and sometimes typical of the translucent 

material. 

4. The presence of the glassy material probably indicates that the 

problem in the batch stemmed not from a malfunction during loading, but 

from an error in the manufacture of the microsphere itself; specifically, 

overheating. 

5. The failure of the resin microspheres in pneumatic transfer was 

probably due tu  excessive quantities of glassy material. 

6. The more extensive breakage during carbonization and conversion 

may have been associated with the small-amount of glassy material in the 

thin outer shell. 

CARBONIZATION AND CONVERSION BREAKAGE OF DUOLITE C-464 
LOADED BY AMMONIA NEUTRALIZATION METHOD 

In April 1975, the General Atomic Company sent to ORNL a batch of 

Duolite C-464 resin that had been loaded by ammonia neutralization. 1 2  ' 

This batch was from the early stages in the development of the method. 

Sticking of the bed to the furnace walls had been experienced .during 

carbonization and conversion, and ORNL was asked to carbonize.and convert 



some i n  t h e  5-in. d iameter  g r a p h i t e  muff le  t o  s e e  i f  a s i m i l a r  problem 

occurred .  This  we d i d  wi th  l i t t l e  o r  no d i f f i c u l t y .  The only problem' 

was an  abnormally h igh  degree  of broken p a r t i c l e s  i n  t h e  converted product ,  

s o  we analyzed t h e  r e s i n  t o  determine p o s s i b l e  causes of t h e  breakage. 

Chemical, Radiographic,  Densi ty ,  and Screen Analyses 

W e  ob ta ined  s t anda rd  chemical,  rad iographic ,  and d e n s i t y  d a t a  f o r  

t h e  b a t c h  i n  both  r e s i n  and converted forms. To determine a measure o f  

broken m a t e r i a l ,  we performed s p e c i a l  s c reen  ana lyses  of whole spheres ,  

which enabled u s  t o  e s t a b l i s h  t h e  percentage of m a t e r i a l  above and below 

t h e  minimum s i z e  measured by radiography. The chemical,  rad iographic ,  

and d e n s i t y  d a t a  a r e  presented  i n  Table 1. A p r i n t  of t h e  radiograph f o r  

Table 1. Comparison of Data f o r  Carbonizat ion and Conversi n of 
Loaded v i a  Three Methods Duo l i t e  and Amberlite ~ e s i n s ~ '  g 

Resin: Duolite , Duolite Amberlite Amberlite 
C-464 C-464 IRC-72 IRC- 7 2 

Loading Method: NH3 uo 3 uo 3 uoz ( ~ 0 3 )  zC 
Run : V54 V48 V55 V4 7 

Before Carbonization and Conversion - - . 

U, wt% of undried resin 45.5 46.0 43.5  46.3 
Water, wt% of undried resin 10.79 1.72 9.24 3 ,. 78 
IS, wtX o f  r e s i n  dried at 110°C 51.0 46.0 47.9 48.0 
Radiograph size of undried resin, um 490 530 530 524 

(ass~~med) (assumed) 
Size range (by screening) of undried resin, urn 400400 480-580 480-580 , 480-580 

After Carbonization and Conversion 

U. wt% 82.6 80.595 81.935 82.14 
C, wt% 14.28 16.94 16.14 15.925 
0, wt% (by analysis) 3.94 3.51 2.93 2.87 
0, wt% (by dilference) 3.12 2.465 1.925 1.935 
% conversion (hy anal.ysis) 611.5 67.6 73.4 74.0 
"/,onversi.on (hy r 1 i . f  f ~ r e n r c )  71.9 77.3 82.5 02.5  
% excess carbon (by analysis) 62.4 67.5 62.4 61.5 
X eXcesc carbon (by difkerence) 58.1 62.9. 47.8 57.1 
Radiograph size, pni 315 382 339 354 
% diametral shrinkage 35.7 27.9 36.0 32.4 
Density, ~ ~ / m ~  3.20 2.59 3.38 3.23 

ahmace: 5-in. diam multipurpose with 30' cone and graphite muffle. Heat cycle: 
resin dried at llO°C in air at least 16 hr, heated in argon to 600°C at Z°C/min, held 15 min, 
heated in argon to 1712OC at about 240°C/min, and held for 30 min. Argon flow constant at 
1 scfm. , . 

b ~ h e  Duolite resin loaded by ammonia neutralization (run V54) was sent by GA to ORNL 
for testing. 

'with solvent extraction of nitrate. 



product is  shown i n  Fig. 17. I n  obtaining t h e  s i z e  of t h e  

onverted material from t h i s  radiograph, only whole p a r t i c l e s  w e r e  read. 

The high percentage of broken b i t s  and pieces  of p a r t i c l e s  is  obvious. 

The r e s u l t s  of t h e  screen analyses (Table 2) show t h a t  about 10% of t h e  

t o t a l  weight of t h e  converted batch consis ted  of p ieces  t h a t  would pass 

a screen opening smaller than t h e  smallest whole p a r t i c l e  seen i n  t h e  

radiograph. By con t ras t ,  similar screen analyses of converted ORNL r e s i n  

t m i c a l l v  show less than 1%. as shown i n  Table 2. run V 4 8 ,  d a t a  f o r  which . . 
w e r e  a l s o  given i n  Table 1 

Fig. 17. Radiograph of Carbonized and Converted Duol i te  C-464 Resin 
Uranium-Loaded by Ammonia Neutra l iza t ion Method. 2 0 X .  



Table 2. Screen Analyses and Raaiographic Size Measurements 
of Duolite C-464 Rmin Particles Bftar 

Carbonization and Conversion 

Radiographic Size, vrn 
Run Method Screen Analyses, pm 

Maximum Mean Minimum 
- -  -- 

V54 Ammonia 371 315 258 +360 -360, +250 -250 
Neutralization (5.6) (85.7) (8.7) 

Opti ral Microscopy 

Based on the previous experience, as discussed in the section on 

Amberlite, the first step was to crack open some of the particles by 

crushing with hand-held micrometer calipers. Color gradation from the 

center to the edge can be seen (Fig. 18), but the white centers and 

glasslike material found in IRC-72 resin are not present. 

$$ 
-' ',,,, n*. : 

Fig. 18. Duolite C-464 Weak Acid Resin Microspheres Uranium-Loaded 
via Amnia Neutralization Method and Deliberately Cracked Open for 
Inspection. 80x. Reduced 24%. 



For comparison, Duolite C-464 r e s i n  loaded by t he  UO3 method3 was  

a l s o  cracked open f o r  inspection (Fig. 19). I n  these  p a r t i c l e s  no 

color gradation can be seen. 
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Fig. 19. Duoli te C-464 Weak Acid Resin Microspheres Loaded v i a  t he  
UO3 Method and Deliberately Cracked Open f o r  Inspection. 100x. Reduced 24%. 

Photomicrographs of whole microspheres from t h i s  same batch revealed 

p a r t i c l e s  with two types of: defects ;  namely, a f oo tba l l  shape (Fig. 20) * 
and a ruptured surface ( ~ i g / .  21). Such defec t s  a r e  common i n  commercially 

supplied weak acid  r e s in  microspheres. Shape separation by t h e  v ibra t ing  

tab le  method8 removes many df t h e  defec t ive  pa r t i c l e s ,  but  seems t o  be 

l e s s  e f f ec t i ve  i n  removing t h e  types seen i n  Figs. 20 and 21. These types 

a r e  more of ten found i n  Duoli te C-464 than i n  Amberlite IRC-72. 

The indicat ion of nonuniform i n t r a p a r t i c l e  loading w a s  c l ea r  from 

the appearance of t he  cracked p a r t i c l e s  i n  Fig. 18. I n  order t o  assess  

* 
Color photographs of Figs. 18-21 a r e  ava i lab le  upon request. 



Fig. 20. Duolite C-464 Weak Acid Resin Microspheres Uranium-Loaded 
by the UO3 Method. Note the unusual football-shaped particle. 100x. 
Reduced 24%. 

Fig. 21. Duolite C-464 Weak Acid Resin Microspheres Uranium-Loaded 
by the UOs Method. Note the relatively rare surface rupture in one of the 
particles. 100x. Reduced 24%. 



this intraparticle variation, we performed electron microprobe analyses 

on sectioned microspheres. Optical photomicrographs of several such 

sectioned particles are shown in Figs. 22 to 25, and electron microprobe 

scans of two selected particles are shown in Figs. 26 and 27. 

As seen in Fig. 22, most particles consist of a relatively rough- 

appearing core surrounded by a slightly smoother region, in turn surrounded 

by a much thinner outer shell. The thickness of all regions varies, 

especially the core and the material surrounding it. The thickness of 

the outer shell appears less variable. Under the instrument conditions 

used, the "effective diameter" of the electron beam, that is, the area 

from which the x-rays emanated, is estimated to be about 5 pm; the 

actual beam diameter is much less. Judging from measurements made on 

the photomicrographs of Figs. 26 and 27, the width of the thin outer 

shell is about 15 pm. Some rounding of a scan at the edge of a 

Fig. 22. Photomicrograph of Duolite 6-464 FJeak Acid Resin ~crcrspheres 
Uranium-Loaded by the Ammonia Neutralization Method, Sectioned for Electron 
Beam Microprob& Examination. 100x. 



Fig. 23. Polarize4 ,ight Photomicrogrs_ of Duolite C-464 Weak Acid 
Resin Microspheres Uranium-Loaded by the Ammonia Neutralization Method, 
Sectioned for Electron Beam Microprobe Examination. Same field as Fig. 22. 
100x. Reduced 19%. 

Fig. 24. Photomicrograph of Edges of Duolite C-464 Weak Acid Resin 
Microspheres Uranium-Loaded by the Ammonia Neutralization Method, Sectioned 
for Electron Beam Microprobe Examination. 500x. Reduced 19%. 
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specimen due t o  t h e  f i n i t e  width of t h e  beam i s  t o  be expected but  t h e  

edge pla teaus  seen i n  t h e  scans of Figs. 26 and 27 are too wide, and 

hence must be rcal, 

From Figs. 26 and 27, i t  is apparent t h a t  t h e  core  and t h i n  ou te r  

s h e l l  were considerably underloaded with respect  t o  t h e  o the r  region. 

Though s imi la r  t o  t h e  s i t u a t i o n  observed i n  t h e  sample of Amberlite 

IRC-72 r e s i n  discussed earlier (e.g., Figs. 1 3  and 14) ,  note  t h a t  t h e  

change i n  concentrat ion is much more gradual  between t h e  center  and t h e  

hfgh-uranium mater ia l  surrounding it. This observation suggests  t h a t  

t h e  problem i n  t h i s  ins tance  is not  one of a marked change i n  r e s i n  

s t ruc tu re .  



F i g .  26. Photomicrograph and Electron Micr~probe Scan crf Sectioned DucPite C-464 Wea_.-kcid Resin 

Microsphere Uranium-Loaded by the Arlnmonia Neutralization Method. 110x. Redcced 29.5%. 



Fig. 27. Photomicrograph and Electron Microprobe Scan of Sectioned Duolite C-464 Weak Acid Resin 
Mi -. 'q ;yJ-.3 
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Discussion 

Loading of weak a c i d  r e s i n  v i a  t h e  ammonia n e u t r a l i z a t i o n  method is  

a two-step (perhaps three-step) process. l 2  I n  s t e p  l ( a )  t h e  ammonium 

form r e s i n  con tac t s  an  a c i d i c  uranyl  n i t r a t e  solut ion.  Approximately 

5&75% of t h e  u l t i m a t e  uranium loading is accomplished here. I n  s t e p  l ( b )  

t h e  pH of t h e  s o l u t i o n  is  adjus ted  t o  s l i g h t l y  bas ic  t o  p r e c i p i t a t e  most 

of t h e  uranium a s  ammonium diuranate  (ADU). The r e s i n  bed i t s e l f  is  used 

a s  a f i l t e r  t o  c o l l e c t  t h e  p r e c i p i t a t e .  The spent  so lu t ion  is  drained 

and discarded. I n  s t e p  2, t h e  r e s i n  bed contacts  another a c i d i c  uranyl  

n i t r a t e  solut ion.  The ADU p r e c i p i t a t e  r ed i s sa lves  and t h e  loading of t h e  

r e s i n  is completed. 

The p r o f i l e s  of Figs. 26 and 27 are l i k e l y  associa ted  wi th  precipi -  

t a t i o n  e f f e c t s .  ' The e q u i l i b r i a  involved i n  t h e  loading of ammonium-form 

r e s i n  from a c i d i c  uranyl  n i t r a t e  so lu t ions  has  been discussed by P. A. Haas 

i n  d e t a i l .  l 4  I n  s t e p  l ( a )  t h e  impregnating so lu t ion  has a pH of about 3. 

The unloaded ammonium-form r e s i n ,  i f  placed i n  pure water ,  produces a pH 

of about 10. During s t e p  l ( a ) ,  then, a pH gradient  must e x i s t  between 

t h e  edge of t h e  p a r t i c l e  and its center .  Between a pH of 3 and 4, t h e  

uranium w i l l  p r e c i p i t a t e  from t h e  uranyl  n i t r a t e  so lu t ion  a s  hydrated 

oxides o r  hydroxides and a s  ammonium d iu rana te  a t  h igher  pH values.  The 

heav ies t  p r e c i p i t a t i o n  might occur i n  t h e  outer-most regions where contact  

wi th  t h e  so lu t ion  i s  f i r s t  made and diminish i n  extent  toward t h e  cen te r ,  

producing t h e  p r o f i l e s  seen i n  Figs. 26 and 27. In s t e p  2 t h e  pH of t h e  

s o l u t i o n  is i n i t i a l l y  about 1.5 and does not  r i s e  above 3. Under these  

condi t ions  t h e  p r e c i p i t a t e s  would d i s so lve  and complete t h e  exchange 

react ion.  However, i f  enough contact  time were not  al.lowed f o r  the  

products  of p r e c i p i t a t i o n  t o  d i s so lve  compl&tely, t h e  nonunifarm c o n c h -  

t r a t i o n  p r o f i l e s  would be  re ta ined.  Support. for this hypothesie may be 

i n  t h e  observation by ~ o t z '  t h a t  nonqnifdrm o r  "shell"  loadillg .of uranium 

is poss ib le  with sodium- o r  ammonium-form r e s i n s ,  but  not  with hydrogen- 

form res ins .  

The reason f o r  t h e  low concentrat ion i n  t h e  narrow outer  rim is less 

obvious. I n  s t e p  l ( a ) ,  t h i s  region, being c l o s e s t  t o  t h e  bulk so lu t ion ,  

would tend t o  remain a t  a low pH and p r e c i p i t a t i o n  would be less l i k e l y .  



However, . i t  i s . d i f f i c u l t  t o  r a t i o n a l i z e  why t h e  .concent ra t ion  a t  t h e  

ou te r  r i m  i s  so  much lower than  even t h e  c e n t e r  of t h e  p a r t i c l e .  The 

appearance of t h e  r i m  reg ion ,  a s  seen i n  F igs .  22-25, sugges t s  t h a t  i t s  

s t r u c t u r e  may be cons iderably  d i f f e r e n t  from t h e  i n t e r i o r  m a t e r i a l .  It 

could be t h a t  an e r r o r  i n  manufacture of t h e  r e s i n  bead could have 

produced a . rQn w i t h , a  reduced exchange capac i ty  a s ,  i t  i s  specu la t ed ,  

probably occurred i n  t h e  c a s e  d iscussed  before .  Ce r t a in ly ;  t h e  evidence 

of s t r u c t u r a l  damage he re  i s  by no means .as  obvious a s  i n  t h e  c a s e  o f ,  

f o r  example, t h e  g l a s s - l i k e  m a t e r i a l  seen  i n  t h e  previous  samples. . 

Though t h e  g rada t ion  i n  uranium loading  i s  an  obvious d e f e c t ,  i t  

may not  be  t h e  main cause of microsphere breakage. . The b e s t  c l u e  t o  what 
.a; , . :. - Y: 

may'bk the major cause i s  probably t h e  51% U loading  on t h e  d r i e d  .._-_.. ,, - .  - -.-. . . . 
rek3.b' a s ' s e e n  i n  Table 1. .The usua l ly  observed maximum loading  (dry b a s i s )  

of e i t h e r  .Duo l i t e :~ -464  o r  Amberlite IRC-72 r e s i n  i s  something l e s s  than 
. . . . 

48 .wt % a s  seen ,  f o r  example, i n  t h e  loadings  of t h e  r e s i n  used i n  runs  

V55 ,. 47 ,: and 48, i n  Table 1, and i n  r e f .  12. Recent work by P.  A .  ~ a a s '  
- :< 

ind ' i=a te i , : tha t  t h e  reason why loadings  above 48% a r e  not  achieved may be 
. 6  

. , .. - 
t h e  formation of a  u rany l  hydrat 'e.  This  l i m i t ' o f  48% only  a p p l i e s  when 

a l i  t h e  loading  i s  by t r u e  ion-exchange.. The 51% U content  of t h i s  

ba tch  imp l i e s  t h a t  some o f ' t h e  uranium was p re sen t  a s  a  p r e c i p i t a t e .  

Fur ther  support  f o r  t h i s  p r e c i p i t a t i o n  hypothes is  may be i n  t h e  

d e n s i t y  d i f f e r e n c e s  between t h e  converted Duolj.te C-464 ba tches  i n  Table 1. 

Note t h e  d e n s i t y  of 2.59 f o r  ~ 0 3 - l o a d e d  V48 ve r sus  3.20 f o r  

V54. Du'olite C-464, l i k e  Amberlite IRC-72, i s  a macrore t icu1ar" ' res in .  

It is  ' in  t h e  macropores of t h e  microsphere t h a t  t h e  precipitation would 

be expected t o  occur.  A r e c e n t  s tudy  by G. W. Weber e t  a1.16 showed t h a t  

t h e  macroporosity of uranium-loaded Duol-ite C-464 o r  Amberlite IRC-72 

r e s i n  is maintained through conversion al though s i g n i f ' i c a n t  changes of 

t h e  pore s i z e  and s t r u c t u r e  occur a long  wi th  an  o v e r a l l  shr inkage  of t h e  

r e s i n  bead. Thus, a  converted p a r - t i c l e  wi th  macropores con ta in ing  a  

p r e c i p i t a t e  would be expected t o  show a h igher  f i n a l ' d e n s i t y ,  a s  seems 

t o  be t h e  case  i n  . the p re sen t  s i t u a t i o n .  

From t h e  p re sen t  d a t a ,  i t  is  impossible  t o  a s c e r t a i n  whether t h e  

c racking  of t h e  p a r t i c l e s  occurred dur ing  ca rbon iza t ion  o r  conversion.  

The s tudy  by Weber e t  a1.16 a l s o  showed t h a t  whi le  t h e  r e s i n  p a r t i c l e  a s  



a  whole s h r i n k s  i n  volume about 30 t o  40% dur ing  ca rbon iza t ion ,  t h e  

s i z e  a n d . d i s t r i b u t i o n  of t h e  macropores remains about t h e  same; t h e  

g r e a t e s t  shr inkage  of t h e  pores  occurs  du r ing  conversion.  Cracking 

du r ing  ca rbon iza t ion  seems u n l i k e l y  i n  t h a t  ammonium d i u r a n a t e  decomposes 

i n  t h e  s a m e  tempera ture  range  a s  t h e  r e s i n 1 7  (about 250 t o  500°C). I f  

p r e c i p i t a t e s  were p re sen t  i n  t h e  pores ,  i t  would be  expected t h a t  

c r ack ing  would occur  most ly dur ing  conversion. This  was i n  f a c t  observed 

r e c e n t l y  i n  a . subsequen t  ba t ch  of Duol i te  C-464 loaded by t h e  ammonia 

n e u t r a l i z a t i o n  method1' t h a t  was analyzed f o r  crack.ing a f t e r  carboniza t ion  

and conversion.  

It i s  important  t o  understand t h a t  t h e  ba tch  of r e s i n  d iscussed  

h e r e  was loaded dur ing  a  per iod  when the 1nadi.ng prsceoo wao being 

developed, and t h a t  r e c e n t  improvements i n  t h e  ammonia n e u t r a l i z a t i o n  

method a r e  r epo r t ed  t o  have a l l e v i a t e d  t h e  problem of cracki-ng. 1 2  

SUMMARY AND RECOMMENDATIONS 

The two major i n s t a n c e s  of weak a c i d  r e s i n  f a i l u r e  dur ing  t h i s  

development program were i n t e n s i v e l y  inves t iga t ed .  The f i r s t  f a i l u r e  

occurred  w i t h  a  b a t c h  of Amberlite IRC-72 r e s i n  loaded wi th  uranium by 

t h e  U03 method. During pneumatic t r a n s f e r  experiments,  a  r e l a t i v e l y  

sma l l  percentage  of resin-form microspheres broke, and about ha l f  of 

t h e  microspheres  i n  t h e  ba t ch  broke dur ing  ca rbon iza t ion .  I n t r a - p a r t i c l e  

v a r i a c i a n s  i n  uranium concen t r a t ion  and r e s i n  s t r u c t u r e  were observed. 

The cause  of t he  f a i l u r e  was probably s truct~ lra l  abnormnl i t ics  t h a t  

r e s u l t e d  from an  improper s t e p  i n  t h e  manufacture of t h e  r e s i n  microspheres.  

The second f a i l u r e  occurred du r ing  t h e  ca rbon iza t ion  and conversion 

of a  ba t ch  of Duo l i t e  C-464 weak a c i d  r e s i n  lnaded by t h e  ammonia 

n e u t r a l i z a t i o n  method. W e  ahserved i n t r a - p a r t i c l e  v a r i a t i o n s  i n  uranium 

concen t r a t ion ,  and b e l i e v e  t h a t  t h e  f a i l u r e  was caused by an  overloading 

cond i t i on  i n  which uranium c.ompounds p r e c i p i t a t e d  i n  t h e  r e s i n  pores .  

These two ba t ches  of r e s i n  a r e  t h e  only ones t n  f a l l  out of many 

ba t ches  of uranium-loaded weak a c i d  r e s i n  observed t o  d a t e ;  a l l  t h e  o t h e r s  

have performed w e l l .  



The results clearly indicate that the effects of abnormalities 

may not appear until well after the resin is loaded. Therefore, for 

any large-scale loading operation we recommend the implementation of 

appropriate quality control measures and inspection, such as were 

performed in this study, to prevent the waste of carbonizing and con- 

verting defective batches. 

ACKNOWLEDGMENTS: 

The photography is that of E. P. Griggs and J. W. Nave. The SEM 

and electron microprobe analyses were performed by R. S. Crouse. The 

report was edited by R. R. Ihrig and prepared for reproduction by 

Connie Harrison. 

REFERENCES 

1. C. B. Pollock and R. L. Beatty, "Development of Inert Dimensionally 

Stable Microsphere Kernels for Coated-Particle Irradiation Tests in 

HFIR, Gas-Coo Zed Reactor Program Semiannu. Prog. Rep. Sept. 30, 1969, 

ORNL-4508, p. 9. 

2. J. L. Scott, J. M. Leitnaker, and C. B. Pollock, "Preparation of 

Coated Fuel Particles from Ion-Exchange Resin," Gas-Cooled Reactor 

Program Semiannu. Prog. Rep. Mar. 31, 1970, ORNL-4589, pp. 3 7 .  

3. P. A. Haas, HTGR Fuel Development: Use of UO3 t o  Load Cation Exchange 

Resin for Microsphere Preparation, ORNL-TM-3817, September 1972. 

4. Personal communication, D. R. Johnson, October 1974. 

5. Personal communication, D. R. Johnson, November 1974. 

6. Personal communication, D. R. Johnson, January 1975. 

7. P. A. Haas, HTGR Fuel Development: Loading of Uranium on Carboxylic 

Acid Cation-Exchange Resins Using Solvent Extraction of Nitrate, 

ORNT,-TM-4955 (September: 1 9 7 5 ) .  

8. F. J. Furman, J. T. Meador, and J. D. Sease, Microsphere Handling 

Techniques, ORNL-TM-2782 (March 1970) pp. 15-18. 

9. K. J. Notz and P.  A. Haas, Gas-Cooled Reactors Programs Annu. Prog. 

Rep. Dee. 31, 1972, ORNL-4911, p. 31. 



10. .K. A. Kun and R. Kunin, "The Pore Struc.ture . ., of Macroreticular Ion 

Exchange Resins, J. of Polym. Sc<. , Part C(16) : 1457 73 (1967) 6 

11. R. L. Albright, Rohm and Haas Co., personal communication, November 12, 

1975.. , ,  , .  . . . . 

12. . R. J. Precourt and R. 0 .  Whipple, .The WAR FissiZe Kernel Process, 

GA-A13902 (April 12, 1976). . . . . ~ .  . 

13. P. A. Haas, personal communication, August 1976. 

14. P. A. Haas, personal comunication, April 1975. 

15. P. A. Hans, personal communication, April 1976. 

16:'' G. W. ~eber, R. L. Bearty, and V: J. Tennery, &opert?:ss of 

'. Carbonized and Converted Uraniwn-Loaded Weak Acid Resin, 0 ~ ~ ~ - 5 2 0 1  

(February' 1977). ' '. 

17. K. J. ~ o t z  et al., unpublished data. . . 

18. J. A. Carpenter, Jr., unpublished data. 



ORNL/TM-6067 
Distribution 

.. . Category UC-77 

INTERNAL DISTRIBUTION 

Central Research Library. 
Document Reference Section - . 
Laboratory Records Department 
Laboratory Records, ORNL RC 
ORNL >Patent Office 
P. Angelini 
B. J. Baxter 
R. L. Beatty 
R. J. Beaver 
R. A. Bradley 
W. M. Bradley 
A. J. Caputo 
J. A. Carpenter, Jr. 
D. A. Canonico 
R. S. Crouse 
R. G. Donnelly 
W. P. Eatherly 
J. B. Fly,nn 
J. I. Federer 
D. E. Ferguson 
E. P. -Griggs 
R. E. Helms . .  > 

M. R. Hill 
R. M. Hill . .  

F. J. Homan 
D. R. Johnson 
M. J. Kania 
P. R. Kasten 
W. .T. Lackey 
D. A. Lee . 

T. B. Lindemer 
A. L. Lotts 
J. E. Mack 
A. P. Malinauskas 

M. M. Martin 
S . R. ' McNeany 
C. S. Morgan , 

J. W. Nave ' ' 

K. J. Not2 
A .  R. Olsen .' 

A. E. Pasto 
R. C. Pearson . .  
D. P. Reid 
J M Robbins 
J. E. Rushton 
T. F. Scanlan ' . 
C. D. Scott 
J. E. Selle 
D. S'. Sti..nt.on. 
R. R. Suchomel 
V. J. Tennery 
B. A. Thiele ,,, 

S. M. Tiegs 
T. , N. Tiegs 
D. B. Trauger 
G. W. Weber 
G. C. Wei 
d..R. Weir, 3r. 
R. P. Wichner 
R. G. Wymer 
C. S. Yust 
R. W. Balluff i (consultant) 
P. M. Brister (consultant) 
W. R. Hibbard (consultant) 
Hayne Palmour I11 (consultant) 
N. E. Promise1 (consultant) 
D. F. Stein (consultant) 

EXTERNAL DISTRIBUTION 

9 H 6 .  ERDA DIVISION OF REACTOR NUCLEAR RESEARCH AND APPLICATIONS, 
Washington, DC 20545 

Director 

97. ERDA IDAHO OPERATIONS OFFICE, P.O. Box 2108, Idaho Falls, ID 83401 

Barry Smith 



;I 
EXTERNAL DISTRIBUTION (Continued) 

9 8.  ERDA OFFICE OF PROGRAM MANAGEMENT, RESEARCH AND SPACE PROGRAMS , 
P.O. Box 81325, San Diego, CA 92138 

J. B. R a d c l i f f e  

99. ERDA SAN FRANCISCO OPERATIONS OFFICE, 1333 Broadway, Wells Fargo 
Bui ld ing ,  Oakland, CA 94612 

Manager 

100-102. ERDA DIVISION OF WASTE MANAGEMENT, PRODUCTION AI\JD PROCESSING, 
Washington, DC 20545 

Chfef , '~echaslsgy Brarich 
Chief ,  P r o j e c t s  Branch 
Chief ,  I n d u s t r i a l  Programs Branch 

1 0 3 1 0 5 .  ERDA OAK RIDGE OPERATIONS OFFICE, P.O. Box E, Oak Ridge., TN 
37830 

D i r e c t o r ,  Research and Technical  Support Div is ion  
D i r e c t o r ,  Reactor  Div is ion  
F. E. Dearing., Reactor  Div is ion  

106-282. ERDA TECHNICAL INFORMATION CENTER, P.O. Box 62, Oak Ridge, TN 
37830 

For d i s t r i b u t i o n  as shown i n  TID-4500 D i s t r i b u t i o n  Category, 
UC-77 (Gas-Cooled Reactor Technology) 

2 8 3 2 9 0 .  ERDA Exchange Agreements w i t h  Germany and Dragon P r o j e c t  

. .a u~GOVERNMENT PRINTING OFFICE: 1977-74&189/265 

. . 




