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THE mMOVAL OF URANIUM AND THORIUM FROM --- ____~-- - -  
~ L I 3 D - G R A P K I T E  MATERIALS BY CHLORINATION 

J. L. Cook and R. L. Hamner 

ABSTRACT 

A nondestructive process w a s  developed for the  removal 
of exposed uranium and thorium from fueled-graphite spheres 
f o r  gas-cooled pebble-bed reactors .  Volat i le  chlorides were 
formed and removed by react ing exposed u r a n i b  and thorium 
a t  high temperature with a dynamic atmosphere of gaseous 
chlorine d i lu ted  with argon. Chlorination experiments were 
conducted a t  800 t o  1000°C with uncoated sphericalUC2 and 
(U,Th)C;! pa r t i c l e s ,  pyrolytic-carbon coated f u e l  pa r t i c l e s ,  
and graphite matrices containing coated fuel pa r t i c l e s .  
The r e su l t s  were evaluated by radiography, chemical analyses, 
x-ray d i f f rac t ion  analyses, and alpha assay. 

readi ly  removed by chlorine treatment than exposed uranium- 
thorium combinations, but  t h a t  both could be removed by 
t r ea t ing  f o r  16 h r  at  1090°C i n  a gaseous flow of 
80 cm3/min C 1 2  and 125 cm3/min A r .  

It w a s  concluded t h a t  exposed uranium alone w a s  more 

INTRODJCTION 

The nuclear f u e l  elements conceived f o r  gas-cooled, fueled-graphite 

systems such as t h e  F'13RE1 and the AVR2 employ spheroidal f u e l  pa r t i c l e s  

approximately 200 ~ 1 .  i n  diameter coated with approximately 100 CL of 

pyrolyt ic  carbon. 

(U,Th)O*; f o r  each of these types, the pa r t i c l e s  a re  d is t r ibu ted  uni- 

formly i n  spherical  graphite matrices. 

The f u e l  pa r t i c l e s  m w  be UC2, (U,Th)C2, U02, or  

The pr inc ipa l  f'unctions of the pyrolytic-carbon coatings during 

reactor  operation are t o  r e t a i n  f i s s i o n  products and prevent f u e l  migra- 

t i on .  It i s  highly desirable,  therefore,  t h a t  no fuel pa r t i c l e s  with 

- 
'Oak Ridge National Laboratory, Conceptual Design of the  Pebble 

2General Atomics, Graphite-Matrix Fuels Development f o r  the  AVR, 

Bed Reactor Experiment, ORNL-TM-201 ( M a y  1962). 

GA-4695 (October 1963). 
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ruptured coatings be inserted in a reactor. 
strated that damage of a small percentage of the particle coatings 
can be expected during the coating process, during handling, or during 
fuel-sphere fabrication operations, leading to internal and external 

exposure of fuel in the finished fuel element. 
erations, development was undertaken of a method, feasible in principle 
for production operations, for removing exposed fuel from coated pwticles 

and from fueled-graphite components containing coated particles. 

However, it has been demon- 

In view of these consid- 

PRIOR WORK 

Chlorination processes for the removal of uranium and thorium from 
ores, graphite, and metal matrices have been studied extensively.3+ In 

these studies, recovery processes were developed in which finely ground 
uranium- or thorium-bearing materials were exposed for relatively short 

periods to gaseous Clz, CCl4, or both at temperatures from 500 to 1000°C, 
and the metal elements desired were volatilized as chlorides. Most of 

these investigations were limited in scope, and a quantitative evaluation 
of the effectiveness of the reported chlorination processes for uranium 

and thorium recovery (or removal) could not be made. 
recovery of fuel from spent fuel elements, however, at least 95$ of the 
uranium was removed by chlorination. 8~ This was considered sufficient 
basis for investigating such a technique for the purposes of the present 

In work directed at 

study. 

3M. J. Bradley and L. M. Ferris, Recovery of Uranium and Thorium 
from Graphite Fuels, ORNL-2761 (March 1960). 

4L. W. Baleziak and K. C. Newman, Recovery of Tuballoy from Carbon, 
0-GS-40 (June 1945). 

5Eldorado Mining and Refining, Ltd. , Research and Development Report 
for October, 1959, R-59-10, NP-8069 (Oct. 1959). 

6F,ldorado Mining and Refining, Ltd. , Research and Development Report 

7Argonne National Iaboratory, Reactor Development Program Progress 

for December, 1959, R-59-12, Np-8306 (Dec. 1959). 

Report, November, 1962, ANL-6658 (Dec. 1962). 
8T. A. Gens, Om-3376 (May 1963) (classified). 

i .- 

9R. E. Blanco I et -*, a1 Processing of Graphite Reactor Fuels Containing 
Coated Particles and Ceramics, OWL-TM-667 (Sept. 1963). 
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CHEMICAL AND PHYSICAL CONSIDERATIONS 

Tne fue l s  i n  the coated pa r t i c l e s  can be e i t h e r  U02, (U,Th)02, UC2, 

or (U ,Th)C2 .  

these compounds are removed from ruptured pa r t i c l e s  o r  from contaminated 

graphite matrices by gaseous chlorine,  only the  oxides were considered 

since they a re  less reac t ive  than the  carbides. The formation and 

behavior of uranium and thorium chlorides a re  discussed below. 

I n  reviewing the chemical react ions t h a t  might occur when 

Uranium Chlorides 

Four binary uranium-chlorine compounds are known: U C l 3 ,  U C l 4 ,  U C l 5 ,  

K a t z  and co-workerslO'll have reviewed the chemical and physi- and UCl6 .  

c a l  behavior of these compounds. 

properties are  l i s t e d  i n  Table 1. 

Selected physical and thermodynamic 

Table 1. Properties of Uranium-Chlorine Compounds 

AI?" 
Melting AH of Formation 

Point Density of Sublimation at  298°K 
Compound ( " c )  ( g/ cm3 ) ( kc al/mole ) (kc al/mole ) 

U C l 3  835 5.51" 55.0 -196.9 

U C l 4  590 4. 87a 4'7.7 -230.0 

UC15 327b 3.81' -23'7.4 

UC16 1'7gd 3.56& 11.12  -241.5 

%om x-ray d i f f r ac t ion  data. 

bEs timate d quantity . 

dwi t h  dec ompos it i on. 

C Direct measurement by immersion i n  benzene. 

A t  su f f i c i en t ly  high temperatures and i n  the  presence of chlorine, 

However, t he  higher the lower uranium chlorides are converted t o  U C l 6 .  

chlorides rever t  t o  UC14 and chlorine a t  higher temperatures or lower 

chlorine concentrations. 

1°J. J. Katz and E. Rabinowitch, 

"J. J. Katz and G. T. Seaborg, 

McGraw H i l l ,  New York, 1951. 

Wiley, New York, 195'7. 

The Chemistry of Uranium, pp 450-507, 

The Chemistry of the Actinide Elements, 
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Uranium dioxide reac ts  w i t h  C C l 4  or with carbon and gaseous chlorine 

t o  form U C l 4  (which i n  the presence of excess chlorine a t  su f f i c i en t ly  

low temperatures may i n  turn  be converted t o  UC16) :  

I n  the  presence of carbon, the  equilibrium 

CQ2(g) + c ( d  === 2co(g) 

would determine the r e l a t i v e  amounts of CO and C02. Some inves t iga tors  

bel ieve t h a t  C C l 4  i s  ac tua l ly  the  agent f o r  forming the  v o l a t i l e  U C l 4  i n  

a l l  cases. I n  f a c t ,  chlorine reacted with U02 alone y i e lds  uranyl 

chloride (U02C12), which i s  nonvolati le.  

The vapor pressure of U C l 4  a t  500°C i s  0.64 t o r r  and i t s  normal 

The hexachloride i s  much more v o l a t i l e ,  i t s  boi l ing  point i s  792°C. 

vapor pressure exceeding 1m w e l l  below i t s  melting point .  

Thorium Chlorides 

The only thorium chloride with s ign i f icant  s t a b i l i t y  i s  ThCl4. '' 
Like U02, Tho2 i s  not e f fec t ive ly  chlor inated with gaseous chlorine 

alone. 

Tho2 and gaseous C12 are heated at  temperatures up t o  1050°C; these 

invest igators  found t h a t  the  extent and rate of conversion of Tho2 t o  

ThCl4 with gaseous chlorine depend on the  eff ic iency of contact between 

carbon, thorium oxide,and chlorine and on the  r e a c t i v i t y  of the  Tho2 

and carbon. 

Dean and Chandler12 showed t h a t  very l i t t l e  ThCl4 i s  formed when 

The chlor inat ion of Tho2 i s  thought t o  take place i n  two s teps:  

The react ion i s  rap id  above 650°C. 

i; 

l20.  C. Dean and J. M. Chandler, Nucl. Sci.  Enq. - 2, 57-72 (1957). - 
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Thorium te t rachlor ide  m e l t s  a t  770°C and b o i l s  under atmospheric 

pressure at  921°C. It can sublime i n  vacuum a t  750°C. Thus, e f f ec t ive  

simultaneous removal of both uranium and thorium from carbon matrices 

requires temperatures of 800°C and above. 

DESCRIPTION OF PROCESS 

An apparatus f o r  the  chlor inat ion of coated pa r t i c l e s  and f'ueled- 

graphite specimens containing coated f'uel pa r t i c l e s  a t  temperatures up 

t o  1OOC)"C i s  shown schematically i n  Fig. 1. The specimen t o  be chlorin- 

a ted i s  placed on a porous carbon (Carbocell) boat and inser ted  i n  a 

c l ea r  h s e d -  s i l i c a  combustion tube, f i t t e d  with water-cooled fused-si l ica  

end plugs. 

"cold f inger"  f o r  the  condensation of v o l a t i l e  uranium and thorium chlo- 

r ides  ahead of the  NaOH scrubber. A l l  piping carrying chlorine i s  made 

of nickel,  Monel, glass ,  or Teflon. 

The downstream end plug has provision f o r  i n s t a l l i n g  a 

The system i s  purged with argon, which passes through two drying 

columns, one each of calcium su l f a t e  and act ivated alumina, before 

enter ing the  furnace chamber. With power on the  furnace, t he  argon purge 

continues a t  approximately 125 cm3/min. The chlorine gas, which i s  dried 

separately by two drying columns, one each of calcium su l f a t e  and act ivated 

alumina, flows with the  argon i n t o  the  furnace a t  approximately 80 cm3/min 

a f t e r  the  furnace reaches a temperature of approximately 400°C. On the  

outgas end the  chlorine and argon are  bubbled through a saturated NaOH 

solution, which absorbs the  chlorine,  and the argon i s  exhausted t o  the 

atmosphere. Because of t he  hazards of chlorine gas, the  e n t i r e  system 

i s  contained i n  a fume hood. 

The specimens being t r ea t ed  are heated i n  the  flowing argon- 

chlorine mixture at  a prescribed temperature f o r  a given period of t i m e .  

Upon completion of the  chlorination, the power i s  turned off and the  

specimens a re  allowed t o  cool a t  l e a s t  t o  200°C i n  flowing argon before 

removal. After the  chlorine flow i s  stopped, bypass valves a re  opened,, 

allowing the argon t o  purge the  chlorine from the e n t i r e  system during 

the  cooldown. This purging of the chlorine from the  piping decreases 

corrosion t o  l i nes ,  flowmeters, and valves. 

I 

. 
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Fig. 1. Schematic Drawing of Chlorination Apparatus. 
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Carbon te t rachlor ide  w a s  employed as an auxi l ia ry  chlor inat ing 

agent i n  preliminary experiments because of i t s  reported e f f i c i e n t  chlo- 

r ina t ing  action.13 However, since the  C C l 4  d issociated at  high tempera- 

tu res  (800-1000°C), leaving an undesirable t a r l i k e  carbon deposit on the  

specimens and i n  the  system, i t s  use was  discontinued. 

EXPERIMENTAL RESULTS 

Chlorination w a s  studied using three types of specimens: (1) un- 
coated UC2 and (U,Th)C2  par t ic les ,  ( 2 )  U02, UC2, and (U,Th)C2 pa r t i c l e s  

coated with pyrolyt ic  carbon, and (3) fueled-graphite specimens con- 

ta in ing  coated Toel pa r t i c l e s .  Since the objectives of these experiments 

were somewhat d i f fe ren t ,  though re la ted ,  the r e s u l t s  w i l l  be presented 

separately.  

Chlorination of Uncoated Fuel Pa r t i c l e s  

Two l o t s  of spherical  uncoated fuel pa r t i c l e s  were used i n  the  

f i r s t  chlor inat ion s tudies  t o  determine the effect iveness  of the  chlo- 

r i n e  i n  the simplest case. A l o t  of "monocrystalline" UC2 containing 

91  wt  $ U and a l o t  of (U,Th)C2 containing 90 w t  '$ heavy metal with a 

thorium-to-uranium r a t i o  of 0.6 were chlorinated for 5 1/2 h r  a t  1000°C 

i n  a 1 : lmix tu re  of argon and chlorine containing no C C l 4 .  The r e s u l t s  

were evaluated by radiography, metallography, x-ray d i f f rac t ion ,  chemical 

analysis,  and leaching of the  chlorine-treated pa r t i c l e s  i n  8 
8 hr  a t  9 5 ° C .  

HNO3 f o r  

( U , T A ) C ~  Pa r t i c l e s  

Tne residue of the (Th,U)C2 pa r t i c l e s  re ta ined the  shape of the 

o r ig ina l  spherical  pa r t i c l e s  after both chlor inat ion and ac id  leaching, 

as shown by microradiographs (Figs.  2 and 3) .  Comparison of Figs. 2 

and 3 reveals t h a t  t he  high-density material associated with the  fibrous- 

appearing s t ruc ture  i n  the  as-chlorinated sample w a s  almost completely 

removed by the  subsequent ac id  leach. By comparing Fig. 3 with a 

I3T.  A .  Gens, Chemical Technology Division, OWL, Private 
Comunication t o  J. L. Cook, Dee. 1962. 
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Fig. 2. Microradiograph of ( U , T h ) C 2  Pa r t i c l e s  a f t e r  
Chlorination. 20OX. 
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I....-. 1 C C l r . r -  

Fig. 3 .  Microradiograph of Residue from the  Chlorination and 
Acid Leaching of (U,Th)Cz Par t i c l e s .  200X. 
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radiograph (Fig.  4 )  of s imi la r  s i ze  coke p a r t i c l e s  t h a t  contained l e s s  

than 100 ppm high-density material, it w a s  estimated t h a t  85 t o  95% of 

the o r ig ina l  f u e l  had been removed. X-ray analysis  of the  residue 

revealed f a i n t  and very f a i n t  ThCl4 d i f f r ac t ion  l i n e s  a f t e r  chlor inat ion 

and ac id  leaching, respect ively.  Chemical analysis  of the leach solu- 

t i o n  showed the leachable uranium and thorium remaining a f t e r  chlorina- 

t i o n  t o  be 0.48 and 0.42 w t  %, respect ively,  of the  t o t a l  quantity of 

f u e l .  If one assumes t h a t  a l l  the f u e l  remaining a f t e r  chlor inat ion 

w a s  leachable, the treatment w a s  99.5% ef fec t ive .  

assumption i s  not qui te  v a l i d  f o r  (U,Th)C2 materials, the residues after 

chlor inat ion and a f t e r  leaching were sampled and analyzed f o r  the quan- 

t i t y  of f u e l  present.  

r ina t ion ;  t h i s  w a s  reduced by 5 q o  by the  n i t r i c  ac id  leach. It i s  

in t e re s t ing  t o  note t h a t  the  f u e l  remaining after chlor inat ion w a s  

composed of 46% U and 54% Th, while 8'7% of the f u e l  remaining after the 

ac id  leach w a s  thorium. The important r e s u l t  i s  t h a t  approximately 9flo 

of the  o r ig ina l  f u e l  w a s  removed by the  chlorine treatment.  Typical 

metallographic sections,  Figs. 5 and 6,show only minute quant i t ies  of 

f u e l  a t  magnification t o  1OOOX. 

Since, however, t h i s  

Approximately 2 w t  % of f u e l  remained after chlo- 

UC2 Pa r t i c l e s  

The radiograph of the chlor inated UC2 p a r t i c l e s  (Fig. '7) showed 

only a very s m a l l  portion of the  p a r t i c l e s  t o  contain high-density 

mater ia l ,  and the  appearance of the residue w a s  t h a t  of empty she l l s .  

Analysis of the residue a f t e r  ckilorination. revealed t h a t  only 0.5% of 

the o r ig ina l  uranium present remained, showing t h a t  the  treatment w a s  

about 99.5% ef fec t ive  i n  removing exposed uranium. 

graphic examination detected only carbon i n  the residue. 

X-ray and metallo- 

Chlorination of Coated Fuel Pa r t i c l e s  

The chlor ine treatment of coated p a r t i c l e s  w a s  invest igated i n i t i a l l y  

as an a i d  t o  s tud ies  of f u e l  migration i n t o  the  coating after high- 

temperature heat treatment. 

f u e l  migration i n  coated UC2 pa r t i c l e s  could not dis t inguish between 

surface contamination and f u e l  t h a t  had migrated i n t o  the coating during 

Radiographic techniques employed t o  follow 

\ 
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Fig. 4 .  Microradiograph of Coke Particles. 200X. 



1 2  

Fig. 5. Photomicrograph of Residue from (U,Th)Cz Pa r t i c l e s  
after Chlorine Treatment. 2OOX. 

? 

. 



13 

Fig. 6 .  Photomicrograph of Residue from (U,Th)C;! Particles 
after Chlorine Treatment. 1OOOX. 

T 
. 
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Fig. 7 .  Radiograph of UC2 Par t i c l e s  after Chlorination. 75X. 
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heat  treatment a t  1700°C f o r  307 h r  (Fig. 8) .  
by heating the  pa r t i c l e s  t o  800°C f o r  3 h r  i n  chlorine t o  remove the 

surface contamination and then radiographing again (Fig.  9 ) .  Comparison 

of Figs. 8 and 9 c lear ly  indicates  t h a t  a la rge  quantity of the  f u e l  

had been located on the  surface of the pa r t i c l e s .  

The question w a s  resolved 

Also, Fig. 9 shows a pa r t i c l e  with a cracked coating. Almost all 

of the fuel w a s  removed through the  crack, leaving a hollow she l l ;  t h i s  

suggested t h a t  the  removal of f u e l  from pa r t i c l e s  with cracked coatings 

might prove useful  f o r  eliminating damaged pa r t i c l e s  from as-prepared 

unsupported coated pa r t i c l e s .  If the  fuel could be removed from such 

pa r t i c l e s ,  the pyrolytic-carbon she l l s  might be separated from the sound 

coated pa r t i c l e s  by a f l o t a t i o n  technique. 

Two l o t s  of coated UO;! par t i c l e s  (Nos. 104 and 105) w e r e  chlorinated 

f o r  4 h r  a t  800°C. 

samples t h a t  Lot 104 had 15.5 w t  $ and Lot 105 had 0.6 w t  6 of f u e l  

exposed due t o  cracked coatings. 

r e s u l t s  may be seen i n  Figs. 10 and 11. Alpha assays made on monol8yers 

of the pa r t i c l e s  before and after chlor inat ion showed t h a t  the  alpha 

a c t i v i t y  f o r  Lots 104 and 105 had been reduced t o  53 and 3%, respec- 

t i ve ly ,  of the o r ig ina l  ac t iv i ty .  Radiographs of pa r t i c l e s  from these 

l o t s  a f t e r  chlor inat ion were examined and showed t h a t  some f u e l  i n  

cracked pa r t i c l e s  s t i l l  remained. This work w a s  not pursued, but  the  

r e s u l t s  indicated t h a t  chlorine treatment under a l t e r ed  conditions could 

remove a l l  of the exposed fue l .  

It had been determined by leaching of unchlorinated 

That microradiography supports these 

Chlorination of Fueled-Graphite Specimens 

Surface f u e l  exposure i n  fueled-graphite spheres without unfueled 

she l l s ,  as determined by alpha assay, w a s  found i n  some cases t o  be 

approximately 0.04% (observed a act ivi ty/calculated a c t i v i t y  of the 

t o t a l  amount of uranium i n  the spheres),  even a f t e r  leaching i n  16 - M 

HNO3 and r ins ing  with water. In t e rna l  exposed f u e l  contents, as 

determined by anodic leaching, ranged up t o  16%. The highest  contents 

were found i n  spheres with unfueled she l l s ,  i n  which the  concentration 

of coated f u e l  pa r t i c l e s  ( i n  the fueled port ion)  w a s  approximately 

29 v o l  compared t o  8.5 vol  $J i n  spheres without unfueled she l l s .  

I 

. 
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Fig. 8. Radiograph of Lo t  NCC 203-17 a f t e r  Heat Treatment 
at  1700°C f o r  307 h r  with no Chlorine Treatment. 75X. 

x 
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Fig .  9. Radiograph of Lot NCC 203-17 after Heat Treatment 

at  1700°C f o r  307 h r  Followed by Chlorine Treatment. 75X. 



Fig. 10. Radiograph of Lot 104 before Chlorine Treatment. 75X. 

I 
i 

. 
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Fig. 11. Radiograph of Lot 105 before Chlorine Treatment. 75X. 
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A gaseous chlor inat ion process appeared more a t t r a c t i v e  than leach- 

ing with l i q u i d  ac id  f o r  the removal of the exposed fue l ,  because the  

gaseous products may be transported continuously away from the  graphite 

matrices. Accordingly, es tabl ishing conditions f o r  removal of uranium 

and thorium i n  graphite matrices by chlor inat ion w a s  undertaken, with 

the  r e s u l t s  evaluated by alpha assay. 

I n  preliminary experiments, specimens 1/4 in .  th ick  and 1 in .  i n  

diameter were cu t  from 1 1/2 i n .  graphite spheres containing pyrolytic- 

carbon coated (U,Th)C2 pa r t i c l e s  with a thorium-to-uranium r a t i o  of 0.6. 

Both s ides  of the  specimen were counted before and after chlorine t r e a t -  

ments a t  800°C as a function of chlor inat ion time. The results a re  

shown i n  Table 2. 

Table 2. Results of Chlorine Treatments of 
Fueled-Graphite Samples at  800°C 

Surface Contamination (a counts/min/side) 

__ ~ 

Spec imen Before After 3-hr After 8-hr 
No. Chlorination Chlorination Chlorination 

GA- S1-10 > 1000 300 75 

3M-S1-7 > 1000 900 110 

Experiments a t  800°C were not car r ied  fu r the r  since it seemed obvious 

t h a t  the  exposed f u e l  could, i n  time, be removed by chlorine treatment 

and t h a t  such a process would probably be more e f f i c i e n t  a t  higher 

temperatures. 

Further experiments were then conducted a t  1000°C ( l imi ta t ion  of 

equipment) under the  same conditions of gas flow (80 em3 Clz/min, 

125 cm3 Ar/min). I n  t h e  i n t e r e s t  of developing a cleanup process with 

overa l l  eff ic iency su i tab le  f o r  production, these experiments included 

a mechanical removal of exposed f u e l  from the  surface before chlorina- 

t ion .  The specimens used i n  these experiments were of two types. 

Molded fueled spheres , containing coated (U,Th)C2 pa r t i c l e s  and having 

no unfueled she l l s ,  were obtained from General Atomic (GA) and Speer 

Carbon Company (SCC). Right so l id  cylinders, containing coated UC;! 

pa r t i c l e s ,  were fabricated i n  the  Ceramics Laboratory. A l l  specimens 

i c-. 
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contained surface-exposed pyrolytic-carbon coated fuel pa r t i c l e s .  

GA spheres (GA S3-1, -2, -7, and -15) were t r ea t ed  i n  the  as-received 

condition (i. e., the  specimen had been machined at the  equator and 

leached i n  fuming HNO3 f o r  2 min at the  vendor’s plant) .  The cy l indr ica l  

specimens were damaged a t  both ends before treatment by rubbing on 

abrasive paper. 

expose a maximum f la t  area f o r  t r ea t ing  and alpha counting. 

surfaces w a s  characterized by v i sua l  observation and counting of coated 

f u e l  pa r t i c l e s  using a binocular microscope with a gridded eyepiece. 

The character izat ion of typ ica l  specimens i s  shown i n  Table 3. 

The 

The SCC sphere (SCC S1-5) w a s  handsawed i n  ha l f  t o  

Damage t o  

Table 3. Characterization of Fueled-Graphite 
Specimens f o r  Cleanup Studies 

Fueled- Graphi t e  SCC 
Cylinders a Hemisphere GA 

Nominal diameter ( in .  ) 0.9 1 . 5  1 .5  
Matrix density ( g/cm3 ) 1.45-1.50 1.78 1.91 

(Damaged Surfaces) (Cut Surface) Spheres 

Type of f i e 1  p a r t i c l e  UC;! (normal U )  (u, Th) c2 (u,Th)c2 
(filly en- (normal U )  
r iched) 

Uranium content (g/specimen) 2.0 
Thorium content (g/specimen) 
Nominal coated p a r t i c l e  375 

Nominal f u e l  core diameter (p) 175 
Damaged area exposed f o r  treat- 1.37 

Number of f u e l  pa r t i c l e s  at 1417 

diameter (p) 

ment and counted (in.;!) 

damaged surfacea,b 

1.96 1.96 
1 .2  1.2 
375 

175 
1.62 

1392 

Percent of damaged area  occupied 18.0 15.0 

Pa r t i c l e s  pulled out by damage (8) 13.9 41.59 
Par t ic les  with coating i n t a c t  ($) 27.5 19.76 
Par t ic les  with p a r t i a l l y  damaged 0.0 18.39 

Par t ic les  with f u e l  p a r t i c l e  19.48 7.04 

Pa r t i c l e s  with f u e l  pa r t i c l e  39.1 13.2 . 

by fuel par t ic lesb  

coating ($) 

removed ($) 

exposed ($) 
a 

bIncludes a l l  p a r t i c l e s  or ig ina l ly  present i n  the  plane of damage. 

See t e x t .  

1 
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Mechanical Cleaning 

The alpha a c t i v i t y  l e v e l  of t he  GA spheres and the  cy l ind r i ca l  

specimens, i n  general, w a s  decreased below 5@ of the  o r ig ina l  by u l t r a -  

sonic cleaning i n  C C l 4  f o r  two 15-min periods. N o  count w a s  made on the 

SCC hemispheres before u l t rasonic  cleaning because of the  highly contami- 

nated, dusty cut  surfaces t h a t  contained f u l l y  enriched uranium. 

Chemical Cleaning GA Spheres 

After chlor inat ion a t  1900°C for periods up t o  22 h r ,  the a c t i v i t y  

l e v e l  had not changed appreciably from the  mechanically cleaned state. 

Although 0 .3  t o  0.4% of the f u e l  (as determined by anodic leaching) 

w a s  avai lable  t o  the chlorine,  the low magnitude of the  i n i t i a l  surface 

contamination (23 t o  72 counts/min) made measurement of decontamination 

by counting d i f f i c u l t  and unrel iable .  

When unchlorinated GA spheres were leached with 4 HNO3 a t  105°C 

f o r  22 h r ,  the  surface a c t i v i t y  increased from 3@ of the  a c t i v i t y  before 

u l t rasonic  cleaning t o  7% and remained a t  t h i s  l e v e l  a f t e r  u l t r a -  

sonical ly  "rinsing" i n  hot  w a t e r .  

Fueled-Graphi t e  Cylinders 

The i n i t i a l  a c t i v i t y  l e v e l  of t he  damaged and u l t rasonica l ly  cleaned 

surfaces w a s  approximately three times greater  than t h a t  of' the  GA spheres. 

Chlorination treatment f o r  2 h r  a f t e r  mechanical cleaning reduced the  

alpha a c t i v i t y  t o  background. The a c t i v i t y  l e v e l  remained a t  background 

through addi t ional  treatment up t o  22 h r ,  even though anodic leaching of 

a specimen after 2 h r  chlor inat ion showed approximately 0.01% of  the  

o r ig ina l  uranium w a s  s t i l l  avai lable  f o r  t ranspor t  t o  t he  surface.  

SCC Hemispheres 

The counting data obtained i n  conjunction with cleaning by chlorina- 

t i o n  of the  damaged "cut" surface of a hemispherical SCC specimen are 

probably the  most r e l i a b l e  from these experiments, because of the  very 

high i n i t i a l  alpha a c t i v i t y  level  (4 .25  X lo3  counts/min). 

are : 

The r e s u l t s  

Chlorination time (h r  ) 4 8 12 16 

Activi ty  level (percent of i n i t i a l )  4.5 1.53 0.35 background 

c- f 



DISCUSSION AND CONCLUSIONS 

The chlor inat ion of uncoated UC2 and (U,Th)C2 pa r t i c l e s  produced 

some very in t e re s t ing  and unexpected r e su l t s .  The carbon residue 

retained the  shape of the  or ig ina l  p a r t i c l e  and w a s  su f f i c i en t ly  strong 

t o  be handled and t o  withstand n i t r i c  ac id  leaching. 

apparently w a s  not rapid o r  violent ,  since the  carbon residue retained 

i t s  in t eg r i ty  and a period of 5 1/2 h r  a t  1000°C was  required f o r  almost 

complete removal of the  uranium and thorium. The rate of f u e l  removal 

of course w a s  influenced by the  high density and the  low surface area 

per volume r a t i o  of the par t ic les .  

The react ion 

Under the same conditions of temperature and gas flow, t h e  removal 

of uranium by chlor inat ion i s  more e f f i c i e n t  than the  removal of uranium 

combined with thorium. A s  determined by chemical analysis,  chlorination 

of uncoated UC2 pa r t i c l e s  removed 99. q o  of the  uranium, while chlorination 

of uncoated (U,Th)CZ pa r t i c l e s  with a thorium-to-uranium r a t i o  of 0.6 

removed 99.1% of the uranium and 9 q o  of the combined heavy metals. 

chlorination removed surface-exposed fue l ,  as determined by alpha assay, 

from graphite matrices containing damaged coated UC2 pa r t i c l e s  i n  only 

2 h r  a t  1000°C, 16 h r  w a s  required for matrices containing damaged 

(U,Th)C2 pa r t i c l e s .  

rapidly than thorium because U C l 4  i s  more v o l a t i l e  than ThClr,. There 

i s  the  addi t ional  poss ib i l i t y  t h a t  uranium i s  transported as the  very 

v o l a t i l e  U C l 6 ,  although t h i s  higher chloride i s  probably not s tab le  a t  

t h i s  temperature. I n  the case i n  which the  uranium w a s  not removed 

from damaged coated U02 pa r t i c l e s  i n  4 hr a t  8OO"C, the  s l o w  removal was  

undoubtedly influenced by the low temperature (less than 1000°C) and by 

the  low reac t iv i ty  of the  very dense UO;? par t i c l e s .  

While 

It w a s  expected t h a t  uranium would be removed more 

Based on the l imited work described here, we conclude t h a t  a 

p r a c t i c a l  production process can be establ ished f o r  the removal of 

surface-exposed f u e l s  a t  1000°C. 

optimized, it i s  ant ic ipated t h a t  higher temperatures would speed up 

the  process. Temperatures may be l imited,  however, because of the 

reduction i n  the  s t rength of the graphite matrices when halogen t r ea t ed  

a t  extremely high temperatures. The study of the  e f f e c t s  of chlorine 

Although conditions have not been 
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concentration, gas flow rates, and vacuum, techniques would probably 

reveal  fur ther  improvements. The use of C C l 4  as an auxi l ia ry  chlorin- 

a t ing  agent would probably increase the  rate of removal of exposed fuel, 

but it is  not recommended f o r  high-temperature treatments because of 

the  t a r l i k e  deposits t h a t  a re  l e f t  i n  t h e  system. However, incorpora- 

t i o n  of ul t rasonic  cleaning i n  a production process i s  recommended as 

a s t ep  t o  remove as much loose contamination as possible before chlo- 

r i n e  treatment. 

Chlorination has been valuable f o r  cleaning coated fuel p a r t i c l e s  

t o  be evaluated by radiography. Incorporation of chlor inat ion i n t o  the  

pyrolytic-carbon coating process t o  produce surface-clean p a r t i c l e s  has 

been suggested t o  eliminate the need f o r  addi t ional  equipment and perhaps 

making the  operation more e f f i c i e n t .  The incorporation of such a 

cleaning s t ep  i n t o  the .coa t ing  procedure could serve t o  c lean up the  

surface from exposed f u e l  and t o  provide su f f i c i en t  in te r rupt ion  i n  the  

coating process t o  create  a physical discont inui ty  between two given 

layers  of the  coating. 

as being necessary t o  the  successful performance of pyrolytic-carbon fuel 

pa r t i c l e s .  

Such a physical discont inui ty  has been suggested 

I 4  

Fuel recovery w a s  not investigated,  but  condensation of the  uranium 

and thorium chlorides could readi ly  be incorporated i n t o  the  process 

f o r  a highly e f f i c i e n t  recovery operation. 

Further study of chlor inat ion i s  not being pursued at  present.  

The process, however, i s  being used f o r  surface cleanup of  fueled- 

graphite spheres t o  be i r r ad ia t ion  t e s t ed  and for  general cleaning of 

coated pa r t i c l e s  as a pa r t  of the evaluation. 

standardized as 16-hr treatment a t  1000°C i n  a gaseous flow of 

80 cm3/min Cl2 and 125 cm3/min A r .  

Conditions have been 

i' 
L- 

14R.  A. U. Huddle, Deputy Director i n  Charge of Materials, Dragon 
Project,  Private Communication t o  W.  0. H a r m s ,  Metals and Ceramics 
Division, Aug. 2@21, 1963. 
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