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THE DETERMINATION OF DEFECTIVE PARTICLE 
FRACTION I N  HTGR FUELS .-_.._I 

0. E. LaValle, D. A .  Costanzo 
W .  J .  Lackey," and A.  J .  Caputo" 

ABSTRACT 

The fuel f o r  the Hi gh-Temperature Gas-Cooled Reactor (MTGR) 
consis ts  o f  uranium and thorium species i n  the form o f  microspheres 
individually encapsulated in layers of pyrolytic carbon and s i l i -  
con carbide. In the character izat ion of these pa r t i c l e s ,  an im- 
portant consideration i s  the fract ion in a par t icu lar  sample t h a t  
may have defective coatings which would allow the release o f  
gaseous a n d  meta l l ic  f i s s ion  products. A method fo r  t h i s  deter-  
mination, which has been i n  use f o r  almost a decade, i s  the 
chlorine leach i n  which the gas i s  passed over the par t ic les  a t  
1000°C, and the fuel t h a t  i s  exposed by coating defects i s  vola- 
t i l i z e d  and col lected a s  the heavy metal chlorides.  However, when 
the pa r t i c l e s  have been bonded in to  a fuel rod, the removal of 
exposed fuel froin pa r t i c l e s  i n  the  i n t a c t  rod requires long ex- 
posure tiines (10-50 hours).  A much more rapid procedure (2-3 
hours) i s  described i n  w h i c h  the chlorination o f  fuel rods i s  
done a t  1500°C. 
Also described i s  an adaptation o f  the chlorine leach a t  1000°C 
f o r  the treatment o f  i r rad ia ted  fuel rods i n  a hot c e l l .  

The method i s  a l s o  applicable to  loose par t ic les .  

1 .  INTRODUCTION 

In  the thorium cycle HTGR the fuel employed consis ts  o f  two kinds of 

coated microspherical pa r t i c l e s  as  shown i n  F i g .  1 .  The Triso-coated f i s -  

s i l e  pa r t i c l e  c o n s i s t s  of a fuel kernel composed o f  50 t o  70 llg o f  highly 

. .. 
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enriched uranium as U02 and UC2. 

coating of porous buffer carbon, pyrolytic carbon, s i l i con  carbide,  and a 

f ina l  outer  layer of dense pyrolytic carbon comprising a to ta l  coating 

thickness of 150 t o  200 ym. 

provides void space f o r  gaseous f i s s ion  products and prevents damage t o  

outer coatings by h i g h  energy f i s s ion  fragments; the s i l i con  carbide and 

dense pyrolytic carbon layers  serve as containment vessels f o r  re tent ion 

o f  gaseous and metal l ic  f i s s ion  products. 

has a kernel of 400 to  500 ug  o f  thorium as  T h o 2 ,  w i t h  a s ing le  layer o f  

dense pyrolytic carbon around the inner porous pyrolytic carbon buffer coat- 

ing. Using  carbonaceous pitch and graphite f lou r ,  these separate par t ic les  

a re  blended and bonded in to  fuel rods and a re  subsequently carbonized and 

annealed a t  1800°C. 

bonding i n t o  fuel rods, i t  is  necessary t o  know the number w i t h  defective 

coatings tha t  would allow the release o f  gaseous metal l ic  f i s s ion  products 

t o  the  reactor  cooling system, A typical fuel rod 1 / 2  i n .  i n  diameter and 

2 i n .  long, containing up  t o  10,000 pa r t i c l e s ,  is  required t o  meet the de- 

fec t ive  p a r t i c l e  f rac t ion  specif icat ion of l x 

defective pa r t i c l e s  per thousand. 

The kernel is  enclosed i n  a multi-layered 

The porous buffer coating of pyrolytic carbon 

T h e  Biso-coated f e r t i l e  pa r t i c l e  

After fabr icat ion of the par t ic les  and again a f t e r  

o r  no more than ten 

The  deterrrination of the defect ive pa r t i c l e  f ract ion wds or ig ina l ly  

done by aqueous acid leaching, a process which required up  t o  80 hours to  

remove high-fired thoria  exposed only through t iny  cracks. In addi t ion,  

the detection of pa r t i c l e s  w i t h  physically i n t a c t  b u t  perrrieable coatings 

was not possible. 

largely supplanted by the gaseous chlorine leach a t  1000°C El]. 

method the fuel exposed by defective coatings i s  vo la t i l i zed  as the heavy 

metal chlor ides  which condense i n  the cooler par ts  of the apparatus and are  

For these reasons the aqueous acid leach has been 

In t h i s  
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coll  ected and  determined by roilti ne methods. 

d i c a t e  the probable number of defective par t ic les  in a sample. 

The amounts so determined in- 

M i t h  the Triso-coated pa r t i c l e ,  b o t h  the inner and outer pyrocarbon 

layers must be defective f o r  chlorine leaching t o  remove fue l .  

hut  otherwise i n t a c t  S i c  layer i s  destroyed by chlorine.  

a defect  i n  a S i c  layer i t s e l f  may be done by burning o f f  the outer pyro- 

carbon layers in a i r  o r  oxygen, then t rea t ing  the pa r t i c l e s  w i t h  mercury 

under pressure, and f i n a l l y ,  by a radiographic technique, examining the 

underlying pyrocarbon layers f o r  mercury incursions [ Z ] )  . 
react  a t  r e l a t ive ly  low temperatures (approximately 250°C) , and the chlo- 

r ides  formed sub1 ime a t  higher temperatures (approximately 500°C for  UC14- 

UC1 Oxide fue ls  require t h e  presence 

of carbon t o  drive the reaction beyond the oxychloride stage t o  the vola- 

t i l e  chlorides.  The carbon coating, in the presence of chlor ine,  reacts  

w i t h  the  oxide fuel a t  the point of exposure. As the reaction pt-oceeds, 

the  kernel shrinks and consumes the coat-ing a t  the point of contact ,  leav- 

ing an  otherwise hollow carbon she l l .  The process requires a period o f  6 

t o  16 hours t o  remove exposed fuel in a sample o f  loose pa r t i c l e s .  

An exposed 

(The detection o f  

Carbide fuels  

a n d  approximately 750°C f o r  T h C 1 4 ) .  

Bonded fuel rods  have had 'to be decnnsolidated [3,4] i n  order t o  deter-  

mine %he number o f  defective par t ic les  a1 t h o u g h  a number o f  non-destructive 

methods have been suggested [ 5 ] .  

t o  t h e  i n t ac t  fuel rod, b u t  depending solely on diffusion a t  1000°C t h e  

action i s  slow. Complete removal of exposed fuel requires from 16 t o  50 

hours wi t h  periodic sampl ings t o  follow the degree o f  reinoval. 

t i o n  fo r  use i n  a hot ce l l  i s  described below under Low Temperature C h l o r i -  

nation. 

The chlorine leach method can bc applied 

An adapta- 
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Chlorinations conducted a t  1500°C showed marked improvement i n  r a t e  

o f  diffusion and removal of exposed fuel from i n t a c t  rods,  Heating was 

done by induction i n  a ver t ica l  system as described belaw under High Temper- 

a ture  Chlorination. Since thoria i s  the most refractory f u e l ,  most experi- 

ments were conducted on specimens of Bisa-coated T h o p .  

2. LOW TEMPERATURE CHLORINATION 

Chlorination of i r rad ia ted  fuel rods in a hot ce l l  i.; usually lirn?"ted 

t o  res is tance heating a t  1000°C. 

with adaptations f o r  the h o t  ce l l  i s  shown in Fig. 2 .  TWO features  a re  

embodied in the system: 

eliminated, thereby avoiding the need t o  grease g r o u n d  j c i n t s ;  and ( 2 )  no 

metal parts a r e  used, thereby eliminating the cumbersome drying t r a j n  re- 

quired t o  avoid chlorine corrosion problems. 

purity delivered t h r o u g h  a Monel regulator ,  and the aryori 99,976. All con- 

taining par ts  of  the apparatus were of g l a s s ,  q u a r t z  (fused s i l i c a ) ,  o r  

Teflon. 

a fluorocarbon grease (Halocarbon Products Corp.) . 
flowmeters were Tri-Flat  glass  tubes with the designation FP-lj16-OR-6-16 

or  -6-12 w i t h  sapphire f l o a t s .  l'he Monel chlorine regulator ,  equippcd w i t h  

a Monel check valve and a Monel needle valve, was connected t o  the chlorine- 

flowmeter by Teflon-1 ined neoprene t u b i n g ,  All fur ther  f l ex ib l e  conriclctions 

were made with 3/16-I .D. thin-walled Teflon t u b i n g .  The i r rad ia ted  fuel 

rod was contained in a porous carbon (Carbocell) b o a t .  

been observed t h a t  par t ic les  chlorinated in a fused s i l i c a  boat l e f t  i m -  

pressions i n  the s i l i c a  and showed a somewhat h j g +  d ~ f e c t i u e  pa r t i c l e  f rac-  

t i on . )  The carbon b o a t s  were preconditioned in  chlorine to  remove vo la t i l e  

A system t o  operate a t  t h i s  temperature 

( 7  ) back-pressure from c h ~ o ~ ~ ~ e - a ~ ~ o ~ ~ i ~ 9  traps . is 

The chlor ine  was o f  99.82 

Stopcocks were of the Teflon-plug type,  slightly lubricated w i t h  

The Fischer and P o r t e r  

(Previously i t  had 
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and react ive components. 

i s  sealed t o  the outer tube which extends fur ther  t o  the edge o f  the fur-  

nace, To the  inner j o i n t  i s  attached the fused s i l i c a  co l lec tor  bulb con- 

taining a coarse f r i t t e d  bar r ie r .  The space between the outer tube and 

inner tube a t  the edge of the furnace i s  f i l l e d  with q u a r t z  wool t o  conserve 

heat,  and a s imilar  plug may be inser ted in the main tube a t  the entrance t o  

the  furnace. 

Immediately beyond the b o a t  an inner g round  j o i n t  

In operation the system i s  purged with argon, the temperature b rough t  

t o  500°C, and any vapors d r i v e n  o f f .  Then chlorine i s  admitted a t  75 ml/ 

min and  the argon flow reduced t o  45 ml/min, As the temperature i s  raised 

t o  1000"C, chlorides of uranium are  evolved f i r s t  and travel a s  f a r  as the 

f r i t t e d  ba r r i e r .  The T h C I , , ,  which i s  l ess  v o l a t i l e ,  condenses mostly in 

the inner tube. No u r a n i u m  chlorides pass t h r o u g h  the f r i t t e d  ba r r i e r ,  the 

following t r a p  being merely precautionary. The chlorine passes t o  a closed 

chamber where i t  i s  absorbed a t  the surface o f  a magnetically s t i r r e d  pool 

of 25% NaOH solut ion.  A t  termination the f r i t t ed-bulb  section i s  removed, 

washed w i t h  1 N  H C 1 ,  and  dried with acetone. The thorium and uranium i n  

the wash solut ion are  determined by s t a n d a r d  methods o f  analysis [ 6 , 7 ] .  

Where the use of carbon monoxide is feas ib le ,  the r a t e  o f  removal o f  

exposed fuel may be increased by providing readi ly  avai lable  carbon f o r  the 

reaction. The stoichiometry requires a mole r a t i o  of C0/Cl2 of 1:1, b u t  

the optimum r a t i o  was found t o  be 2 : l .  These flows were obtained a t  100 

mllmin f o r  carbon monoxide and 50 ml/min fo r  chlorine,  eliminating the 

argon d i luent .  Chlorination of loose pa r t i c l e s  under these conditions i s  

accomplished in 8 hours compared t o  16 hours previously. 
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3.  I-IIGH TEMPERATURE CHLORINATION 

Chlorination o f  HTGR fuel rods a t  l5OO0C i s  accomplished in a ver t ical  

watcr-jacketed, qua r t z  furnace ttibe with heating provided by a 7 . 5  kW 

i~l iuct ion-heat ing uni t  o f  500 kHz nominal frequency. The s igni f icant  par t  

o f  the apparatus i s  shown in Fig. 3. W i t h  the exception o f  the furnace tube 

and sample holder, and ,the provision for  separate entrances .For chlorine and 

a r g o n ,  a l l  other arrangements are t h e  same as in the low teinperature system. 

The fuel rod i s  held in a hollow graphite holder ( F i g .  4 ) .  In  order t o  

achieve a par t ia l  flow ~f chlorine t h r o u g h  the microporous s t ructure  o f  the 

fuel r o d ,  i t  i s  held firmly down upon i t s  sea t  by a c i r cu la r ,  s l i t t e d  g raph-  

i t e  wedqe. Alternatively,  the rod may be sealed in by packing the space 

between rod  and h o l d e r  with powdered Carbocell, a g ranu la r ,  porous carbon 

formulation. The graphite holder i s  supported below by a 10-mm O . D .  qua r t z  

tube which projects into the h o l d e r  1 1 / 4  in .  and  t h r o u g h  which chlorine 

passes t o  the rod  above. A firm sea t  between qua r t z  and graphite i s  ob- 

tained by twisting one piece within the other under s l i g h t  pressure. 

qua r t z  tube passes below t h r o u g h  a c;snventional g l a n d  device, providing 

support and  permitting adjustment o f  the holder up o r  down t o  position rods 

of various lengths for  optimum heating, 

ape coated with fluorocarbon grease, and no deter iorat ion has been observed. 

The 

The neoprene O-rings o f  the gland 

To chlor inate  loose pa r t i c l e s ,  the hole a t  the 

i s  covered with a porous carbon d isc .  
I Ihe system i s  pirged with argon b o t h  with 

holder, before heat i s  applied t o  a temperature 

the three-way stopcock t h e  argon i s  r e s t r i c t ed  

et-, and chlorine i s  now admitted inside the ho 

bottom o f  the sample space 

n and outside the sample 

o f  1000°C. Then by turning 

t o  flowing outside the hold-  

der .  The flows are adjusted 
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t o  the same ra t e s  as in the low-temperature system. Fumes of chloro- 

organic compounds, which may evolve a t  t h i s  time, are  allowed to disperse 

before ra is ing the temperature t o  1500°C fo r  the s t a n d a r d  2 - h o u r  chlorina- 

t ion period, 

e n t i r e  system i s  being purged with argon, The f r i t t e d  glass b u l b  arid outlet; 

cap  a r e  renioved and washed with d i l u t e  HC1. 

are removed from below and the main  tube washed with HC1. 

A t  termination, cooling requires o n l y  15 minutes while the 

Fa'nally the holder and  sniiiple 

4 .  RESULTS AND DISCUSSION 

The chlorination of loose fuel par t ic les  a t  1000°C to  determine t h e  

defect ive pa r t i c l e  f rac t ion  i s  usually carr ied out f o r  16 hours with the re- 

moval of grea te r  t h a n  90% of exposed fue l .  T h j s  technique has been used 

extensively t o  character ize  Biso-coated T h o z  [$I. 
applied to  the bonded fuel rod ,  no spec i f ic  time can be selected as  indicat-  

ing the removal of a de f in i t e  f rac t ion  o f  exposed fue l .  A def in i t i ve  deter-  

mination i s  only achieved by totdl  removal requiring up t o  50 hours with 

B u t  when the method is 

periodic sampl 

four d i f f e ren t  

When fuel 

creased di f fus  

n g ,  Fig. 5 shows the course o f  removal o f  exposed fuel i n  

rods. 

rods were chlorinated a t  1500"C, however, the great ly  in- 

on produced a much more rapid removal of exposed fuel * Some 

re su l t s  are  given in Table 1 -  

space, the poss ib i l i t y  of forcing chlorine t h r o u g h  the rod was considered. 

An apparatus ( n o t  shown) was constructed for  use a t  1000°C and designed t o  

force the chlorine t h r o u g h  the rod achieving so-called f u l l  flow-through. 

The r e s u l t  o f  a r u n  on a representative standard fuel rod  known t o  contdiri 

10 cracked Biso-coated T h o z  pa r t i c l e s  i s  shown i n  Table 2 .  The tipparaxus, 

Since fuel rods a re  approximately 40% void 

however, contained some metal par ts  and several water-cooling l i n e s ,  making 



x 

ZL 



13 

Table 1 .  Thorium Removal by Simple Diffusion a t  
1500°C (1/2 x 2 i n .  Rods). 

Thori um Removed (11s) _I___... 

Rod Number First 3 Hours Second 3 Hours 

81 9 2,293 85 
820 44,500 1,660 
82 1 2,685 6 46 
822 23,833 135 
824 40 E4 
825 16 <IO 
826 <10 < l o  
827 1,235 < I O  
8 28 508 228 
829 1,755 287 
830 1,146 30 

__I_ I __ __̂l_._..i.__l._. I__d__?. - -= .Y . I____ 

Table 2. T h o r i u m  Removal by Flow-Through Methods 
(112 x 2 i n .  Rods). 

Cumulative 
C h l  ori na ti on Full F1 ow-Through Modified Flow-Through 

Time ( h )  1000°C ( Z  Removed) 1500°C ( %  Removed) 
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i t  too cumbersome fo r  routine use. Instead, a par t ia l  f lowthrough method 

fo r  operation a t  1500°C was adopted. 

t h e  fuel rod t i g h t l y  down upon i-ts sea t  w i t h  a c i r cu la r  graphite wedge 

( F i g .  4 ) .  I t  was i~lor'e convenient, however, when d variety of s izes  in rods 

had t o  be accommodated t o  dispense with wedges and t o  pack the space be- 

tween rod  and holder w i t h  the  powdered Carbocell. A resu1.t from another 

standard fuel rod containing 10 cracked par t ic les  r u n  a t  1500°C b y  the 

par t ia l  .flow-through method i s  a l so  shown i n  Table 2 ,  Table 3 shows some 

re su l t s  f o r  rods from a var ie ty  o f  experimental fabr icat ion runs. 

these and s imilar  d a t a ,  a standard chlorination t ime  o f  2 hours was chosea: 

I t  was achieved simply by  pressing 

Froiir 

rods and loose pa r t i c l e s .  for  both 

For 

heavy me 

explanat 

5 ,  CONCLUSION 

both types o f  fuel samples, the  r a t e  of  removal of the exposed 

a1 was not as consis tent  a s  desired.  There a re  several possible 

ons f o r  the occasional e r r a t i c  behavior. Some par t ic les  known by 

careful vi sua1 examination t o  have i n t a c t  coatings were nevertihel ess per- 

meable. This was often t rue  f o r  par t ic les  w i t h  coatings l e s s  than 35 urn 

thick a s  i l l u s t r a t e d  i n  F i g .  6 ,  which shows the varied course o f  fuel re- 

moval af- ter  par t ia l  chlorination a t  1000°C. In bonded fuel  rods, a p a r -  

t i c l e  inay be so s i tua ted  i n  the rod tha t  the defect mdy be shielded by an 

exceptional ba r r i e r  o f  the matrix, or the  defect may be pa r t i a l ly  shielded 

by graphitized binder d u r i n g  fabr icat ion o f  the r o d .  Despite these anoma- 

l i e s ,  g rea te r  than 80% of exposed Fuel in defect.ive par t ic les  is  removed 

-from fuel  rods  and made avai lable  fo r  analysis i n  a 2 -hour  chlorination a t  

1500°C. 
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Table 3. Thoriuni Removal by Par t i a l  Flow-Through 
a t  1500°C ( 1 / 2  x '2 i n .  Rods). 

__ 11111 __ - ___-_ _I__.I-- 
_I __ - - ___ I___ _.I__i-._. - - X I _  _____I. _______I___- 

Thori urn Removed (ug) - - ~  
Second 2 Hours - Rod Number First 2 Hours 

7773 1797 23 

85 39 643 28 

9767 800 69 

9769 3 79 297 

9771 543 72 

3889" 

3897* 

1570 71 

3570 76 
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Photo 2282- 76 

F i g .  6 .  Fuel Removal from Bisa -coa ted  rh02 Par t ic les  w i t h  
Perrneabl r Coa t ings  (60X) .  
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